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EXECUTIVE SUMMARY

When discharged to surface waters, the nutrients phosphorus and nitrogen can contribute to water quality
problems that adversely affect fish, wildlife, aesthetics, recreation and navigation. Common water quality
problems associated with high levels of these nutrients are reduced concentrations of dissolved oxygen,
daily swings in pH, and algae blooms. In extreme cases, high nutrient concentrations in surface waters
can even pose risks to human and animal health by contributing to the spread of toxic algae.

Studies have shown that municipal sewage treatment plants are significant contributors to these problems.
This report presents an evaluation of two approaches to reducing treatment plant discharge of nutrients to
surface water:

• Improving treatment processes to remove more nitrogen or phosphorus and thus reduce their
concentration in the treatment plant effluent

• Improving treatment processes to achieve effluent quality suitable for use as reclaimed water
to recharge groundwater sources, rather than being discharged to surface waters.

The effectiveness and cost of various technology upgrades were evaluated for generic models of the
numerous types of treatment plants used in Washington State. The results of the evaluations can be used
by regulatory agencies, engineers, planners and the public to assess the likely implications of such
treatment plant upgrades.

BACKGROUND
There are over 300 municipal treatment plants in Washington, using many types of treatment processes.
Figure ES-1 shows the prevalent facility types, the number of plants of each type, and their cumulative
capacities as a percentage of total municipal capacity in the state.

Since state and federal secondary treatment requirements were established in the 1970s, advances have
been made in treatment technology that allow much greater removal of nutrients at an economical cost.
Municipalities across Washington are working to evaluate the types of treatment available, the reliability
and performance of different treatment options, the potential costs, and other factors associated with
removing nutrients to meet surface water quality standards and with using reclaimed wastewater for
groundwater recharge.

This report presents preliminary analyses for how nutrient removal and water reclamation can be achieved
and roughly how much they cost. It is an early step in a public process to determine levels of nutrient
removal that could be required in Washington. Significant additional work is needed before any such
nutrient limits can be adopted. Information in this report must be reviewed by agencies, municipalities,
the public and other stakeholders. An appropriate level of nutrient removal to apply statewide or
regionally must be determined. Funding for this report came from a U.S. Environmental Protection
Agency (EPA) National Estuary Grant.

EVALUATION APPROACH FOR NUTRIENT REMOVAL
Six potential nutrient-removal objectives were evaluated to determine their technical and economic
impacts. These objectives represent regulatory standards that could be adopted to set limits on
concentrations of total inorganic nitrogen (TIN) or total phosphorus (TP) in municipal treatment plant
effluent.
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Extended Aeration
78 Plants
25% of Statewide Capacity

Conventional Activated Sludge
62 Plants
33% of Statewide Capacity

High-Purity Oxygen
3 Plants

25% of Statewide Capacity

Commercial Septic System
13 Plants
0.1% of Statewide Capacity

Lagoons
87 Plants

6% of Statewide Capacity

Fixed Film
20 Plants

8% of Statewide Capacity

Membrane Bioreactor
11 Plants

1% of Statewide Capacity

Sequencing Batch Reactor
30 Plants

2% of Statewide Capacity

Figure ES-1. Distribution of Washington Municipal Treatment Plants by Type of Technology

The objectives evaluated, based on generally accepted performance of established nutrient removal
technologies, are as follows:

• Objective A—Effluent TIN < 8 mg/L

• Objective B—Effluent TIN < 3 mg/L

• Objective C—Effluent TP < 1 mg/L

• Objective D—Effluent TP < 0.1 mg/L

• Objective E—Effluent TIN < 8 mg/L and effluent TP < 1 mg/L

• Objective F—Effluent TIN < 3 mg/L and effluent TP < 0.1 mg/L.

For each objective, analyses were performed of the improvements needed to achieve the objective year-
round or to achieve it only during the dry season, when warm weather and low flows in receiving waters
present the greatest risk of nutrients in effluent contributing to algae problems. The year-round and dry-
season-only conditions represent the most and least expensive approaches to achieving each objective.
The evaluations were performed for each of the main types of municipal treatment plant currently used in
Washington. It was assumed that the technologies used to achieve the nutrient removal objectives for each
type of treatment plant would be as shown in Table ES-1.

The analyses were performed for generic, typical existing plants with assumed representative wastewater
characteristics and design criteria. Three sizes of plant capacity were assessed for each plant type,
representing the range of sizes of plants of that type in Washington. The following parameters were
calculated for each objective for each type of existing treatment plant:

• Recycled loads—Recycled loads are the quantities of nutrients in sludge that has gone
through initial treatment at the treatment plant and is returned to the head of the plant for
additional treatment. Plants with significant recycled loads require larger treatment units to
achieve treatment objectives, which affects capital cost for the upgrades. Estimates of
recycled loads also help point out potential drawbacks to proposed upgrades. For example, in
the analyses of objectives that target only nitrogen removal, the recycled load estimates for
some types of treatment plant showed that the nitrogen reduction would be accompanied by
an increase in phosphorus in the plant effluent.
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TABLE ES-1.
TREATMENT PROCESS UPGRADES EVALUATED
TO ACHIEVE NUTRIENT-REMOVAL OBJECTIVES

Objective
A

Objective
B

Objective
C

Objective
D

Objective
E

Objective
F

Definition of Objective
Effluent TIN < 8 mg/L < 3 mg/L — — < 8 mg/L < 3 mg/L
Effluent TP — — < 1 mg/L < 0.1 mg/L < 1 mg/L < 0.1 mg/L

Treatment Processes to Achieve Objective

Existing Extended Aeration Plant
Year-Round MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

Existing Conventional Activated Sludge Plant
Year-Round MLE+MBR 4BDP+MBR+M C C+F MLE+MBR+C 4BDP+MBR+M+C
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

Existing Sequencing Batch Reactor Plant
Year-Round SBR SBR+DNF+M SBR+C SBR+C+F SBR+C SBR+DNF+C+F+M
Seasonal SBR SBR+DNF+M SBR+C SBR+C+F SBR+C SBR+DNF+C+F+M

Existing Trickling Filter, Trickling Filter/Solids Contact, or Rotating Biological Contactor Plant
Year-Round MLE+MBR 4BDP+MBR+M C C+F MLE+MBR+C 4BDP+MBR+M+C
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

Existing Membrane Bioreactor Plant
Year-Round OC M C C C C+M
Seasonal OC M C C C C+M

Existing High-Purity Oxygen Activated Sludge Plant
Year-Round MLE+MBR 4BDP+MBR — — — —
Seasonal MLE 4BDP+M — — — —

Existing Aerated Lagoon or Facultative Lagoon Plant
Year-Round MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

4BDP = Four-stage Bardenpho system for denitrification
C = Chemical addition: alum for phosphorous removal, magnesium hydroxide for pH control
DNF = Denitrification filters
F = Tertiary filters for phosphorus removal
M = Methanol addition for denitrification
MBR = Membrane bioreactors for denitrification
MLE = Modified Ludzack Ettinger process for denitrification
OC = Operational changes only
SBR = Sequencing batch reactor (capacity increased for denitrification)
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• Sludge production—Sludge is a treatment plant byproduct that ultimately must be disposed
of in one way or another. The amount of sludge produced at the plant therefore represents an
ongoing operation cost associated with its disposal. The cost associated with disposing of
more sludge, or the savings associated with disposing of less sludge, must be accounted for in
the estimated cost of nutrient-removal upgrades.

• Energy consumption—Energy consumption represents an ongoing cost of plant operation,
so any change in energy consumption associated with a nutrient-removal upgrade must be
accounted for in assessing the cost of that upgrade. Energy consumption also correlates with
the generation of greenhouse gases, so estimates of changes in energy consumption provide a
qualitative indication of potential environmental impact or benefit.

• Chemical usage—Chemical usage represents an ongoing cost of plant operation, so any
change in chemical usage associated with a nutrient-removal upgrade must be accounted for
in assessing the cost of that upgrade.

• Footprint requirements—Footprint requirement is the area of ground that would be covered
by any new structures that must be built as part of a nutrient-removal upgrade. Increases or
decreases in overall treatment plant footprint were estimated to provide a general sense of
how easily a nutrient-removal upgrade could fit within the limits of the existing treatment
plant. At plants where land is already available to expand the overall plant area without
property acquisition costs, it may be more effective to implement treatment technologies that
require more footprint but cost less than those evaluated in this report.

EVALUATION APPROACH FOR WATER RECLAMATION
The State of Washington at Chapter 90 Article 90.46 of the Revised Code of Washington (90.46 RCW)
defines reclaimed water as “effluent derived in any part from wastewater with a domestic wastewater
component that has been adequately and reliably treated, so that it can be used for beneficial purposes.
Reclaimed water is not considered a wastewater.” State standards define four classes of reclaimed water
(A, B, C and D).

The evaluation of water reclamation for this report is based on the standards for Class A reclaimed water
suitable for groundwater recharge by surface percolation. Cost estimates were developed for producing
Class A reclaimed water year-round and seasonally for each type of existing plant for the same capacity
ranges evaluated in the nutrient-removal assessment. To achieve this standard, the following upgrades to
existing treatment plants were assumed:

• Upgrades previously described to achieve nutrient-removal Objective A (TIN < 8 mg/L)

• Upgrade or replacement of the disinfection process to a UV process that reliably achieves
Class A standards

• A post-chlorination process using bulk-delivered sodium hypochlorite to maintain a
minimum chlorine residual of 0.5 mg/L to the point of application of the water for recharge

• A new filtration process with coagulation/flocculation (only for upgraded plants that would
not include membrane bioreactors)

In many circumstances it may be possible to eliminate the need for a post disinfection system for the
conveyance of the reclaimed water, however this needs to be evaluated and approved on a case by case
basis. Individual cost curves were develop for replacing existing chlorination systems with UV
disinfection, post-chlorination, filtration, as well as for nitrogen removal to provide a cost estimating tool
that can be easily adapted to develop cost for process needs requiring one, two, three or all four of the
processes. The evaluation assumed that each plant’s existing method for wastewater disposal will be
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retained as a backup should the effluent fail to meet Class A reclaimed water requirements; therefore no
capital costs or operational costs were developed for standby or redundant process equipment.

SUMMARY OF COST FINDINGS
Nutrient Removal
The initial results of the nutrient removal evaluation were cost curves showing estimated capital and
operation and maintenance (O&M) costs by plant capacity for each objective for each type of existing
treatment plant. These estimates, based on evaluations of generic treatment plants, were then applied to
the list of actual existing treatment plants in Washington to estimate the aggregate costs for achieving
each of the identified nutrient-removal objectives. The following costs were estimated using this
approach:

• Capital, O&M and combined annual costs for upgrading all treatment plants in Washington to
achieve each objective, year-round and seasonally.

• Average statewide household sewer rate increases associated with upgrading each type of
treatment plant in Washington to achieve each objective, year-round and seasonally.

• Capital and O&M costs for upgrading all treatment plants in each of Washington’s 62 Water
Resource Inventory Areas (WRIAs) to achieve each objective, year-round and seasonally.
This allows an assessment of costs associated with addressing nutrient-related water quality
problems in a specific watershed.

Tables ES-2 through ES-4 summarize the key results of the cost analysis. The accuracy of the estimated
costs and rate impacts is in the range of -50 percent to +100 percent, consistent with a Class 5 Planning
Estimate as defined by the Association for the Advancement of Cost Engineering.

Water Reclamation
Costs associated with upgrading treatment plants to achieve Class A reclaimed water standards were
compared to the costs of upgrading the plants to achieve nutrient-removal Objective A (TIN < 8 mg/L).
Objective A was selected because it would meet a new rule being considered by the state that would set a
limit of 10 mg/L of TIN for Class A reclaimed water for groundwater discharge. In some circumstances
the level of nitrogen removal may need to greater in order to protect exceptional quality groundwater
resources in order to achieve compliance with Federal and State antidegradation regulations. Incremental
upgrade costs beyond that represent the cost to meet other elements of the Class A standard. These
incremental costs were estimated for three plant capacities for each type of wastewater treatment plant.
Table ES-5 summarizes the range of cost increments over the capacities evaluated for each type of plant.

CONCLUSIONS
Nitrogen Removal
For nitrogen removal, seasonal operation is slightly more cost-effective (per pound of nitrogen removed)
than year-round operation. Year-round removal requires significantly more capital investment to upgrade
treatment facilities. However, seasonal removal generally would provide only about 60 percent of the
nitrogen removal provided by year-round removal, on an annual mass basis.

Implementing nitrogen removal generally would slightly reduce the amount of sludge produced at a
treatment plant (up to 3 percent). Reducing nitrogen to 3 mg/L, however, generally requires the addition
of a carbon substrate, which would produce additional sludge—up to 5 percent above existing rates.
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Energy consumption for nitrogen removal would be significant. Reducing the TIN effluent concentration
statewide to less than 8 mg/L would require approximately two to three times the amount of electrical
energy currently used by municipal wastewater treatment facilities. Moreover, existing energy recovery
processes at treatment facilities that rely on the production of methane gas from sludge would produce
approximately 5 to 10 percent less energy as a consequence of the removal of nitrogen.

Phosphorus Removal
For phosphorus removal, seasonal removal is generally less cost-effective (per pound of phosphorus
removed) than year-round removal. Both approaches require about the same capital investment to upgrade
treatment facilities, but seasonal removal generally would provide only about 60 percent of the
phosphorus removal provided by year-round removal, on an annual mass basis.

Phosphorus removal by chemical precipitation produces significantly more sludge than existing
processes—approximately 25 to 35 percent more.

Energy consumption would increase for phosphorus removal, but significantly less than for nitrogen
removal. Reducing the TP effluent concentration statewide to less than 1 mg/L would increase treatment
plant electrical energy consumption by approximately 15 to 20 percent.
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TABLE ES-2.
ESTIMATED ANNUAL CAPITAL AND O&M COSTS FOR NUTRIENT REMOVAL UPGRADES OF

ALL TREATMENT PLANTS IN WASHINGTON

Estimated Annual Cost ($ millions, 2010)(1)

Existing Plant Type Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) 14 29 11 23 31 50
Extended Aeration (Diffused Aeration) 0 0 1 1 1 2
Extended Aeration (with Biological Nutrient Removal) 2 9 21 55 17 66
Conventional Activated Sludge 154 176 64 106 206 273
Sequencing Batch Reactor 1 11 2 7 1 17
Trickling Filter 17 20 6 10 22 29
Rotating Biological Contactor 14 16 4 8 18 24
Trickling Filter/Solids Contact 17 19 7 11 22 29
Membrane Bioreactor 0 0 2 2 2 2
Lagoons (Aerated) 75 81 21 27 87 100
Lagoons (Facultative) 19 21 5 7 22 26
High Purity Oxygen 108 129 N/A N/A 108(2) 129(2)

Statewide Total $421 $513 $143 $256 $537 $748

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) 21 27 8 14 30 42
Extended Aeration (Diffused Aeration) 0 0 1 1 1 2
Extended Aeration (with Biological Nutrient Removal) 3 5 15 36 15 47
Conventional Activated Sludge 55 66 53 78 98 141
Sequencing Batch Reactor 0 10 2 5 2 14
Trickling Filter 9 11 5 7 13 18
Rotating Biological Contactor 8 9 4 6 12 15
Trickling Filter/Solids Contact 7 8 5 8 10 15
Membrane Bioreactor 0 0 2 2 2 2
Lagoons (Aerated) 75 81 21 27 87 100
Lagoons (Facultative) 18 19 4 6 21 23
High Purity Oxygen 51 64 N/A N/A 51(2) 64(2)

Statewide Total $248 $300 $120 $190 $344 $483

Notes: (1) Capital cost were annualized for 20 years at 3% discount rate
(2) Cost is for nitrogen removal only
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TABLE ES-3.
ESTIMATED MONTHLY HOUSEHOLD SEWER RATE INCREASE FOR NUTRIENT REMOVAL

UPGRADES OF ALL TREATMENT PLANTS IN WASHINGTON

Estimated Monthly Household Sewer Rate Increase (1)

Existing Plant Type Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) $11.29 $24.30 $9.26 $18.96 $25.20 $41.13
Extended Aeration (Diffused Aeration) $4.09 $7.01 $9.91 $22.18 $15.29 $36.23
Extended Aeration (with Biological Nutrient Removal) $0.37 $1.66 $4.07 $10.50 $3.31 $12.68
Conventional Activated Sludge $17.48 $19.95 $7.25 $12.03 $23.33 $30.97
Sequencing Batch Reactor $1.16 $22.37 $4.71 $13.09 $2.45 $33.21
Trickling Filter $27.43 $31.48 $8.85 $15.26 $35.23 $46.42
Rotating Biological Contactor $29.77 $34.14 $9.24 $15.92 $38.27 $49.99
Trickling Filter/Solids Contact $17.79 $20.08 $6.86 $11.38 $22.33 $30.00
Membrane Bioreactor $0.00 $0.81 $9.46 $10.67 $9.46 $11.46
Lagoons (Aerated) $57.67 $62.05 $15.87 $20.91 $66.71 $76.37
Lagoons (Facultative) $66.89 $74.14 $16.43 $23.38 $78.62 $94.66
High Purity Oxygen $16.24 $19.47 N/A N/A $16.24 $19.47

Weighted Average $16.00 $19.48 $7.29 $13.02 $20.40 $28.43

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) $17.71 $22.12 $6.25 $11.73 $24.88 $34.67
Extended Aeration (Diffused Aeration) $2.34 $4.73 $8.45 $14.66 $15.55 $28.56
Extended Aeration (with Biological Nutrient Removal) $0.48 $0.98 $2.96 $6.98 $2.97 $8.99
Conventional Activated Sludge $6.23 $7.46 $6.01 $8.78 $11.15 $16.02
Sequencing Batch Reactor $0.83 $18.88 $4.54 $10.35 $4.68 $27.51
Trickling Filter $14.74 $17.01 $7.69 $11.32 $21.47 $28.34
Rotating Biological Contactor $16.93 $19.46 $8.06 $11.80 $24.21 $31.42
Trickling Filter/Solids Contact $7.20 $8.19 $5.66 $8.37 $10.84 $15.53
Membrane Bioreactor $0.00 $0.66 $8.60 $8.77 $8.60 $9.39
Lagoons (Aerated) $57.67 $62.05 $15.87 $20.91 $66.71 $76.37
Lagoons (Facultative) $64.37 $68.74 $14.66 $19.74 $73.51 $83.15
High Purity Oxygen $7.68 $9.70 N/A N/A $7.69(2) $9.70(2)

Weighted Average $9.43 $11.41 $6.08 $9.64 $13.05 $23.28

Assumptions:
• Maximum-month wastewater flow per capita = 160 gallons
• Population served by treatment plants = 5,484,396
• 2.5 persons per household
• Existing households = 75% of households at design capacity

Notes (1) Capital cost were annualized for 20 years at 3% discount rate
(2) Cost is for nitrogen removal only
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TABLE ES-4.
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR YEAR-ROUND NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 1 236.4 7.1 260.5 9.8 28.1 3.4 61.1 4.6 248.8 10.9 306.5 14.4

WRIA 2 6.9 0.3 8.6 0.8 2.4 0.2 5.3 0.3 8.2 0.5 12.6 1.1

WRIA 3 63.2 1.7 76.8 2.9 14.1 3.7 53.0 5.5 72.0 5.2 123.2 8.7

WRIA 4 127.7 3.4 155.3 5.8 29.0 7.6 107.4 11.2 146.2 10.6 249.5 17.6
WRIA 5 10.5 0.2 13.5 1.3 2.9 0.4 9.5 0.7 12.2 0.8 21.7 2.0

WRIA 6 42.2 1.6 46.7 2.6 10.0 0.6 17.5 0.8 46.5 2.5 58.5 3.5

WRIA 7 365.7 7.3 388.2 11.0 54.0 8.6 129.0 11.2 383.8 15.7 482.9 21.7

WRIA 8 1235.6 45.4 1408.5 54.6 40.4 19.8 167.5 25.0 1253.4 61.1 1538.3 78.0
WRIA 9 227.8 6.7 249.7 8.4 19.2 6.2 74.0 7.7 238.4 12.6 313.5 16.5

WRIA 10 481.5 17.1 548.3 21.2 29.0 10.1 111.0 13.4 495.8 25.7 638.6 35.1

WRIA 11 7.3 0.3 9.9 1.2 2.7 0.3 7.1 0.4 9.1 0.5 16.0 1.5

WRIA 12 117.6 3.2 127.6 4.0 9.5 4.0 38.3 5.0 124.1 6.4 160.1 8.7
WRIA 13 0.3 0.0 22.6 0.6 14.2 3.1 43.2 5.1 20.9 2.3 58.2 6.1

WRIA 14 14.8 0.0 18.2 1.2 3.2 0.8 11.3 1.1 16.8 1.1 28.4 2.3

WRIA 15 98.7 2.9 112.2 4.2 14.3 3.9 47.7 5.0 110.8 6.6 155.9 9.2

WRIA 17 12.1 0.2 14.3 0.7 1.9 0.5 7.4 0.7 13.6 0.9 21.2 1.4
WRIA 18 39.8 0.9 44.6 1.6 4.2 1.2 15.8 1.6 42.1 2.1 58.3 3.0

WRIA 19 5.5 0.3 6.1 0.4 0.9 0.1 1.9 0.1 6.2 0.4 7.6 0.4

WRIA 20 15.0 0.6 15.7 0.7 2.9 0.2 4.1 0.3 16.3 0.8 18.0 0.9

WRIA 21 1.6 0.0 1.9 0.2 0.6 0.1 1.5 0.1 2.1 0.2 3.3 0.3
WRIA 22 78.1 1.6 89.6 3.8 9.7 2.9 38.9 4.0 85.6 5.0 125.3 7.7

WRIA 23 5.1 0.0 15.8 1.7 11.3 2.0 43.6 3.9 9.8 2.1 52.6 6.1

WRIA 24 42.8 1.9 47.0 2.8 10.0 0.7 18.4 0.9 47.3 2.6 59.9 3.8

WRIA 25 39.2 1.6 42.1 1.9 9.2 0.4 14.2 0.5 42.4 2.2 50.4 2.7
WRIA 26 14.6 0.5 16.1 1.4 4.3 0.7 9.4 0.9 18.0 1.4 24.5 1.9

WRIA 27 4.6 0.2 8.3 1.2 3.2 0.3 11.0 0.7 6.6 0.5 18.2 1.9

WRIA 28 9.4 0.0 45.2 0.5 29.3 6.8 105.7 11.6 34.8 5.8 131.9 13.9

WRIA 29 5.7 0.0 6.8 0.5 0.9 0.2 4.0 0.4 6.2 0.5 10.5 0.8
WRIA 30 45.4 1.4 47.2 1.7 9.6 0.6 14.0 0.7 49.5 1.9 55.5 2.3

WRIA 31 100.3 1.8 101.9 2.3 22.5 0.9 33.9 1.2 107.8 2.9 122.4 3.7

WRIA 32 10.3 0.0 17.9 0.9 8.7 1.8 31.5 3.0 14.3 2.0 44.5 4.6
WRIA 34 143.2 5.2 158.8 6.8 34.8 2.6 65.4 3.6 156.9 8.5 202.9 11.3

WRIA 35 15.9 0.6 18.2 0.9 2.1 0.5 7.2 0.6 17.8 1.0 24.9 1.4
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TABLE ES-4 (continued).
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR YEAR-ROUND NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 36 48.5 2.0 52.5 2.3 7.5 1.2 16.3 1.4 53.2 2.8 65.0 3.5

WRIA 37 197.5 5.9 217.8 8.1 22.5 5.8 72.9 7.4 213.1 10.9 280.5 15.0

WRIA 38 13.2 0.4 15.3 0.8 1.9 0.5 6.6 0.6 14.9 0.9 21.5 1.3

WRIA 39 49.6 1.6 57.0 2.9 7.4 1.5 24.7 2.2 54.7 2.8 78.3 4.9
WRIA 40 53.8 1.6 59.6 2.0 5.1 1.8 19.9 2.3 58.0 3.1 77.5 4.2

WRIA 41 83.5 2.5 89.3 3.1 17.9 1.6 34.7 2.0 91.7 4.0 114.3 5.4

WRIA 42 11.8 0.6 12.6 0.7 2.4 0.2 3.7 0.3 13.0 0.7 14.8 0.9

WRIA 43 36.5 1.5 40.3 1.8 4.9 1.0 13.0 1.3 40.0 2.2 51.1 2.8
WRIA 44 21.9 0.7 24.8 1.1 2.5 0.7 9.2 0.9 24.1 1.4 33.3 1.8

WRIA 45 55.1 1.7 60.5 2.6 9.4 1.5 21.8 1.9 61.2 3.2 78.3 4.3

WRIA 47 13.3 0.5 14.9 0.6 1.3 0.3 4.9 0.4 14.4 0.8 19.5 1.1

WRIA 48 11.1 0.4 12.5 0.7 1.9 0.3 4.9 0.4 12.4 0.7 16.5 1.0
WRIA 49 19.4 0.4 22.7 1.2 2.8 0.7 11.1 1.0 21.5 1.5 33.0 2.1

WRIA 50 10.1 0.4 10.6 0.5 2.0 0.2 2.9 0.2 11.0 0.5 12.3 0.6

WRIA 52 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 53 2.6 0.2 2.8 0.2 0.5 0.1 0.6 0.1 2.9 0.2 3.1 0.2
WRIA 54 29.4 0.0 45.4 0.0 0.2 0.0 63.1 5.1 38.3 -2.8 114.7 4.5

WRIA 55 3.8 0.3 4.0 0.3 0.7 0.1 0.9 0.1 4.1 0.3 4.5 0.3

WRIA 56 53.7 1.9 57.0 2.7 10.0 1.2 18.5 1.5 58.3 3.0 69.6 3.8

WRIA 60 0.8 0.1 0.9 0.1 0.1 0.0 0.2 0.0 0.9 0.1 1.0 0.1
WRIA 61 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 62 17.4 0.8 20.0 1.0 5.1 0.6 11.0 0.8 19.9 1.3 27.9 1.9
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TABLE ES-5.
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR DRY-SEASON NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 1 160.6 5.7 177.7 7.4 28.3 2.6 51.2 3.4 174.3 8.5 215.5 11.1

WRIA 2 6.6 0.3 8.1 0.7 2.4 0.2 4.3 0.3 8.3 0.5 11.6 1.0

WRIA 3 27.5 1.3 35.5 1.8 15.2 2.7 38.7 3.7 38.0 3.9 70.0 5.9

WRIA 4 55.3 2.6 71.5 3.6 31.2 5.4 78.4 7.4 77.1 7.9 141.7 12.0
WRIA 5 10.1 0.5 12.6 1.2 2.8 0.3 7.3 0.5 12.3 0.8 19.2 1.6

WRIA 6 38.1 1.7 40.4 2.3 9.0 0.5 13.6 0.7 42.4 2.2 49.5 2.9

WRIA 7 253.6 5.1 264.8 7.0 58.9 6.6 108.7 8.3 273.2 11.4 343.8 15.4

WRIA 8 477.6 22.8 564.0 28.2 59.6 13.7 139.6 16.6 497.7 35.1 694.0 44.5
WRIA 9 113.5 3.2 124.1 4.2 23.7 4.8 54.6 5.7 122.0 8.4 169.0 10.8

WRIA 10 182.2 8.3 220.7 10.9 37.2 7.3 86.8 9.2 200.1 15.5 299.1 21.1

WRIA 11 5.1 0.3 7.3 1.0 2.7 0.3 5.9 0.4 6.9 0.5 12.3 1.3

WRIA 12 41.1 1.0 45.3 1.4 13.1 2.9 30.3 3.5 47.6 3.7 73.8 5.0
WRIA 13 0.3 0.0 5.0 0.6 14.3 2.0 35.6 3.1 8.0 1.8 33.3 4.0

WRIA 14 13.5 0.4 16.1 1.1 3.1 0.5 8.0 0.7 16.6 1.0 24.1 1.9

WRIA 15 35.0 1.7 42.8 2.3 15.8 3.1 33.7 3.7 47.1 4.6 75.2 6.2

WRIA 17 8.6 0.4 10.1 0.6 1.9 0.4 4.8 0.5 10.6 0.8 15.1 1.2
WRIA 18 19.0 0.5 21.6 0.8 5.0 0.9 11.3 1.2 21.3 1.4 31.2 2.0

WRIA 19 4.5 0.3 5.0 0.4 0.9 0.1 1.5 0.1 5.1 0.4 6.1 0.4

WRIA 20 15.0 0.6 15.7 0.7 2.9 0.2 4.1 0.3 16.3 0.8 18.0 0.9

WRIA 21 1.4 0.2 1.7 0.2 0.6 0.1 1.0 0.1 2.1 0.2 2.8 0.2
WRIA 22 40.9 1.5 48.0 2.6 10.6 2.2 27.2 2.8 49.8 3.8 74.7 5.5

WRIA 23 4.6 0.3 12.4 1.3 11.3 1.4 32.7 2.4 12.3 1.7 40.7 4.3

WRIA 24 37.6 1.8 40.6 2.6 9.2 0.6 14.8 0.8 42.1 2.4 50.5 3.3

WRIA 25 37.8 1.5 38.9 1.7 8.1 0.4 11.6 0.5 40.9 1.9 45.6 2.2
WRIA 26 12.4 1.1 14.0 1.2 4.2 0.6 6.7 0.7 16.5 1.5 20.4 1.8

WRIA 27 1.8 0.1 4.9 1.0 3.1 0.3 8.3 0.5 4.2 0.4 12.5 1.5

WRIA 28 8.1 0.3 20.9 0.5 29.8 4.2 81.3 6.9 25.6 4.6 87.6 9.1

WRIA 29 5.2 0.4 6.0 0.5 0.9 0.2 2.4 0.2 6.4 0.5 8.8 0.7
WRIA 30 44.7 1.4 46.5 1.7 9.6 0.6 13.8 0.7 48.8 1.9 54.5 2.3

WRIA 31 98.3 1.8 99.8 2.3 22.5 0.9 33.3 1.2 105.8 2.9 119.6 3.7

WRIA 32 9.8 0.3 15.2 0.8 8.8 1.2 22.8 1.9 16.8 1.7 35.6 3.4
WRIA 34 132.7 5.3 139.9 6.2 31.0 2.2 50.7 2.8 147.4 7.4 174.4 9.3

WRIA 35 6.4 0.5 7.8 0.6 2.3 0.4 4.9 0.5 8.1 0.8 12.3 1.0
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TABLE ES-5 (continued).
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR DRY-SEASON NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 36 33.8 1.6 36.8 1.9 8.0 1.1 13.6 1.2 38.2 2.4 46.8 2.9

WRIA 37 92.2 3.3 103.6 4.6 26.3 4.6 56.0 5.5 106.8 7.5 152.6 10.1

WRIA 38 5.0 0.4 6.3 0.5 2.1 0.4 4.4 0.4 6.7 0.7 10.6 1.0

WRIA 39 23.5 0.9 28.4 1.9 8.3 1.3 19.5 1.6 28.3 2.0 45.4 3.4
WRIA 40 18.1 0.6 21.0 0.9 6.5 1.4 14.9 1.7 22.1 1.9 35.1 2.6

WRIA 41 70.3 2.3 75.0 2.8 18.0 1.4 29.2 1.8 79.2 3.7 95.3 4.8

WRIA 42 11.6 0.6 12.4 0.7 2.4 0.2 3.4 0.3 12.9 0.8 14.5 0.9

WRIA 43 20.4 1.1 22.8 1.3 5.4 0.9 10.2 1.0 23.7 1.7 31.2 2.2
WRIA 44 7.9 0.5 9.6 0.6 2.9 0.6 6.5 0.7 10.0 1.0 15.7 1.3

WRIA 45 35.8 1.4 39.4 1.9 10.0 1.3 17.6 1.5 42.1 2.6 53.8 3.4

WRIA 47 7.2 0.3 8.1 0.4 1.5 0.3 3.3 0.3 8.1 0.6 11.0 0.8

WRIA 48 8.8 0.5 9.8 0.6 1.9 0.3 3.6 0.3 10.2 0.7 12.8 0.9
WRIA 49 13.9 0.8 16.2 1.1 2.7 0.5 6.9 0.7 16.8 1.3 23.2 1.8

WRIA 50 10.1 0.5 10.6 0.5 2.0 0.2 2.9 0.2 11.0 0.5 12.2 0.6

WRIA 52 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 53 2.6 0.2 2.8 0.2 0.5 0.1 0.6 0.1 2.9 0.2 3.1 0.2
WRIA 54 38.0 0.0 41.8 0.0 0.2 0.0 51.3 2.7 19.1 0.1 72.7 6.4

WRIA 55 3.8 0.3 4.0 0.3 0.7 0.1 0.9 0.1 4.1 0.3 4.5 0.3

WRIA 56 52.8 2.2 56.0 2.6 9.9 1.0 16.2 1.2 58.3 3.0 67.0 3.6

WRIA 60 0.8 0.1 0.9 0.1 0.1 0.0 0.2 0.0 0.9 0.1 1.0 0.1
WRIA 61 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 62 16.9 0.9 19.1 1.0 5.1 0.5 8.7 0.7 20.3 1.3 25.6 1.7
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TABLE ES-6.
RECLAIMED-WATER UPGRADE COST RELATIVE TO
OBJECTIVE A NUTRIENT-REMOVAL UPGRADE COST

Reclaimed-Water Upgrade Cost as Percent of Nutrient-Removal Upgrade Cost
Annualized Capital Cost Annual O&M Cost

Treatment Plant Type Year-Round Seasonal Year-Round Seasonal

Extended Aeration (Mechanical) 199 – 214 149 – 208 (417) – 1,486 180 – 681
Extended Aeration (Diffused) 886 – 1,502 600 – 1,043 (1,500) – 2,665 (698) – 1,516
Conventional Activated Sludge 88 – 103 186 – 300 64 – 125 54 – 219
Sequencing Batch Reactor Undefined Undefined 4,895 – 7,415 (115,891) – 41,656
Trickling Filter 71 – 90 93 – 127 51 – 126 39 – 223
Rotating Biological Contactor 71 – 89 92 – 125 43 – 117 31 – 173
Trickling Filter/Solids Contact 84 – 98 148 – 167 83 – 144 81 – 420
Membrane Bioreactor Undefined Undefined Undefined Undefined
High-Purity Oxygen 109 216 – 273 64 – 68 251 – 311
Facultative Lagoon 48 – 80 35 – 55 51 – 71 46 – 64
Aerated Lagoon 47 – 79 34 – 55 67 - 105 60 – 91

Notes:
a. Ranges indicate low and high values for the range of plant capacities evaluated
b. Negative values (in parentheses) indicate that the nutrient-removal upgrade provides a cost savings; percentage show

represents the ratio of reclaimed-water upgrade cost to nutrient-removal upgrade savings
c. Undefined indicates that there is no cost or savings associated with the nutrient-removal upgrade because no changes

are required to achieve the nutrient-removal objective.
d. Annualized capital cost based on 3% discount rate over 20 years.
e. Annual O&M cost includes labor, materials, chemicals and energy.



 



ABBREVIATIONS
0C Degree Celsius
4BDP 4-stage Bardenpho  continuous-flow suspended-growth process with

alternating anoxic/aerobic/anoxic/aerobic stages; used to remove TN
AACE Association for the Advancement of Civil Engineering
ADWF Average Dry Weather Flow
AL Aerated Lagoon
Alum Hydrated Aluminum Sulfate having an approximate  molecular formula

of Al2(SO4)3 ∙14H2O
AS Activated Sludge
AWWF Average Wet Weather Flow
BAF Biologically Aerated Filter
BioWin BioWin is a Microsoft Windows-based computer simulation model used

for analysis and design of wastewater treatment plants distributed by
EnvioSims, Ltd.

BNR Biological Nutrient Removal
BOD Biochemcial Oxygen Demand
BOD5 Biochemcial Oxygen Demand (5-day)
C Chemical Addition
CaCO3 Calcium Carbonate
CapdetWorks CapdetWorks is a preliminary design and costing program for evaluating

a variety of wastewater treatment plant processes originally developed
by the US Army Corps of Engineers and EPA  that is updated and
distributed by Hydromantis, Environmental Software Solutions, Inc.

CAS Conventional Activated Sludge process
CBOD Carbonaceous fraction of the Biochemical Oxygen Demand
cfm Cubic Feet per Minute
DA Diffused Aeration
DIN Dissolved Inorganic Nitrogen
DNF Denitrifying Filter
DO Dissolved Oxygen
DOE Washington State Department of Ecology
EA Extended Aeration Activated sludge process
EPA Environmental Protection Agency
F Filtration
FF Fixed Film process (e.g.  RBC and TF)
FL Facultative Lagoon
gpcd Gallons per Capita per Day
gpd Gallons per Day
HPO High Purity Oxygen Activated Sludge process
HRT hydraulic retention time
IFAS Integrated Fixed Film Activated Sludge



M Methanol Addition
MA Mechanical Aeration
MBBR Moving Bed Bioreactor
MBR Membrane Bioreactor
MG Millions of Gallons
Mg(OH)2 Magnesium Hydroxide
mg/L Milligrams per Liter
mgd Million Gallons per Day
mg-N/L Milligrams Nitrogen per Liter
mg-P/Liter Milligrams Phosphorus per Liter
ML Mixed Liquor (i.e., combination of wastewater and biological mass

typically found in the aeration tank of a activated sludge plant)
MLE Modified Ludzack-Ettinger Process – continuous-flow suspended-

growth process with an initial anoxic stage followed by an aerobic stage;
used to remove TN

MLSS Mixed Liquor Suspended Solids
MMDWF Maximum Month Dry Weather Flow
MMWWF Maximum Month Wet Weather Flow
N Nitrogen
NH3 Ammonia
NH4

+ Ammonium ion
NO2

-2 Nitrite
NO3

- Nitrate
NPDES National Pollutant Discharge Elimination System
O&M Operation and Maintenance
OC Operational Changes
POTW Publically Owned Treatment Works
ppcd Pounds per Capita per Day
ppd Pounds per Day
Q Influent Flow Rate
RAS Return Activated Sludge
SF Square Foot
SPT Septic Tank on-site treatment process
SRT Solids Retention Time
TDS Total Dissolved Solids
TF Tricking Filter process
TF/SC Tricking Filter /Solids Contact process
TIN Total Inorganic Nitrogen
TKN Total Kjeldahl Nitrogen  (i.e., ammonia nitrogen plus organic nitrogen)
TMDL Total Maximum Daily Load
TP Total Phosphorus
TS Total Solids (Total Recoverable Residue). TSS plus TDS
TSS Total Suspended Solids



UV Ultraviolet light used for disinfection
WAS Waste Activated Sludge
WWTP Wastewater Treatment Plant
RBC Rotating Biological Contactor
Poly Polymer
Cl2 Chlorine
WRIA Water Resource Inventory Area
NaOCl Sodium hypochlorite; a liquid form of chlorine that can used for

disinfection of wastewater
mJ/cm2 milli-joules per square centimeter
nm nanometer; a wave length of light that used for ultra violet light

disinfection
MPN most probable number
ERU Equivalent Residential Unit
P Phosphorus
N Nitrogen
kW kilowatt
kW-hours kilowatt hours
VSS Volatile Suspended Solids
PDF Peak Daily Flow
SBR Sequencing Batch Reactor process
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CHAPTER 1.
INTRODUCTION

Excessive loads of nutrients—specifically nitrogen and phosphorus—are the leading cause of water
quality impairment in the United States and in the State of Washington. Impairments caused by excessive
nutrients include excessive growth of algae and aquatic plants, low dissolved oxygen concentrations, fish
and shellfish kills, foul odors, degraded drinking water supplies, and degraded recreational uses. The
Washington Department of Ecology’s 2008 Water Quality Assessment report identifies 524 Category 5
listings for the federal 303(d) list of impaired water bodies that may be attributable to excess nutrients.

The primary sources of nitrogen and phosphorus pollution are municipal wastewater, urban stormwater,
agricultural (livestock and row crop) runoff, other non-point sources, and industrial wastewater. The
contribution from each of these sources is dependent on the extent of development in the watershed of
interest. Although nitrogen and phosphorus loads from other sources may be greater, nutrient loads from
municipal wastewater treatment plants can be significant; such loads also are more manageable from a
regulatory perspective.

1.1 BACKGROUND
1.1.1 National Trends
The Clean Water Act of 1972 authorized the U.S. Environmental Protection Agency (EPA) to establish
standards for municipal wastewater treatment plants to restore and maintain the chemical, physical and
biological integrity of the nation’s waters. Minimum standards for municipal wastewater treatment plant
effluent were promulgated into public law in 1973. The standards are based on the best treatment
technology economically achievable, regardless of the condition of the receiving water. These standards
are commonly known as the standards for secondary treatment. They were established for four
conventional pollutant parameters: 5-day biochemical oxygen demand (BOD5), total suspended solids
(TSS), fecal coliform bacteria, and pH. In 1984, the EPA allowed the use of a test for 5-day carbonaceous
biochemical oxygen demand (CBOD5) rather than for BOD5, thereby eliminating the effects of residual
nitrogen (principally ammonia) on the BOD test.

While conventional secondary treatment reliably removes more than 90 percent of CBOD and TSS, it
only removes about 10 to 15 percent of the total nitrogen (TN) contained in raw wastewater and 20 to
30 percent of the total phosphorus (TP). For some receiving waters, this level of nutrient removal has
been inadequate to achieve water quality objectives. The Clean Water Act allows permitting agencies to
impose more stringent effluent limits if the technology-based limits are not adequate to prevent violation
of water quality standards.

Significant advances have been made in wastewater treatment technology since enactment of the
secondary treatment standards. Several processes have proven to be reliable and cost-effective in
removing nitrogen and phosphorus from municipal wastewater. The EPA recently published (September
2008) a comprehensive document that identifies and evaluates the performance and costs of nitrogen and
phosphorus removal technologies applied to municipal wastewater treatment plants throughout the United
States.
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1.1.2 Washington State Trends
Pollutant loads to municipal wastewater plants are primarily driven by population—as the population
grows, so does the quantity of nitrogen and phosphorus. U.S. Census Bureau data indicate that population
increased 13.1 percent in the last 10 years in Washington, compared to 9 percent nationwide. In the last
50 years, the population of Washington has increased approximately 180 percent.

In 1998, the EPA published the National Strategy for Development of Regional Nutrient Criteria. In turn,
the State of Washington promulgated numeric water standards (WAC Chapter 173-201A) for phosphorus
for lakes and reservoirs and for a reach of the Spokane River, extending from Long Lake Dam to the Nine
Mile Bridge. Currently there are no numeric water quality standards for nitrogen in the State of
Washington.

There are about 300 municipal wastewater treatment plants operating in the State of Washington, using a
wide assortment of treatment technologies—ranging from simple facultative lagoons to complex
automated mechanical treatment plants. Their current conditions are estimated as follows:

• The plants range in annual average flow capacity from less than 10,000 gallons per day (gpd)
to 210 million gallons per day (mgd), with a combined maximum month rated capacity of
approximately 1,172 mgd.

• Assuming that all these plants are operating at 70 percent of their design capacity with respect
to flows and pollutant loads characteristic of municipal wastewater, the existing plants serve
an equivalent population of 5.13 million.

• Collectively, these plants are estimated to treat about 187 billion gallons of wastewater per
year.

• The estimated mass of total nitrogen in effluent currently discharged by these plants is in the
range of 22,000 to 26,000 tons per year. More than 90 percent of this nitrogen is in the form
of inorganic nitrogen (ammonia, nitrate, and nitrite). This estimate is based on nitrogen
removal efficiency of 10 to 15 percent for conventional activated sludge, fixed film systems,
high purity oxygen plants, lagoons and septic tanks, and 30 percent to 50 percent for SBR,
extended aeration, and membrane bioreactor plants.

• The estimated mass of total phosphorus contained in effluent currently discharged by these
plants is in the range of 4,800 to 5,400 tons per year. This estimate is based on 30 percent of
the extended aeration plant capacity achieving 80 percent phosphorus removal during the dry
weather season and the remaining capacity of the extended aeration plants achieving
20 percent to 30 percent phosphorus removal. Existing SBR and MBR plants were estimated
to have a phosphorus removal efficiency of 70 percent. All of the other treatment process
category types were assume to have phosphorus removal efficiency in the range of 20 percent
to 30 percent.

With a few exceptions, most municipal wastewater treatment plants in Washington only remove nitrogen
and phosphorus to levels generally reported for conventional secondary treatment.

A few municipal wastewater treatment plants in Washington were designed and are operated to remove a
greater percentage of nutrients than conventional secondary treatment does. Plants that produce reclaimed
water for irrigation often are required to reduce TN to less than 10 milligrams per liter expressed as
nitrogen (10 mg-N/L). Water-quality-based effluent limitations for nitrogen and phosphorus have been
established for a few wastewater treatment plants in Washington (fewer than 10) based on total maximum
daily load (TMDL) allocations.
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1.2 PURPOSE OF THIS REPORT
This report evaluates the effectiveness and economics of advanced technologies to remove nitrogen and
phosphorus from the discharges of existing municipal wastewater treatment facilities in Washington. It
was prepared to assist municipal decision makers and regional and state regulators in planning for nutrient
removal specifically from municipal wastewater treatment plants. Similar evaluations have been
conducted across the nation—for Chesapeake Bay, Maryland, Pennsylvania, Virginia, Minnesota and
Wisconsin—but they focused principally on phosphorus removal.

This report does not identify and evaluate all established, emerging, or innovative nutrient removal
technologies. It is generally accepted that established wastewater treatment technologies can reliably
reduce total inorganic nitrogen to 3 mg/L and TP to 0.1 mg/L. This report identifies a range of established
technologies that are available and economically reasonable and have been applied in Washington and
elsewhere in the United States to upgrade municipal wastewater treatment plants to achieve specific
nitrogen and phosphorus reduction goals.

This report provides the information and tools to help regulatory agencies, engineers, planners and the
general public understand the technologies and economic impact of upgrading wastewater treatment
plants to reduce nitrogen and phosphorus loads.

1.3 DEVELOPMENT AND ORGANIZATION OF THE REPORT
In March 2009, the Washington Department of Ecology contracted with Tetra Tech to conduct the
technical and economic evaluation of nitrogen and phosphorus removal at municipal wastewater
treatment facilities in Washington. The original scope of work provided for up to 30 case studies of
existing wastewater treatment facilities in Washington using a variety of technologies to achieve nitrogen
and phosphorus removal.

As an initial effort, Tetra Tech completed case studies for two of the state’s largest treatment plants: King
County’s South Treatment Plant and the City of Spokane’s Riverside Treatment Plant. The case studies
were reviewed by the Department of Ecology, EPA Region 10, a technical review committee,
representatives from the studied facilities, and other interested parties, and a review workshop was held.

Lessons learned from the two case studies prompted Tetra Tech and the Department of Ecology to amend
the scope of work. Under the revised work plan, six potential nutrient-removal objectives were evaluated
to determine their technical and economic impacts on treatment plants. These objectives represent
regulatory standards that could be adopted to set limits on concentrations of total inorganic nitrogen
(TIN) or total phosphorus (TP) in municipal treatment plant effluent. The evaluations were performed for
each of the main types of municipal treatment plant currently used in Washington. For each objective,
analyses were performed of the improvements needed to achieve the objective year-round or to achieve it
only during the dry season, when warm weather and low flows in receiving waters present the greatest
risk of nutrients in effluent contributing to algae problems. The year-round and dry-season-only
conditions represent the most and least expensive approaches to achieving each objective.

Table 1-1 summarizes the revised work plan and where each element of the work plan is presented in this
report. In addition to the content summarized in Table 1-1, Chapter 2 provides detailed descriptions of the
nutrient-removal objectives evaluated and the types of treatment plants for which each objective was
analyzed, and Chapter 3 explains the methodology used in the analysis.
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TABLE 1-1.
PROJECT WORK PLAN AND REPORT ORGANIZATION

Work Plan Element Location in Report

Develop process and cost models for upgrading seven
generic (hypothetical) wastewater treatment plant
process categories with unit process design criteria
consistent with those typically applied for wastewater
treatment plants in the state and the Department of
Ecology’s Criteria for Sewage Works Design (Ecology,
2008).

Details of the models developed for this project are
presented in Appendix A. Summaries of the process
modeling results are presented in Chapters 4 – 10
(each chapter presents the results for one treatment
plant type) and the cost results are summarized in
Chapters 11 – 16 (each chapter presents costs for a
separate nutrient-removal objective)

Evaluate capital and incremental operational costs to
achieve six nutrient removal goals for several
technologies at existing municipal treatment plants in
Washington.

Nutrient-removal upgrade costs for the six nutrient-
removal objectives are presented in Chapters 11 –
16 (each chapter presents costs for a separate
objective)

Develop cost models (curves) for capital construction,
incremental annual operation and maintenance (O&M),
and 20-year life cycle costs for upgrading each of the
seven categories of treatment plants for six different
nutrient removal objectives.

Nutrient-removal upgrade cost curves for the six
nutrient-removal objectives are presented in
Chapters 11 – 16 (each chapter presents costs for a
separate objective)

Estimate incremental capital, O&M, and 20-year life
cycle costs to achieve the six different nutrient removal
objectives for all wastewater municipal wastewater
treatment facilities in Washington.

Estimated cumulative costs for upgrading municipal
wastewater treatment plants statewide are presented
in Chapter 17.

Compare process technology upgrade requirements and
costs for upgrading existing municipal treatment plants
in Washington to remove nutrients with upgrading plants
to produce reclaimed water that meets the State of
Washington’s Class A reuse standards (WAC 173-221)
for groundwater recharge

Incremental costs for providing treatment to achieve
Class A water reuse standards are presented in
Chapter 18.
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CHAPTER 2.
NUTRIENT REMOVAL OBJECTIVES

AND TREATMENT PLANTS EVALUATED

2.1 NUTRIENT REMOVAL OBJECTIVES
Six nutrient removal objectives stipulated by Ecology and EPA were identified for analysis. These
objectives were selected based on the generally accepted performance associated with established nutrient
removal technologies for municipal wastewater treatment plants. The objectives for this report are defined
by the concentration of the nutrient of concern (nitrogen and/or phosphorus) remaining in the treated
effluent, as follows:

• Objective A—Total inorganic nitrogen (TIN) <8 mg/L

• Objective B—TIN <3 mg/L

• Objective C—Total Phosphorus (TP) <1 mg/L

• Objective D—TP <0.1 mg/L

• Objective E—TIN <8 mg/L & TP <1 mg/L

• Objective F—TIN <3 mg/L & TP <0.1 mg/L

2.2 EXISTING MUNICIPAL WASTEWATER TREATMENT PLANTS
The Department of Ecology maintains a database of detailed information on each municipal wastewater
treatment plant in the state. (The database was known as the Water Quality Permit Life Cycle System
until 2010, when it was replaced with the Permit and Reporting Information System, or “PARIS.”) For
this study, Ecology provided Excel spreadsheets from each of its regional offices listing the names of all
plants managed by that region, with pertinent information about each plant: design capacity (based on
maximum-month flows), type of liquid stream treatment processes used, type of sludge treatment system,
and where the final effluent is discharged (freshwater, marine water, groundwater or reuse). The
secondary treatment processes used at the listed plants can be categorized as follows:

• Extended aeration (EA)

• Conventional activated sludge (CAS)

• Sequencing batch reactors (SBR)

• Fixed film systems (FF)

• Membrane bioreactors (MBR)

• High-purity oxygen activated sludge (HPO)

• Lagoons

• Septic treatment (SPT).

Tables 2-1 and 2-2 and Figures 2-1 and 2-2 summarize key data from the Ecology spreadsheets by
treatment process type, number of plants, individual plant capacity and collective treatment capacity. The
data are discussed in detail in the following sections.
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TABLE 2-1.
NUMBER OF PLANTS BY SECONDARY TREATMENT PROCESS CATEGORY AND

MAXIMUM-MONTH RATED PLANT CAPACITY

Number of Plants

Process Category

Capacity
= 0 to 0.5

mgd

Capacity
>0.5 to 5

mgd

Capacity
>5 to 10

mgd

Capacity
>10 to 20

mgd

Capacity
>20 to 50

mgd

Capacity
>50 to

100 mgd

Capacity
> 100
mgd Total

EA 31 36 5 3 2 1 0 78
CAS 30 18 7 3 2 1 1 62
SBR 17 12 1 0 0 0 0 30
FF 6 7 6 0 1 0 0 20
MBR 7 4 0 0 0 0 0 11
HPO 0 0 0 0 1 1 1 3
Lagoons 70 13 2 2 0 0 0 87
SPT 13 0 0 0 0 0 0 13

Total 174 90 21 8 6 3 2 304
% of Plants Statewide 57% 30% 7% 3% 2% 1% 1%
% of Plants ≤ range 57% 87% 94% 96% 98% 99% 100%

TABLE 2-2.
COLLECTIVE CAPACITY OF PLANTS BY SECONDARY TREATMENT PROCESS CATEGORY

AND MAXIMUM-MONTH RATED PLANT CAPACITY

Collective Treatment Capacity (mgd)

Process Category

Plant
Capacity
= 0 to 0.5

mgd

Plant
Capacity
>0.5 to 5

mgd

Plant
Capacity
>5 to 10

mgd

Plant
Capacity
>10 to 20

mgd

Plant
Capacity
>20 to 50

mgd

Plant
Capacity
>50 to

100 mgd

Plant
Capacity

> 100
mgd Total

EA 5 68 39 41 56 80 0 289
CAS 6 48 51 33 50 60 144 392
SBR 2 15 6 0 0 0 0 23
FF 1 11 44 0 36 0 0 92
MBR 9 0 0 0 0 0 0 9
HPO 0 0 0 0 20 60 215 295
Lagoons 10 22 16 23 0 0 0 71
SPT 1 0 0 0 0 0 0 1

Total 34 163 154 98 163 200 359 1,171
% of Statewide Capacity 3% 14% 13% 8% 14% 17% 31%
% of Capacity ≤ range 3% 17% 30% 38% 52% 69% 100%
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EA
25%
(78)

CAS
33%
(62)

HPO
25%
(3)

FF
8%
(20)

Lagoons
6%
(87)

EA = extended aeration
CAS = conventional activated sludge
HPO = high purity oxygen
SBR = sequencing batch reactor
MBR = membrane bio-reactor
FF = fixed film processes
Lagoons = facultative and aerated lagoons
SPT = commercial septic tank systems
Percentage indicates each category’s
share of total statewide municipal
treatment plant capacity.
Number of plants in each category shown
in parentheses.

SBR
2%
(30)

MBR
1%
(11)

SPT
0.1%
(13)

Figure 2-1. Number of Plants and Percentage of Total Statewide Treatment Capacity by Process Type

Figure 2-2. Distribution of Municipal Wastewater Treatment Plants in Washington by Capacity Range
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2.2.1 Treatment Process Types
Extended Aeration Treatment Plants
The extended aeration plant category, which includes oxidation ditches, is the second most common
municipal wastewater treatment process in Washington (after lagoon plants), with 78 EA plants
representing 26 percent of all municipal wastewater treatment plants in the state. Collectively these plants
can treat 289 mgd, which represents about 25 percent of total statewide capacity. The rated capacity of
Washington’s EA plants ranges from 0.012 to 79.8 mgd. The average capacity is 3.7 mgd and the median
is 0.8 mgd. Most of these plants use aerobic digestion to stabilize their sludge; a few plants transport or
convey their sludge to another treatment plant or to an independent biosolids recycling facility.

Conventional Activated Sludge Treatment Plants
Conventional activated sludge is the third most common municipal wastewater treatment process in
Washington, with 62 CAS plants representing 20 percent of all municipal wastewater treatment plants in
the state. Collectively these plants can treat 392 mgd, which represents about 33 percent of total statewide
capacity. The rated capacity of Washington’s CAS plants ranges from 0.018 to 144 mgd. The average
capacity is 6.3 mgd and the median is 0.66 mgd. Most of these plants use anaerobic digestion to stabilize
their sludge; a few plants dewater and incinerate their primary and waste activated sludge.

Sequencing Batch Reactor Treatment Plants
Sequencing batch reactors are frequently used for municipal wastewater plants with capacities below
10 mgd. The 30 SBR plants in Washington represent about 10 percent of all municipal wastewater
treatment plants in the state. Collectively these plants can treat 22.5 mgd, which represents about
2 percent of total statewide capacity. The rated capacity of Washington’s SBR plants ranges from 0.005 to
6 mgd. The average capacity is 0.75 mgd and the median is 0.2 mgd.

Fixed Film Treatment Plants
Fixed film plants include trickling filters, trickling filter/solids contact, and rotating biological contactor
processes. The 20 fixed film municipal wastewater treatment plants in Washington represent 7 percent of
all municipal wastewater treatment plants in the state. Collectively these plants can treat 92 mgd, which
represents about 8 percent of total statewide capacity. The rated capacity of Washington’s fixed film
treatment plants ranges from 0.04 to 36.3 mgd. The average capacity is 4.6 mgd and the median is
1.785 mgd.

Membrane Bioreactor Treatment Plants
Membrane bioreactors represent a relatively new wastewater treatment process. The first full-scale MBR
municipal treatment plant began operation for the Tulalip Tribes in 2003. The process has gained
popularity for small- to medium-capacity plants because it requires a significantly smaller footprint than
other technologies and produces a final effluent that often can meet Washington’s Class A reclaimed
water standard without additional treatment. Currently there are 11 Ecology-permitted MBR treatment
plants in Washington ranging in capacity from 19,000 gpd to 4.2 mgd. The average capacity is 0.85 mgd
and the median is 0.2 mgd. King County is currently constructing the Brightwater Treatment Plant; which
is reported to be designed to treat up to 36 mgd with the MBR process.

High-Purity-Oxygen Activated Sludge Treatment Plants
High-purity-oxygen activated sludge is the least common municipal wastewater treatment process in
Washington. There are only three HPO plants in Washington, about 1 percent of all municipal wastewater
treatment plants in the state. Collectively these plants can treat 295 mgd, which represents about
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25 percent of total statewide capacity. The rated capacity of Washington’s HPO plants ranges from 20 to
210 mgd. The average capacity is 98 mgd and the median is 60 mgd. Two of the plants (King County
West Point and City of Tacoma Central) stabilize their primary and waste activated sludge using
anaerobic digestion; the City of Bellingham incinerates its primary and waste activated sludge.

Lagoon Treatment Plants
Lagoons are the most common wastewater treatment plant type in Washington. The 87 lagoon plants
represent 29 percent of all municipal wastewater treatment plants in the state. Their collective capacity of
71 mgd represents 6 percent of the total statewide capacity. The rated capacity of lagoon plants in
Washington ranges from 0.005 mgd to 12.7 mgd. The average capacity is 0.8 mgd and the median is 0.15
mgd.

Septic Treatment Plants
Wastewater treatment systems based on individual domestic septic tanks are used primarily in rural areas
not served by a municipal sewer system and treatment plant. These individual on-site systems are not
evaluated in this study. There are 13 commercial on-site septic tank based treatment systems permitted by
Ecology. Seven of these facilities discharge treated effluent to ground under a State Waste Discharge
permit; the remaining six discharge to natural surface water courses. Nine of these facilities have
supplemental polishing treatment processes to improve effluent quality: seven have recirculating sand or
gravel filters and two have polishing wetlands. Collectively these facilities have a treatment capacity of
1.4 mgd, which represents only 0.1 percent of the total statewide capacity. The rated capacity of these
commercial septic treatment systems ranges from 4,000 gpd to 0.4 mgd. The average capacity is 0.11 mgd
and the median is 50,000 gpd.

2.2.2 Treatment Plant Capacity
Capacity Up to 0.5 MGD
Plants with maximum-month capacities up to 0.5 mgd account for 57 percent of all municipal wastewater
treatment plants in Washington, but their collectively treatment capacity is only about 3 percent of total
statewide capacity. All of the process categories are represented in this size class except HPO, which is
used in Washington only for plants with capacities over 20 mgd. Lagoons are the most common treatment
processes in this capacity range, accounting for 40 percent of the plants, followed by extended aeration
processes at 18 percent. CAS plants make up 17 percent of this capacity class. All commercial septic tank
systems in the state are in this capacity class, representing 7.5 percent of plants this size. MBR and FF
process plants each represent less than 4 percent of the plants in this class.

Capacity from 0.5 MGD to 5 MGD
Plants with maximum-month capacities greater than 0.5 mgd and up to 5 mgd account for 30 percent of
all municipal wastewater treatment plants in Washington. Extended aeration treatment plants account for
40 percent of the plants in this range; CAS plants account for 20 percent; lagoon plants account for
14 percent; SBR plants account for 13 percent; fixed film plants account for 8 percent; and MBR plants
account for 5 percent. Collective capacity of plants in this capacity class represents 14 percent of total
statewide capacity.

Capacity from 5 MGD to 10 MGD
Plants with maximum-month capacities greater than 5 mgd and up to 10 mgd account for 7 percent of the
plants statewide and 13 percent of the total statewide capacity. CAS is the most common treatment
process in this class, representing 33 percent of the number of plants and 33 percent of the collective
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treatment capacity. FF and EA plants are also significant in this class, providing 25 percent and
29 percent, respectively, of the collective capacity of this range of plants.

2.2.3 Nutrient Removal Quantities
Conventional secondary treatment processes generally have similar nutrient removal efficiencies.
Assuming that all existing treatment processes have equivalent nutrient removal efficiencies, then the
relative mass of nutrients discharged by a treatment plant is directly proportional to the flow of
wastewater treated. Based on the data in Tables 2-1 and 2-2, this leads to the following estimates of
nutrient removal quantities:

• 97 percent of the nutrients discharged by municipal wastewater treatment plants in
Washington is discharged by the 43 percent of plants with rated capacities greater than
0.5 mgd.

• 83 percent of the nutrients discharged by municipal wastewater treatment plants in
Washington is discharged by the 13 percent of plants with rated capacities greater than
5 mgd.

• 70 percent of the nutrients discharged by municipal wastewater treatment plants in
Washington is discharged by the 6 percent of plants with rated capacities greater than
10 mgd.

2.3 WASTEWATER FLOW AND LOAD CHARACTERISTICS

Influent wastewater characteristics influence the concentration of nitrogen and phosphorus remaining in a
treatment plant’s effluent. In the absence of significant high-strength, carbon-rich industrial wastewater,
municipal wastewater generally contains more inorganic nitrogen and phosphorus than can be removed
by conventional secondary biological treatment processes.

Influent nitrogen and phosphorus concentrations and loads are available for only a few of the wastewater
treatment plants in the Ecology database. The limited data available in the database show nutrient
concentrations and loads consistent with generally recognized typical values for untreated municipal
wastewater. Rather than establishing influent flows and pollutant loads for this study from any site-
specific wastewater treatment plant record, it was decided to use commonly reported generic values, as
summarized in Table 2-3. These values were used to calculate the concentration of nutrients and other
constituents of concern in the influent wastewater to be treated. The flows and loads are population-driven
with no specific allowance for industrial and commercial loads. Future facility-specific evaluations for
nutrient removal should adjust the values to represent actual flows and loads contributed by the facility’s
residential, commercial and industrial users.



…2. NUTRIENT REMOVAL OBJECTIVES AND TREATMENT PLANTS EVALUATED

2-7

TABLE 2-3.
DESIGN CRITERIA FOR INFLUENT FLOWS AND LOADS

Constituent Design Criteria

Annual Average Flow..........................................100 gallons per capita per day (gpcd)
Average Wet-Weather Flow................................120 gpcd
Maximum-Month Wet-Weather Flow.................160 gpcd
Average Dry-Weather Flow ................................80 gpcd
Maximum-Month Dry-Weather Flow .................110 gpcd
Peak-Day Flow ....................................................275 gpcd
BOD5 ..................................................................0.22 pounds per capita per day (ppcd)a

TSS ......................................................................0.25 ppcd a

Total Kjeldahl Nitrogen (TKN) as N...................0.032 ppcd a

Organic Nitrogen as N.........................................0.013 ppcd a

Ammonia as N.....................................................0.019 ppcd a

Total Phosphorus as P .........................................0.0076 ppcd a

Organic Phosphorus as P .....................................0.0028 ppcd a

Inorganic Phosphorus as P...................................0.0048 ppcd a

a. Values are from Table 3-12 Metcalf &Eddy 2003





CHAPTER 3.
EVALUATION APPROACH

This chapter describes the methodology used to evaluate the implementation of technology upgrades to
improve nutrient removal at existing municipal wastewater treatment plants in Washington. The
evaluation assessed the following:

• The general feasibility of upgrading

• The general nature and extent of process modifications that would need to be implemented

• Capital and operation and maintenance costs associated with the upgraded plants.

3.1 TREATMENT PROCESS UPGRADES EVALUATED
The evaluation covered a wide range of existing plants and potential improvements:

• Upgrades were evaluated for seven of the eight existing treatment process types described in
Chapter 2. Septic treatment plants represent only 1 percent of the total statewide treatment
capacity and were not included in the scope of work.

• For each type of existing treatment process evaluated except HPO, upgrades were assessed
for achieving each of the six nutrient removal objectives described in Chapter 2. For HPO,
the objectives that include phosphorus removal were not evaluated.

• For each existing treatment process type and each nutrient removal objective, upgrades were
evaluated for providing nutrient removal year-round or providing it only seasonally, during
the dry-weather season.

The project scope of work describes the processes to be implemented for each upgrade scenario.
Table 3-1 summarizes these processes.

3.2 BIOWIN MODELING
Biowin is a modeling program used to design and simulate treatment plants. The model can evaluate
many different treatment processes for both liquid and solid streams. Biowin models were developed to
establish the performance of each existing treatment plant technology and to evaluate upgrades for
achieving the defined nutrient removal objectives. Generic hypothetical treatment plants typical of those
in Washington were used as the basis of the analysis.

3.2.1 Modeling Assumptions
The following general assumptions were made for modeling the treatment technologies using Biowin:

• Base Case/Existing System Model:

– For each existing treatment process type, a 1-mgd hypothetical base case was generated,
based on maximum-month wet-weather flow (MMWWF) and loading conditions.

– For the base case system, tank sizes and process parameters such as hydraulic retention
time (HRT), solids retention time (SRT), etc. were established according to standards set
forth in the Department of Ecology’s Criteria for Sewage Works Design (“The Orange
Book”).
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TABLE 3-1.
TREATMENT PROCESS UPGRADES EVALUATED
TO ACHIEVE NUTRIENT-REMOVAL OBJECTIVES

Objective
A

Objective
B

Objective
C

Objective
D

Objective
E

Objective
F

Definition of Objective
Effluent TIN < 8 mg/L < 3 mg/L — — < 8 mg/L < 3 mg/L
Effluent TP — — < 1 mg/L < 0.1 mg/L < 1 mg/L < 0.1 mg/L

Treatment Processes to Achieve Objective

Existing Extended Aeration Plant
Year-Round MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

Existing Conventional Activated Sludge Plant
Year-Round MLE+MBR 4BDP+MBR+M C C+F MLE+MBR+C 4BDP+MBR+M+C
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

Existing Sequencing Batch Reactor Plant
Year-Round SBR SBR+DNF+M SBR+C SBR+C+F SBR+C SBR+DNF+C+F+M
Seasonal SBR SBR+DNF+M SBR+C SBR+C+F SBR+C SBR+DNF+C+F+M

Existing Trickling Filter, Trickling Filter/Solids Contact, or Rotating Biological Contactor Plant
Year-Round MLE+MBR 4BDP+MBR+M C C+F MLE+MBR+C 4BDP+MBR+M+C
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

Existing Membrane Bioreactor Plant
Year-Round OC M C C C C+M
Seasonal OC M C C C C+M

Existing High-Purity Oxygen Activated Sludge Plant
Year-Round MLE+MBR 4BDP+MBR — — — —
Seasonal MLE 4BDP+M — — — —

Existing Aerated Lagoon or Facultative Lagoon Plant
Year-Round MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F
Seasonal MLE 4BDP+M C C+F MLE+C 4BDP+M+C+F

4BDP = Four-stage Bardenpho system for denitrification
C = Chemical addition: alum for phosphorous removal, magnesium hydroxide for pH control
DNF = Denitrification filters
F = Tertiary filters for phosphorus removal
M = Methanol addition for denitrification
MBR = Membrane bioreactors for denitrification
MLE = Modified Ludzack Ettinger process for denitrification
OC = Operational changes only
SBR = Sequencing batch reactor (capacity increased for denitrification)
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– Clarifiers for existing treatment processes were sized based on peak-day flows using
overflow rates defined in the Orange Book:

□ Fixed Film Systems: 1,200 gallons per day per square foot (gpd/ft2)
□ Complete Mix Activated System: 1200 gpd/ft2
□ Extended Aeration System: 500 gpd/ft2

– Existing plant O&M requirements were calculated at average wet-weather flow (AWWF)
for six months at 10ºC and average dry-weather flow (ADWF) for six months at 15ºC.

• Year-Round Model Assumptions:

– Capital Facilities (tanks and equipment sizing):

□ 1-mgd models were developed for the upgrades required to achieve each nutrient
removal treatment objective for each treatment process type.

□ Process parameters for capital facilities such as tanks and aeration blowers were
designed using MMWWF and loadings.

– O&M Assumptions:

□ O&M requirements such as aeration energy and chemical usage were calculated at
AWWF for 6 months at 10ºC and ADWF for 6 months at 15ºC using capital facilities
designed for MMWWF.

• Seasonal Model Assumptions:

– Capital Facilities (tanks and equipment sizing):

□ 1-mgd models were developed for the upgrades required to achieve each nutrient
removal treatment objective for each treatment process type.

□ Process parameters for capital facilities such as tanks and aeration blowers were
designed to reliably achieve the nutrient removal objectives at maximum-month dry-
weather flow (MMDWF) and to provide not less than the existing level of treatment
during the MMWWF.

– O&M Assumptions:

□ O&M requirements such as aeration energy and chemical usage were calculated at
ADWF for 6 months at 15ºC using capital facilities designed at MMDWF.

3.2.2 Modeling Design Criteria
Table 3-2 shows design criteria flows and loads for the hypothetical 1-mgd MMWWF model. Values
were calculated as follows:

• Flows other than MMWWF for the hypothetical model were calculated by applying flow
ratios from Table 2-3 to the MMWWF value of 1 mgd. For example, Table 2-3 gives per
capita flows of 275 gpcd for peak-day flow (PDF) and 160 gpcd for MMWWF, so the ratio of
PDF to MMWWF is 1.72. The PDF for the hypothetical model, therefore, is 1.72 times 1
mgd, or 1.72 mgd.

• pH was assumed to be slightly less than neutral for wet weather conditions, at 6.8, and neutral
for dry weather, at 7.0.

• Based on the per capita MMWWF of 160 gpcd from Table 2-3, the population to generate the
hypothetical MMWWF of 1 mgd is 6,250. This population was used with the per capita
loading rates in Table 2-3 to calculate loading rates for the hypothetical model for nitrogen,
phosphorus, BOD5 and TSS.
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TABLE 3-2.
DESIGN CRITERIA FLOWS AND LOADINGS FOR 1-MGD HYPOTHETICAL MODEL

Annual
Average

Max Month
Wet

Weather

Average
Wet

Weather

Max
Month Dry

Weather

Average
Dry

Weather
Peak
Day

Flow (mgd) 0.63 1.00 0.75 0.69 0.50 1.72
pH (units) 7.0 6.8 6.8 7.0 7.0 7.0

Loading Rate
(lbs/day) Concentration (mg/L)

BOD5 1,376 265 165 221 241 331 96

TSS 1,564 301 188 251 273 376 109
VSSa 1,095 210 132 175 191 263 77
TKN as N 200 38.5 24.1 32.1 35.0 48.1 14.0
Organic Nitrogen as N 81 15.6 9.8 13.0 14.2 19.5 5.7
Ammonia as N 119 22.9 14.3 19.1 20.8 28.6 8.3
Total Phosphorus as P 48 9.1 5.7 7.6 8.3 11.4 3.3
Organic Phosphorus as P 18 3.4 2.1 2.8 3.1 4.2 1.2
Inorganic Phosphorus as P 30 5.8 3.6 4.8 5.2 7.2 2.1
Alkalinity 835 161 100 134 146 200 58.4
Calcium 63 12.0 7.5 10.0 10.9 15.0 4.4
Magnesium 25 4.8 3.0 4.0 4.4 6.0 1.8

a. VSS = volatile suspended solids (assumed to equal 0.7 * TSS)

• Concentrations are calculated by dividing the mass loading by the flow rate, with multipliers
to convert to correct units.

• Influent alkalinity during average dry weather conditions was assumed to be 200 mg/L,
representing medium-strength wastewater. Concentrations for other flows were calculated
using flow ratios from Table 2-3.

• Calcium was assumed to be 15 mg/L during average dry weather conditions. Concentrations
for other flows were calculated using flow ratios from Table 2-3.

• Magnesium was assumed to be 6 mg/L during average dry weather conditions.
Concentrations for other flows were calculated using flow ratios from Table 2-3.

3.3 COST EVALUATION
3.3.1 Treatment Plant Capacities Evaluated
Cost curves were developed for capital and O&M costs associated with the evaluated improvements. The
curves were based on estimates for three plant capacities for each existing treatment process type, as
shown in Table 3-3. The plant capacities chosen cover the full range of existing plants for each existing
treatment process type. Sizing tables for different plant capacities were developed using process modeling
results for each treatment plant upgrade.



…3. EVALUATION APPROACH

3-5

TABLE 3-3.
MAXIMUM-MONTH TREATMENT PLANT CAPACITIES EVALUATED FOR COST CURVES

Number of Maximum-Month Plant Capacity (mgd)
Existing Treatment Process Type Capacities Evaluated Low Mid High

Extended Aeration 3 1 10 100
Sequencing Batch Reactor 3 0.5 2 10
Conventional Activated Sludge 3 1.0 10 150
Fixed Film 3 1.0 10 150
Membrane Bioreactor 3 1.0 10 100
High-Purity-Oxygen Activated Sludge 2 20 NA 220
Lagoons 3 0.5 5.0 50

3.3.2 Unit Costs and Rates
Biowin models were developed for each base case system and upgrade system to confirm size and
capacity of major process elements required to achieve the treatment objectives. CapdetWorks 2.5
software was then used to develop capital and O&M cost estimates, with cost indices updated to January
2010 values. Costs for processes that are not part of the CapdetWorks library, such as MBRs, were
developed using data from recent facilities constructed in Washington and from system vendors. Unit cost
and rates used for the cost models are shown in Table 3-4.

3.3.3 Assumptions and Methods
Capital cost estimates assumed that all technology improvements were necessary to achieve the selected
nutrient removal objective. Capital cost estimates assumed maximum-month flow and maximum-month
load conditions, including internal recycle from any solids processing systems. Cost curves, cost model
equations, and a goodness of fit indicators (i.e. correlation coefficient) were developed using the “power” curve
fitting function in Microsoft Excel 2007. The accuracy of the estimated costs is in the range of -50 percent
to +100 percent, consistent with a Class 5 Planning Estimate as defined by the Association for the
Advancement of Cost Engineering.

Capital and O&M costs were determined by estimating first the current constructed value of existing
process facilities and then the constructed value of process facilities after implementation of the necessary
process upgrades. The incremental capital cost was the difference between the capital cost of the retained
portion of the existing secondary treatment process and the cost to construct a complete new secondary
treatment process that would achieve the nutrient removal objective. Cost estimates included the
following:

• An additional 12 percent of the construction cost calculated by CapdetWorks was added to
both the existing and the upgraded plants to account for the cost for construction of
instrumentation and control systems.

• An allowance of 7 percent of the resultant cost for the upgrade was added to account for
general site, structural, and electrical modifications.

• When an existing unit needs to be demolished, a 10 percent cost of that unit will be added as
the demolition cost.
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TABLE 3-4.
UNIT COSTS AND RATES

Unit Costs
Building Cost ............................................. $150/ft2
Excavation.................................................. $8/cubic yard
Wall Concrete............................................. $800/ cubic yard
Slab Concrete ............................................. $500/ cubic yard
Crane Rental .............................................. $200/hour
Canopy Roof .............................................. $16/ft2
Electricity ................................................... $0.1/kW-hour
Hand Rail ................................................... $75/foot
Land Costs.................................................. $0/acre

Labor Rates
Construction Labor Rate ............................ $45/hour
Operator Labor Rate................................... $70/hour
Administration Labor Rate......................... $35/hour
Laboratory Labor Rate ............................... $45/hour

Chemical Costs (all costs are per mass of the dry form)
AL2(SO4)3*14 H2O as 42.8% ................... $0.06/lb
Magnesium hydroxide................................ $0.21/lb
Methanol .................................................... $3/gallon
Polymer ...................................................... $4/lb
Citric Acid ………………………………. $3/gallon
Sodium Hypochlorite……………………. $0.80/gallon
Financial
Interest Rate ............................................... 3%
Construction Period.................................... 3 years
Construction loan period ............................ 20 years
Operating Life of Plant............................... 40 years

Other Costs
Engineering Design Fee ............................. 15%
Miscellaneous............................................. 15%
Administration/Legal ................................. 2%
Inspection ................................................... 8%
Contingency ............................................... 30%
Technical.................................................... 7%
Profit and Overhead ................................... 15%

Cost Indices
Marshall and Swift Index ........................... 1448.3 (January 2010)
Engineering News Records Cost Index...... 8660.1 (January 2010)
Pipe Cost Index .......................................... 794.5 (January 2010)
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• The capital and O&M costs for chemical storage and feed systems for alum and methanol
were determined using CapdetWorks based on the dosage requirements shown in the sizing
tables.

• CapdetWorks does not provide costs for magnesium hydroxide storage and feed systems, so
an equivalent capacity hydrated lime dosing system was used to represent the costs of
magnesium hydroxide storage and feed.

• The annual cost of alum, magnesium hydroxide and methanol were determined based on
calculated annual usage and the unit prices shown in Table 3-4.

The CapdetWorks model does not currently provide costing information for MBR treatment systems.
Costs for MBR equipment were interpolated from vendor information provided by Enviroquip, and
Zenon for 1, 10 and, 135 mgd. MBR processes require fine screening of the influent to reduce physical
damage to the membranes. A 1.5-mm to 2.5-mm fine screening process is included in the cost estimates
for upgrades involving MBR technology. The cost related to the MBR tankage and aeration system was
estimated using CapdetWorks model.

3.3.4 Use of Cost Modeling Results
Capital, incremental O&M and 20-year life cycle costs associated with upgrades for each nutrient
removal objective are presented in Chapters 12 through 17. The results from this type of analysis are
likely to vary significantly from real costs of upgrading a particular treatment plant facility, depending on
the facility’s specific conditions. The cost models could be applied to all municipal wastewater treatment
plants within a specific watershed to develop a preliminary estimate of costs associated with addressing
regional nutrient-related water quality concerns.

Cost budgets for implementing nutrient removal at any specific facility should be based on a site-specific
engineering report so that concerns, needs and constraints specific to the site, community and facility can
be thoroughly addressed. Site-specific factors such as wastewater characteristics, site constraints,
geotechnical conditions, and the condition and layout of the existing facility can have a dramatic impact
on the ultimate cost of a treatment plant upgrade project.
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CHAPTER 4.
TECHNOLOGICAL EVALUATION

FOR EXTENDED AERATION PLANTS

4.1 BASE CASE/EXISTING SYSTEM
Two base case Biowin models were developed to represent existing extended aeration activated (EA)
sludge plants: one with a complete-mixed aeration tank with diffused aeration (DA) and the other an
oxidation ditch with mechanical aeration (MA). Figure 4-1 shows the process flow schematic for the
liquid and solids treatment for a hypothetical DA extended aeration plant with a design MMWWF
capacity of 1.0 mgd. The process flow schematic for an MA plant would be similar, with the aeration tank
replaced by an oxidation ditch. Design data for both plants is presented in Table 4-1.

Figure 4-1. Process Flow Schematic of an Extended Aeration Treatment Plant with Aeration Tank

The DA and MA extended aeration models produced similar effluent quality: BOD5 concentration of less
than 30 mg/L, TSS concentration of less than 30 mg/L and a total ammonia-nitrogen concentration of less
than 2 mg/L. It was assumed that these existing plants are currently operated to remove ammonia by the
nitrification process but not to denitrify to any significant extent. The modeled secondary clarifiers were
sized for peak-day flow conditions, with an overflow rate of 500 gallons per day per square foot (gpd/ft2),
which is consistent with the recommendations in the 1998 Washington State Orange Book. For modeling
purposes, it was assumed that the plant thickens its waste activated sludge prior to digestion, stabilizes the
sludge using aerobic digestion, and mechanically dewaters the digested sludge.
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TABLE 4-1
BASE CASE/EXISTING SYSTEM FOR EXTENDED AERATION PLANT

Description Mechanical Aeration (MA) Diffused Aeration (DA)

MMWWF (mgd) 1.0 1.0
Temperature (ºC) 10 10

Oxidation Ditch/Aeration Tank
Tank Volume (million gallons (MG)) 1.00 1.00
HRT (hrs) 24 24
Mixed Liquor Suspended Solids (mg/L) 2,809 2,807
DO Concentration (mg/L) 2 2
Ditch Power Uptake (HP ) 80
Aeration Tank Airflow rate (cubic feet/minute) 904
Biowin SRT (days) 18.01 18.01
RAS Recycle Rate 0.5Q 0.5Q

Clarifier
Area (SF) 3,500 3,500
Surface Overflow Rate (gal/ft2) 286 286

Aerobic Digester
Solids % from Clarifier 0.8% 0.8%
Solids % from Thickener 5.0% 5.0%
Combined Solids % to Aerobic Digester 3.5% 3.5%
VSS loading to Digester (pounds/day) 730 730
TSS loading to Digester (pounds/day) 1,301 1,301
Volume (MG) 0.25 0.25
Digester Sludge Age (days) 56.33 56.33

Sludge Production
Dry Sludge Production (pounds/day) 923 923

Effluent
BOD (mg/L) 1.85 1.85
TSS (mg/L) 4.5 4.5
Total Phosphorous (mg/L) 4.27 4.27
Ammonia N (mg/L) 0.63 0.61
TIN (mg/L) 15.97 16.05
pH 6.53 6.58

4.2 YEAR-ROUND NUTRIENT REMOVAL
Improvements required to provide year-round nutrient removal to achieve each treatment objective are
described below. It was assumed that existing plants with mechanical aeration would be upgraded to
diffused aeration in order to meet the all the nutrient removal objectives except those involving only
phosphorus removal (Objectives C and D). Process design data for all objectives are included in
Table 4-2, which is attached at the end of this chapter.
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4.2.1 Objective A
Process Description
The upgrade evaluated for achieving Objective A (TIN <8 mg/L) for an extended aeration plant is to
convert the existing system to a Modified Ludzack-Ettinger (MLE) activated sludge process, retaining the
existing clarifiers. The MLE process is a continuous-flow suspended-growth process with an anoxic zone
followed by an aeration zone and a clarifier. Denitrification is achieved by recycling nitrate produced by
the aeration zone back to the upstream anoxic zone, as shown in Figure 4-2.

Figure 4-2. Modified Ludzack-Ettinger Process Flow Schematic

Influent wastewater, return sludge from the clarifier and nitrate-rich mixed liquor recycled from the
aeration tank are mixed in the anoxic zone. When the dissolved oxygen concentration is near zero, some
facultative heterotrophic bacteria can draw oxygen from nitrate in order to use the organic carbon in raw
wastewater as an energy source and a carbon source for growth. The influent wastewater provides the
carbon source and the return activated sludge (RAS) from the clarifier provides microorganisms.

The upgraded capital facilities were sized with capacity for the MMWWF. The upgrade includes
partitioning the existing 1.0-million-gallon (MG) aeration tank into two compartments: a 0.3-MG anoxic
compartment and a 0.7-MG aeration compartment. New internal recycle pumps would be required for
pumping nitrate-rich mixed liquor from the aeration compartment to the anoxic compartment. The
internal recycle ratio would be 6 times the influent flow (6Q). New mixers would be installed in the
anoxic tank to mix the contents of the tank and to prevent sedimentation of solids. Figure 4-3 shows the
upgraded process flow schematic. Table 4-2 summarizes the process design data. Detailed reports of the
Biowin model are contained in Appendix A.

Recycled Loads
Process side streams generated by the thickening of the waste activated sludge prior to digestion and the
dewatering of the aerobically digested sludge would be returned and blended with the influent
wastewater. The percentage of total nitrogen (TN) and total phosphorus (TP) contained in these recycle
streams relative to the mass contained in raw influent wastewater was calculated using Biowin model
outputs. The results indicate that approximately 18 percent of the total nitrogen entering the existing plant
is recycled. Upgrading the plant to achieve Objective A reduces the mass of total nitrogen recycled by
approximately 2 percent on an annual basis. Although phosphorus removal is not part of Objective A, the
upgrade will increase the amount of phosphorus recycled in the plant from about 23 percent to 50 percent
on an annual basis. Table 4-3 summarizes the nitrogen and phosphorus recycle loads for the existing plant
and the upgraded plant.
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Figure 4-3. Process Schematic of Extended Aeration Plant Upgraded for Objective A Year-Round

TABLE 4-3.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE A YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 18.0% 17.9% 23.9% 23.3%
Objective A Year-Round 16.3% 15.5% 48.7% 64.1%

Sludge Production
From Table 4-2, average sludge produced per day (the average of the AWWF and ADWF sludge
production) is 949 pounds per day (ppd) (0.7 pound per pound of BOD5 applied) for the existing system
and 939 ppd for Objective A year-round. This reduction in sludge production associated with achieving
Objective A is not significant; there should be no significant change in the overall mass of sludge
produced.

Energy Consumption
For year-round flows, energy usage costs were determined based on annual average conditions, calculated
as the average of AWWF and ADWF energy usage. As a result of implementing the MLE denitrification
process, the average air flow rate to meet Objective A is approximately 20 percent less than the rate
required for the existing DA system (see Table 4-2). However, the increased energy demand for mixing
and pumping the internal mixed liquor to the anoxic compartment exceeds the energy savings associated
with the reduction in process air demand.

MA Plant
Upgrading the MA plant to achieve Objective A year-round would increase the plant energy requirements
by 11,500 kW-hours/year, or about 1 percent, as shown in Table 4-4. There would be no increase in the
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energy requirements for solids processes. The annual energy consumption for the upgraded plant would
increase by about 50 kW-hours per million gallons of influent wastewater treated.

TABLE 4-4.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective A Year-Round ....................... 1,010,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 11,500 kW-hours/year
Percent ................................................... 1.2%
Increase per Volume of Plant Flow ....... 50 kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective A year-round would increase
the plant energy requirements by 159,500 kW-hours/year, or about 19 percent, as shown in Table 4-5.
There would be no increase in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 700 kW-hours per million gallons of influent
wastewater treated.

TABLE 4-5.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective A Year-Round ....................... 1,010,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 159,500 kW-hours/year
Percent ................................................... 19%
Increase per Volume of Plant Flow ....... 699 kW-hours/MG

Chemical Consumption
For year-round flows, chemical usage costs were determined based on annual average conditions,
calculated as the average of AWWF and ADWF chemical usage.

Upgrades to achieve Objective A would require the use of chemicals only for alkalinity control. EA plants
require alkalinity supplementation to maintain the pH of the effluent at or above 6.5. Diffused aeration
systems are less efficient than mechanical aeration systems in stripping surplus carbon dioxide from the
wastewater, so they generally require more alkalinity supplementation.

Upgrades for Objective A would reduce the need to supplement alkalinity that is consumed by
nitrification (7.14 pounds of alkalinity as CaCO3 consumed per pound of ammonia-nitrogen converted to
nitrate). Complete denitrification of nitrate to nitrogen gas generates alkalinity that can offset up to
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50 percent of the alkalinity consumed by nitrification (3.57 pounds of alkalinity as CaCO3 recovered per
pound of nitrate-nitrogen converted to nitrogen gas).

For an MA plant upgraded to achieve Objective A year-round, the annual quantity of magnesium
hydroxide required to control alkalinity would be reduced about 50 percent, from 7,300 gallons to
3,650 gallons. This is a reduction of about 16 gallons of magnesium hydroxide per million gallons of
plant influent flow.

For a DA plant upgraded to achieve Objective A year-round, the annual quantity of magnesium hydroxide
required to control alkalinity would be reduced about 89 percent, from 33,000 gallons to 3,650 gallons.
This is a reduction of about 128 gallons of magnesium hydroxide per million gallons of plant influent
flow.

Footprint Requirements
Footprint requirements were calculated using the CapdetWorks costing model:

• No additional tanks are required to upgrade the existing DA system to achieve Objective A as
the existing aeration tank would be partitioned into anoxic and aeration tanks. Since the
amount of air required for Objective A is less than for the existing system, no additional
blowers would be required. No new pump building would be required for the internal recycle
pumps as they would be installed in the existing aeration tank.

• Upgrading an MA plant to achieve Objective A would require conversion to a DA plant. New
blower buildings would be constructed to supply air to the new diffused aeration system. The
existing ditch rotors would be removed and replaced with fine bubble diffusers. Based on
CapdetWorks, for a 1.0-mgd plant, the required site area for the new blower building would
be approximately 0.3 acres.

Table 4-6 compares the additional site area requirements, or footprint area, for upgrading existing MA
and DA plants to achieve Objective A for the three generic plant capacities. Refer to Appendix C for a
detailed footprint summary of the existing and upgraded systems. The existing secondary footprint
includes existing aeration tanks or oxidation ditches and secondary clarifiers.

TABLE 4-6.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING
EXTENDED AERATION PLANTS TO ACHIEVE OBJECTIVE A

Plant Design Capacity
(mgd)

Additional Area
Required for MA Plants

(square feet)

Additional Area
Required for DA Plants

(square feet)

1 1,050 250
10 1,800 300
100 3,300 600
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4.2.2 Objective B
Process Description
The upgrade evaluated for achieving Objective B (TIN <3 mg/L) is to convert the existing system into a
four-stage Bardenpho activated sludge process. The Bardenpho system consists of a first anoxic tank (pre-
anoxic tank), a first aeration tank, a second anoxic tank (post-anoxic tank) and a second aeration tank, as
shown in Figure 4-4.

Figure 4-4 Four-Stage Bardenpho Process Flow Schematic

Wastewater enters into the pre-anoxic tank, where nitrate from the first aeration tank and the RAS from
the secondary clarifier are recycled. Using carbon present in the raw wastewater, denitrification takes
place in this tank by reduction of nitrate, with subsequent release of nitrogen gas. Ammonia in the raw
wastewater passes through the pre-anoxic tank and is nitrified in the first aeration tank. A portion of the
nitrate produced is recycled to the pre-anoxic tank and the rest of the flow passes to the second anoxic
tank. Methanol is added as an additional carbon source in this zone to drive the denitrification process.
The second aeration tank aids in stripping the nitrogen gas produced by denitrification in the second
anoxic tank and provides a dissolved oxygen residual that improves sludge settleability.

The upgrade to achieve Objective B would consist of partitioning the existing 1.0-MG aeration tank to
create a 0.2-MG pre-anoxic tank, a 0.5-MG first aeration tank, a 0.2-MG post-anoxic tank, and a 0.1-MG
second aeration tank. Mechanical mixers would be provided in both the pre- and post-anoxic tanks to
maintain the mixed liquor in suspension and to prevent dead zones and hydraulic short-circuiting.
Methanol storage and dosing systems would be added to provide the needed carbon substrate to drive the
denitrification process in the post-anoxic tank. Magnesium hydroxide storage and dosing systems would
need to be added to keep the pH of the effluent at or above 6.5. Figure 4-5 shows the upgraded process
flow schematic. Table 4-2 summarizes the process design data. Detailed Biowin model reports are in
Appendix A.

In the absence of competitive reactions for methanol, the theoretical quantity of methanol required for
denitrification is 1.91 pounds of methanol per pound of nitrate-nitrogen converted to nitrogen gas.
Because there will be some aerobic biologically mediated oxidation of methanol, an empirical dose of 3.0
pounds of methanol per pound of nitrate-nitrogen converted to nitrogen gas was used for the second
anoxic tank. Table 4-7 summarizes the methanol dosage requirements for different flow conditions. To
minimize site footprint impacts, a minimum storage capacity of 14 days at the maximum use rate was
modeled.

Methanol
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Figure 4-5. Process Schematic of Extended Aeration Plant Upgraded for Objective B Year-Round

TABLE 4-7.
METHANOL DOSAGE CALCULATION

Flow rate
(mgd)

TIN removed
(mg/L)

TIN
removed

(ppd)

Methanol Dosage
(lbs per lb of TIN

removed)

Methanol
Dosage
(ppd)

Density of
Methanol
(lbs/gal)

Methanol
dosage

(gal/day)

MMWWF 1 5 41.7 3 125.1 6.6 19.0
ADWF 0.5 5 20.9 3 62.6 6.6 9.5
AWWF 0.75 5 31.3 3 93.8 6.6 14.2
MMDWF 0.69 5 28.8 3 86.3 6.6 13.1

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. The nutrient recycle loads for Objective B are presented in Table
4-8 and are similar those observed for Objective A.

TABLE 4-8.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE B YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 18.0% 17.9% 23.9% 23.3%
Objective B Year-Round 17.2% 15.9% 55.7% 61.7%
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Sludge Production
From Table 4-2, average sludge produced per day for Objective B year-round is 951 ppd, which is
0.2 percent greater than for the existing plant and 1.2 percent greater than for Objective A. This increase
in sludge production is the result of amending the carbon content of the wastewater with methanol to
drive the denitrification process. It amounts to 0.37 tons of dry solids per year (0.0016 tons per million
gallons of wastewater treated) more than the existing plant and 2.2 tons of sludge per year (0.0096 tons
per million gallons of wastewater treated) more than Objective A year-round.

Energy Consumption
The average annual process air required for the upgrades to achieve Objective B year-round is 803 cubic
feet per minute (cfm), which is 16 percent less than the existing system (961 cfm). As with Objective A,
the overall energy required to achieve Objective B year-round exceeds the existing energy requirements
for both MA and DA plants.

MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective B year-round would increase
the plant energy requirements by 294,000 kW-hours/year, or about 29 percent, as shown in Table 4-9.
There would be no increase in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 1,289 kW-hours per million gallons of
influent wastewater treated.

TABLE 4-9.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective B Year-Round ....................... 1,292,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 294,000 kW-hours/year
Percent ................................................... 29%
Increase per Volume of Plant Flow ....... 1,289 kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective B year-round would increase
the plant energy requirements by 442,000 kW-hours/year, or about 52 percent, as shown in Table 4-10.
There would be no increase in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 1,938 kW-hours per million gallons of
influent wastewater treated.
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TABLE 4-10.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective B Year-Round ....................... 1,292,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 442,000 kW-hours/year
Percent ................................................... 52%
Increase per Volume of Plant Flow ....... 1,938 kW-hours/MG

Chemical Usage
Upgrades to achieve Objective B year-round would require methanol for carbon supplementation and
magnesium hydroxide for pH and alkalinity control. The methanol requirement would be approximately
6,400 gallons of methanol per year, or 28 gallons of methanol per million gallons of wastewater treated.
Requirements for magnesium hydroxide would be the same as described for Objective A.

Footprint Requirements
No additional tanks are required to convert an existing EA plant to achieve Objective B year-round, but
the upgrade would require partitioning of existing aeration tanks. Since the amount of air required for
Objective B is less than for the existing system, no additional blowers are required.

An existing MA plant would have to be converted to a DA plant. A new blower building with blowers
and process air piping and air diffusion system would need to be installed in the aerobic compartment of
the existing aeration tank. The existing ditch rotors would be removed and replaced with fine bubble
diffusers.

Table 4-11 compares the additional footprint area required for implementation of Objective B year-round
for the three plant capacities. For existing MA plants, additional area is required for the new blower
building and the methanol storage and dosing system. For DA plants, additional area is only required for
the methanol storage and dosing systems. Refer to Appendix C for a detail summary of the area
requirement or existing and upgraded treatment systems. The percent changes in footprint are similar to
those for Objective A system as no additional tanks are needed for Objective B.

TABLE 4-11.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING
EXTENDED AERATION PLANTS TO ACHIEVE OBJECTIVE B

Plant Design Capacity
(mgd)

Additional Area
Required for MA Plants

(square feet)

Additional Area
Required for DA Plants

(square feet)

1 1,400 600
10 2,500 1,000
100 6,000 3,300
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4.2.3 Objective C
Process Description
Chemical phosphorus removal is achieved by adding chemicals such as alum, poly-aluminum chloride, or
ferric chloride to the wastewater at a well-mixed location, followed by flocculation and solids removal.
The effluent phosphorus concentration is determined by the dose and other chemical reactions. An
effluent of 0.5 to 1 mg/L can typically be achieved without constructing post-secondary treatment
facilities such as tertiary clarifiers or filters. The upgrade evaluated to achieve Objective C (TP <1 mg/L)
consists of adding alum to precipitate phosphorus removal and magnesium hydroxide for pH control.
Figure 4-6 represents the process flow schematic for Objective C. Table 4-2 summarizes the process
design data. Detailed Biowin model reports are in Appendix A.

Figure 4-6. Process Schematic of Extended Aeration Plant Upgraded for Objective C Year-Round

Phosphorus is generally present in wastewater as organic and inorganic phosphates. Organic phosphate is
bound to plant or animal tissues and is formed primarily by biological process. Inorganic phosphate is not
associated with organic material and includes orthophosphate and polyphosphates. Orthophosphate
(PO4-3) is also referred to as “reactive phosphorus” and is the most stable form of phosphate.
Polyphosphates, also known as metaphosphates or condensed phosphates, are strong complexing agents
for some metal ions. In wastewater, polyphosphates are unstable and eventually are converted to
orthophosphate.

Metal salts frequently used for phosphorus removal include aluminum (Al(III)), ferric (Fe(III)) and
calcium (Ca(II)). These metal salts can be added in existing treatment plants before a primary clarifier or
other solids separation device. Use of these metal salts frequently increases the total dissolved solids
content of the final effluent and the salinity of the sludge. Precipitation of phosphorus upstream or in
conjunction with the biological treatment process can cause phosphorus to become a growth-limiting
nutrient for the biological treatment process if the weight ratio of BOD5 to phosphate-phosphorus exceeds
100 for SRTs less than 6 days and about 250 for SRTs greater than 12 days.

Aluminum present in alum can combine with phosphate ions to form aluminum phosphate. The reaction
of alum with orthophosphate can be written as follows:

Al2(SO4)3.14H20 + 2PO4-3  2A1PO4 + 3SO4-2 + 14H20
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This reaction indicates that 1 lb-mole of alum (594 pounds) will react with 2 lb-moles (190 pounds) of
2PO4-3 containing 62 pounds of phosphorus to form 2 lb-moles (244 pounds) of AlPO4. The weight ratio
of alum to phosphorus is therefore 9.58:1. Empirical results at several plants indicate that higher than
stoichiometric quantities of alum are necessary to reduce phosphorus concentration below 1 mg/L. The
ratios of alum (9.1-percent aluminum) to phosphorous listed in Table 4-12 were considered to be
representative of chemical removal of phosphorus from municipal wastewater by alum addition (EPA
1976).

TABLE 4-12.
ALUM TO PHOSPHORUS RATIO FOR PHOSPHORUS REDUCTION

Required P Reduction
Mole Ratios (Aluminum to

Phosphorus)
Alum-to-Phosphorus Weight

Ratio

75% 1.38 : 1 13:1
85% 1.72 : 1 16:1
95% 2.31 : 1 22:1

These ratios were used to determine the required alum dosage based on the initial phosphate-phosphorus
concentration of the wastewater. For example, to achieve 85-percent phosphorus removal from
wastewater containing 11 mg/L of influent phosphorus, the alum dosage needed would be

11 * [Alum : P wt ratio (16:1 @ 85%) ] = 176 mg/L or 1,470 lb/MG

Alum dosage required in gallons per day was calculated for all wet and dry weather flow conditions based
on the concentration of soluble phosphate present in each reactor (i.e., aeration basin compartment) as
determined from the Biowin model. Phosphorus reduction rates at different flow conditions were
calculated using the aeration tank soluble phosphate as the influent value and a total phosphorus objective
(1 mg/L) as the effluent value. The reduction rates ranged from 75 to 85 percent. In order to simplify the
calculations, the following mole ratios were used:

• A mole ratio of 1.5 for 75 to 85 percent removal

• A mole ratio of 2.0 for 85 to 95 percent removal

• A mole ratio of 2.3 for >95 percent removal

Table 4-13 summarizes alum dosages at wet and dry weather flow conditions.

The calculated alum dosages were used in Biowin to determine the final effluent TP concentration. In
most cases, the effluent TP concentration calculated by Biowin was less than 1 mg/L. Since the Al: P
mole ratios were approximated, the Biowin dosages for some model runs varied slightly from the
calculated dosages. Table 4-2 summarizes the alum dosage numbers used in the Biowin model at different
flow conditions.

Addition of alum to wastewater lowers the pH of the wastewater due to neutralization of alkalinity and
release of carbon dioxide. Dissolved aluminum in excess of the amount required to precipitate phosphorus
is generally precipitated concurrently with aluminum hydroxide. The extent of pH reduction will depend
on the initial alkalinity of the wastewater. The higher the alkalinity, the less is the reduction in pH for a
given alum dosage. For this study, it is assumed that magnesium hydroxide would be used for
supplemental alkalinity if needed to maintain the pH of the wastewater at or above.
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TABLE 4-13.
REQUIRED ALUM DOSAGE FOR OBJECTIVE C PHOSPHORUS REDUCTION

Soluble Final Alum Dosage Required

Flow rate (a)

PO4 in
Aeration
Tank (b)

Effluent
Phosphorus

(c)

Removal
Rate

(d)=((b-c)/b)

Mole
Ratio

(e)

In mg/L
(f = b*d*e* 9.58)

In ppd
(g = a* f* 8.34)

In gpd
( = g/(11.14*0.48))

ADWF (0.5 mgd) 8.46 mg/L 1 mg/L 88.18% 2 142.9 mg/L 596 ppd 111.0 gpd
AWWF (0.75 mgd) 5.64 mg/L 1 mg/L 82.27% 1.5 66.7 mg/L 417 ppd 77.7 gpd
MMWWF (1.0 mgd) 4.2 mg/L 1 mg/L 76.19% 1.5 46.0 mg/L 384 ppd 71.4 gpd
MMDWF (0.69 mgd) 6.15 mg/L 1 mg/L 83.74% 1.5 74.0 mg/L 426 ppd 79.3 gpd

Note:
Alum is available as liquid hydrated alum solution that consists of 48.2% by weight alum. The density of liquid
alum is 11.14 lbs/gallon.
Alum concentration (mg/L) = (0.482 * alum dosage gal/d * alum density lbs/gal)/(flow * 8.34 )

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and then digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-14 summarizes the results. Chemical phosphorus
removal nearly doubles the quantity of phosphorus recycled from solids processing operations, however
this phosphorus recycle is associated with the increased phosphorus content of the solids and not due to
an increase in phosphate.

TABLE 4-14.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE C YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 18.0% 17.9% 23.9% 23.3%
Objective C Year-Round 18.0% 17.9% 44.9% 46.8%

Sludge Production
Chemical phosphorus removal used to achieve Objective C on a year-round basis increases sludge
production relative to the existing plant by 27 percent, or an additional 46 tons of dry solids per year (0.2
tons per million gallons treated). This increase is the result of the chemical precipitation of phosphorus as
aluminum phosphate and aluminum hydroxide.

Energy Consumption
Biowin modeling results indicate the process air requirements for the upgraded plant to achieve
Objective C year-round would be about 1 percent less than for the existing system; this is not considered
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significant for this level of analysis. The overall energy requirements would be slightly higher due to the
operation of chemical dosing pumps and rapid mixing systems as well as extended operating time for
solids thickening and dewatering systems.

MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective C year-round would increase
the plant energy requirements by 10,500 kW-hours/year, or about 1 percent, as shown in Table 4-15.
More than 95 percent of this increase would be attributable to the operation of the solids processes
associated with achieving Objective C. The annual energy consumption for the upgraded plant would
increase by about 46 kW-hours per million gallons of influent wastewater treated.

TABLE 4-15.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective C Year-Round ....................... 1,009,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 10,500 kW-hours/year
Percent ................................................... 1.1%
Increase per Volume of Plant Flow ....... 46 kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective C year-round would increase
the plant energy requirements by 10,500 kW-hours/year, or about 1 percent, as shown in Table 4-16.
More than 95 percent of this increase would be attributable to the operation of the solids processes
associated with achieving Objective C. The annual energy consumption for the upgraded plant would
increase by about 46 kW-hours per million gallons of influent wastewater treated.

TABLE 4-16.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective C Year-Round ....................... 861,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 10,500 kW-hours/year
Percent ................................................... 1.2%
Increase per Volume of Plant Flow ....... 46 kW-hours/MG
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Chemical Usage
Existing MA plants that would be upgraded to achieve Objective C year-round would require
approximately 188 gallons of alum and an additional 184 gallons of magnesium hydroxide per million
gallons of influent wastewater treated.

Existing DA plants that would be upgraded to achieve Objective C year-round would require
approximately 188 gallons of alum and an additional 72 gallons of magnesium hydroxide per million
gallons of influent wastewater treated.

Footprint Requirements
New structures required for Objective C would be required for alum and magnesium hydroxide chemical
storage tanks and feeding systems. These storage tanks would be sized to maintain at least two weeks of
chemical storage based on the maximum chemical consumption rate. It is assumed that for smaller plants,
55-gallon drums or 250- to 400-gallon totes would be used. For larger plants, HDPE tanks or FRP tanks
would be required.

Table 4-17 summarizes the approximate additional area required for constructing the alum and
magnesium hydroxide storage tanks and feeding systems for the Objective C upgrade. The only change in
footprint is the required area for chemical storage tanks. Refer to Appendix C for a detailed footprint
summary of the existing and upgraded systems.

TABLE 4-17.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING
EXTENDED AERATION PLANTS TO ACHIEVE OBJECTIVE C

Plant Design Capacity
(mgd)

Additional Area
Required for MA Plants

(square feet)

Additional Area
Required for DA Plants

(square feet)

1 500 500
10 2,000 2,000
100 11,000 11,000

4.2.4 Objective D
Process Description
The upgrade evaluated to achieve Objective D (TP <0.1 mg/L) is to add tertiary filters after the secondary
clarifier as shown Figure 4-7. Tertiary filtration polishes effluent phosphorus to achieve greater reliability
and reduces phosphorus to lower limits. Table 4-2 summarizes the process design data. Detailed Biowin
model reports are in Appendix A.

Gravity deep bed media filtration involves the removal of particulate material suspended in a liquid by
passing the liquid through a filter bed made of a granular or compressible filter medium. Conventional
and continuously backwashing up-flow filtration systems have proven effective in removing suspended
solids from wastewater biological and chemical treatment process effluent to reduce the mass of solids in
the effluent. Chemical precipitation followed by gravity clarification followed by single-stage filtration
can reliably remove TP to less than 0.1 mg/L; two-stage filtration can reliably achieve TP concentrations
of less than 0.05 mg/L.
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Figure 4-7. Process Schematic of Extended Aeration Plant Upgraded for Objective D Year-Round

To achieve Objective D, alum would be applied as described for Objective C and additionally to the
clarified wastewater feed to the filters. Continuous backwash filters were modeled with the dirty
backwash from the filters recycled to the head of the plant. Biowin results confirm that effluent total
phosphorus concentration of less than 0.1 mg/L would be achieved. As discussed for Objective C, alum
dosage requirements were initially computed stochiometrically and applied to the Biowin model.
Table 4-18 summarizes the alum dosage requirements for Objective D. As described for Objective C, the
mole ratio of aluminum to phosphorus for a removal rate greater than 95 percent is 2.3; the Biowin results
indicate that a stoichiometric ratio of 2.3 is not adequate to achieve 98-percent or greater removal.
Table 4-2 summarizes the alum dosages applied to the Biowin model at different flow conditions.

TABLE 4-18.
REQUIRED ALUM DOSAGE FOR OBJECTIVE D PHOSPHORUS REDUCTION

Soluble Final Alum Dosage Required

Flow rate (a)

PO4 in
Aeration
Tank (b)

Effluent
Phosphorus

(c)

Removal
Rate

(d)=((b-c)/b)

Mole
Ratio

(d)

In mg/L
(f = b*d*e* 9.58)

In ppd
(g = a*f*8.34)

In gpd
(=g/(11.14*0.482))

ADWF (0.5 mgd) 8.46 mg/L 0.1 mg/L 98.82% 2.3 184.2 mg/L 768 ppd 143.1 gpd
AWWF (0.75 mgd) 5.64 mg/L 0.1 mg/L 98.23% 2.3 122.1 mg/L 764 ppd 142.2 gpd
MMWWF (1.0 mgd) 4.2 mg/L 0.1 mg/L 97.62% 2.3 90.3 mg/L 753 ppd 140.3 gpd
MMDWF (0.69 mgd) 6.15 mg/L 0.1 mg/L 98.37% 2.3 133.3 mg/L 767 ppd 142.9 gpd

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-19 summarizes the results.
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TABLE 4-19.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE D YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 18.0% 17.9% 23.9% 23.3%
Objective D Year-Round 18.2% 18.3% 49.0% 36.8%

Sludge Production
Chemical phosphorus removal used to achieve Objective D year-round will increase the mass of sludge
produced by 32 percent on an annual basis, adding 56 tons of dry solids per year (0.25 tons per million
gallons of wastewater treated). This increase in sludge is the result of the chemical precipitation of
phosphorus as aluminum phosphate and aluminum hydroxide.

Energy Consumption
Biowin modeling results indicate the process air requirements for the upgraded plant to achieve
Objective D year-round would be about 1 percent less than the existing system; this is not considered
significant for this level of analysis. The overall energy requirements would be higher than for Objective
C due to the extended operation of chemical (alum and magnesium hydroxide) dosing pumps, rapid
mixing systems, filtration system, as well as extended operating time for solids thickening and dewatering
systems.

MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective D year-round would increase
the plant energy requirements by 36,500 kW-hours/year, or about 4 percent, as shown in Table 4-20.
About 80 percent of this increase would be attributable to the operation of the solids processes associated
with achieving Objective D, with the remainder mostly attributable to the operation of the filters. The
annual energy consumption for the upgraded plant would increase by about 160 kW-hours per million
gallons of influent wastewater treated.

TABLE 4-20.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective D Year-Round ....................... 1,035,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 36,500 kW-hours/year
Percent ................................................... 4%
Increase per Volume of Plant Flow ....... 160 kW-hours/MG
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DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective D year-round would increase
the plant energy requirements by 42,500 kW-hours/year, or about 5 percent, as shown in Table 4-21.
About 80 percent of this increase would be attributable to the operation of the solids processes associated
with achieving Objective D, with the remainder mostly attributable to the operation of the filters. The
annual energy consumption for the upgraded plant would increase by about 184 kW-hours per million
gallons of influent wastewater treated.

TABLE 4-21.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective D Year-Round ....................... 892,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 42,500 kW-hours/year
Percent ................................................... 5%
Increase per Volume of Plant Flow ....... 184 kW-hours/MG

Chemical Usage
Existing MA plants upgraded to achieve Objective D year-round would require approximately
260 gallons of alum per million gallons treated and an additional 256 gallons of magnesium hydroxide
per million gallons treated.

Existing DA plants upgraded to achieve Objective D year-round would require approximately 260 gallons
of alum per million gallons treated and an additional 144 gallons of magnesium hydroxide per million
gallons treated.

Footprint Requirements
New structures required for Objective D are the filters and the alum and magnesium hydroxide storage
tanks and dosing facilities, similar to those identified for Objective C. Appendix B provides detailed
storage tank calculations and dosing system requirements.

Table 4-22 summarizes the additional footprint requirements to achieve Objective D relative to the
existing system. Refer to Appendix C for a detailed footprint summary of the existing and upgraded
systems.
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TABLE 4-22.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING
EXTENDED AERATION PLANTS TO ACHIEVE OBJECTIVE D

Plant Design Capacity
(mgd)

Additional Area
Required for MA Plants

(square feet)

Additional Area
Required for DA Plants

(square feet)

1 1,400 1,400
10 11,000 11,000
100 97,000 97,000

4.2.5 Objective E
Process Description
Objective E (TIN <8 mg/L and TP <1 mg/L) can be achieved by converting the existing extended aeration
system to the MLE process as described for Objective A and by adding alum to the influent for
phosphorus removal as described for Objective C. Alum dosages were calculated for soluble PO4
concentrations in the aeration tank based on the Objective A model. These alum dosages were then
entered into the Biowin model to achieve effluent TP <1 mg/L. Assumptions made for Objectives A and
C were also used for this objective. Table 4-2 summarizes the process design data. Detailed Biowin model
reports are in Appendix A.

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-23 summarizes the results.

TABLE 4-23.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE E YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 18.0% 17.9% 23.9% 23.3%
Objective E Year-Round 18.0% 15.2% 35.9% 50.4%

Sludge Production
Chemical phosphorus removal used to achieve Objective E year-round will increase the mass of sludge
produced by 24 percent on an annual basis, adding 41.7 tons of dry solids per year (0.18 tons per million
gallons treated). This increase in sludge production is the result of chemical precipitation of phosphorus
as aluminum phosphate and aluminum hydroxide.
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Energy Consumption
Biowin modeling results indicate the process air requirements for the upgraded plant to achieve
Objective E year-round would be about 18 percent less than the existing system. The overall energy
requirements would be higher due to the operation of anoxic basin mixing systems, internal mixed liquor
recycle pumps, chemical (methanol, alum and magnesium hydroxide) dosing pumps, and rapid mixing
systems, as well as extended operating time for solids thickening and dewatering systems.

MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective E year-round would increase
the plant energy requirements by 23,500 kW-hours/year, or about 2 percent, as shown in Table 4-24.
About 50 percent of this increase would be attributable to the operation of the solids processes associated
with achieving Objective E, with the remainder mostly attributable to the operation of the liquid process.
The annual energy consumption for the upgraded plant would increase by about 103 kW-hours per
million gallons of influent wastewater treated. This energy increase is significantly lower than required to
upgrade a DA plant for Objective E year-round, because of the energy savings achieved by converting the
MA system to a DA system.

TABLE 4-24.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective E Year-Round........................ 1,022,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 23,500 kW-hours/year
Percent ................................................... 2%
Increase per Volume of Plant Flow ....... 103 kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective E year-round would increase
the plant energy requirements by 171,500 kW-hours/year, or about 20 percent, as shown in Table 4-25.
About 6.5 percent of this increase would be attributable to the operation of the solids processes associated
with achieving Objective E, with the remainder mostly attributable to the operation of the liquid process.
The annual energy consumption for the upgraded plant would increase by about 752 kW-hours per
million gallons of influent wastewater treated.

Chemical Usage
Alum and magnesium hydroxide would be required to reduce total phosphorus to <1.0 mg/L and to
maintain adequate alkalinity and pH for nitrification.

An MA plant upgraded to achieve Objective E year-round would require approximately 188 gallons of
alum per million gallons treated and an additional 80 gallons of magnesium hydroxide per million gallons
treated.
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TABLE 4-25.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective E Year-Round........................ 1,022,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 171,500 kW-hours/year
Percent ................................................... 20%
Increase per Volume of Plant Flow ....... 752 kW-hours/MG

A DA plant upgraded to achieve Objective E year-round would require approximately 188 gallons of
alum per million gallons treated and 32 gallons less magnesium hydroxide per million gallons treated than
required for the existing plant.

Footprint Requirements
New structures required for Objective E are alum and magnesium hydroxide storage tanks and dosing
systems, which would require use of additional area as indicated for Objective C and as shown in
Table 4-26.

TABLE 4-26.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING
EXTENDED AERATION PLANTS TO ACHIEVE OBJECTIVE E

Plant Design Capacity
(mgd)

Additional Area
Required for MA Plants

(square feet)

Additional Area
Required for DA Plants

(square feet)

1 1,700 900
10 3,600 2,100
100 12,700 10,000

4.2.6 Objective F
Process Description
Objective F (TIN <3 mg/L and TP <0.1 mg/L) can be achieved by converting the existing extended
aeration system into a four-stage Bardenpho (4BDP) process as described for Objective B and by
installing tertiary filters and alum addition as discussed in Objective D. Alum dosages were calculated for
soluble PO4 concentrations in the aeration tank based on the Objective B model. These alum dosages
were then entered into the Biowin model to achieve effluent TP <0.1 mg/L. Assumptions made for
Objectives B and D were also used for this objective. Table 4-2 summarizes the process design data.
Detailed Biowin model reports are in Appendix A.
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Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-27 summarizes the results.

TABLE 4-27.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE F YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 18.0% 17.9% 23.9% 23.3%
Objective F Year-Round 16.5% 15.3% 36.5% 36.6%

Sludge Production
Chemical phosphorus removal used to achieve Objective F year-round will increase the mass of sludge
produced by 30 percent on an annual basis, adding 53 tons of dry solids per year (0.23 tons per million
gallons treated). This increase in sludge is the result of the chemical precipitation of phosphorus as
aluminum phosphate and aluminum hydroxide.

Energy Consumption
Biowin modeling results indicate the process air requirements for the upgraded plant to achieve
Objective F year-round would be about 14 percent less than the existing system. However, overall energy
consumption would be significantly greater than for the existing plant, due to the operation of anoxic
basin mixing systems, internal mixed liquor recycle pumps, chemical (methanol, alum and magnesium
hydroxide) dosing pumps, rapid mixing and filtration systems, as well as extended operating time for
solids thickening and dewatering systems.

MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective F year-round would increase
the plant energy requirements by 319,000 kW-hours/year, or about 32 percent, as shown in Table 4-28.
About 5.6 percent of this increase would be attributable to the operation of the solids processes associated
with achieving Objective F, with the remainder attributable to the operation of the liquid process. The
annual energy consumption for the upgraded plant would increase by about 1,319 kW-hours per million
gallons of influent wastewater treated.

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective F year-round would increase
the plant energy requirements by 467,000 kW-hours/year, or about 55 percent, as shown in Table 4-29.
About 3.8 percent of this increase would be attributable to the operation of the solids processes associated
with achieving Objective F, with the remainder attributable to the operation of the liquid process. The
annual energy consumption for the upgraded plant would increase by about 2,047 kW-hours per million
gallons of influent wastewater treated.
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TABLE 4-28.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective F Year-Round........................ 1,317,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 319,000 kW-hours/year
Percent ................................................... 32%
Increase per Volume of Plant Flow ....... 1,319 kW-hours/MG

TABLE 4-29.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective F Year-Round........................ 1,317,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 467,000 kW-hours/year
Percent ................................................... 55%
Increase per Volume of Plant Flow ....... 2,047 kW-hours/MG

Chemical Usage
Three new chemical storage and dosing systems would be required to achieve Objective F year-round.
Alum and magnesium hydroxide would be required to reduce total phosphorus to <1.0 mg/L and to
maintain adequate alkalinity and pH for nitrification. Methanol or an equivalent carbon source would be
required to drive the denitrification process as described for Objective B.

For upgraded MA plants to achieve Objective F year-round would require approximately 256 gallons of
alum, an additional 136 gallons of magnesium hydroxide, and 32 gallons methanol per million gallons
treated.

For upgraded DA plants to achieve Objective F year-round would require approximately 256 gallons of
alum, an additional 24 gallons of magnesium hydroxide, and 32 gallons methanol per million gallons
treated.

Footprint Requirements
New structures required for Objective F are alum, magnesium hydroxide and methanol storage tanks.
These tanks were sized as described for Objectives B and D, with the following sizes estimated for a
1-mgd plant (Appendix B provides detailed storage tank calculations for other plant capacities):

• Two alum storage tanks are required, each 8 feet deep and 5.2 feet in diameter.

• Two magnesium hydroxide storage tanks are required, each 8 feet deep and 4.5 feet in
diameter.
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• A 3-foot-deep, 120-square-foot containment tank is required for the alum storage tank.

• A 2.6-foot-deep, 95-square-foot containment tank is required for the magnesium hydroxide
storage tank.

• One horizontal methanol tank is required, 4 feet in diameter and 5.1 feet long.

• A 45-square-foot containment tank is required to contain the methanol tank.

Table 4-30 summarizes the footprint requirements between the existing system and Objective F upgrade.
Refer to Appendix C for a detailed footprint summary of the existing and upgraded systems.

TABLE 4-30.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING
EXTENDED AERATION PLANTS TO ACHIEVE OBJECTIVE F

Plant Design Capacity
(mgd)

Additional Area
Required for MA Plants

(square feet)

Additional Area
Required for DA Plants

(square feet)

1 2,700 1,900
10 13,500 12,000
100 98,000 98,000

4.3 SEASONAL NUTRIENT REMOVAL
Improvements required to provide seasonal nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 4-31, which is attached at the
end of this chapter.

4.3.1 Objective A
Process Description
The Objective A (TIN <8 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round nutrient removal except that the capital facilities would be designed based on MMDWF
instead of MMWWF and O&M costs would be based on ADWF instead of AWWF. No additional
aeration tanks or oxygen transfer systems are required for nutrient removal. Chemical storage tanks would
be designed based on maximum usage of chemical during either MMDWF or ADWF. Refer to Section
4.2.1 for detailed process description and flow schematics. Process design data are included in
Table 4-31.

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-32 summarizes the results.
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TABLE 4-32.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE A SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 17.9% 23.3%
Objective A Seasonal 15.5% 64.1%

Sludge Production
From Table 4-31, average sludge produced per day is 949 pounds per day (ppd) for the existing extended
aeration system and 943 ppd for seasonal treatment under Objective A. This increase in sludge production
associated with achieving Objective A is not significant; there should be no significant change in the
overall mass of sludge produced.

Energy Consumption
MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective A seasonally would reduce the
plant energy requirements by 60,000 kW-hours/year, or about 6.4 percent, as shown in Table 4-33. There
would be no change in the energy requirements for solids processes. The annual energy consumption for
the upgraded plant would decrease by about 263 kW-hours per million gallons of influent wastewater
treated. This energy savings is attributable to the upgrade in the aeration process from MA to DA.

TABLE 4-33.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective A, Seasonal............................ 938,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (60,000) kW-hours/year
Percent ................................................... (6.4%)
Increase per Volume of Plant Flow ....... (263) kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective A seasonally would increase
the plant energy requirements by 88,000 kW-hours/year, or about 10.3 percent, as shown in Table 4-34.
There would be no increase in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 386 kW-hours per million gallons of influent
wastewater treated. There would be no change in the energy requirements for solids processes. On an
annual basis, seasonal operation requires approximately 55 percent of the increased energy required to
achieve Objective A year-round.
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TABLE 4-34.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective A, Seasonal............................ 938,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 88,000 kW-hours/year
Percent ................................................... 10.3%
Increase per Volume of Plant Flow ....... 386 kW-hours/MG

Chemical Usage
If an existing MA plant is operated to achieve Objective A during dry weather and to maintain existing
plant performance during the wet season, then the annual quantity of magnesium hydroxide required to
control alkalinity would increase 150% relative to the existing annual usage; this equates to an
incremental increase of 48 gallons of magnesium hydroxide per million gallons of wastewater treated
annually.

If an existing DA plant is operated to achieve Objective A during dry weather and to maintain existing
plant performance during the wet season, then the annual quantity of magnesium hydroxide required to
control alkalinity would be reduced approximately 65% relative to the existing annual usage; this equates
to an incremental decrease of 64 gallons of magnesium hydroxide per million gallons of wastewater
treated annually.

Footprint Requirements
Space requirements to accommodate new process equipment needed to achieve Objective E on a seasonal
basis would be the same as described for achieving this objective year-round, as indicated in Table 4-6.

4.3.2 Objective B
Process Description
The Objective B (TIN <3 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round nutrient removal except that the capital facilities would be designed based on MMDWF
instead of MMWWF and O&M costs would be based on ADWF instead of AWWF. No additional
aeration tanks are required for nutrient removal. Chemical storage tanks would be designed based on
maximum usage of chemical during either MMDWF or ADWF. Refer to Section 4.2.2 for detailed
process description and flow schematics. Process design data are included in Table 4-31.

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-35 summarizes the results.
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TABLE 4-35.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE B SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 17.9% 23.3%
Objective B Seasonal 15.9% 61.7%

Sludge Production
From Table 4-31, average sludge produced per day for Objective B seasonal nutrient removal is 953 ppd,
which is 0.3 percent higher than for the existing plant. This increase in sludge is the result of the addition
of methanol to the post-anoxic tank for denitrification. If Objective B is achieved only during dry
weather, then the annual sludge production would increase 0.32 percent on an annual basis, adding 0.55
tons of dry solids per year (0.0024 tons per million gallons of wastewater treated).

Energy Consumption
MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective B seasonally would increase
the plant energy requirements by 44,000 kW-hours/year, or about 4 percent, as shown in Table 4-36.
There would be no change in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 193 kW-hours per million gallons of influent
wastewater treated. On an annual basis, seasonal operation requires approximately 15 percent of the
increased energy required to achieve Objective B year-round.

TABLE 4-36.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective B, Seasonal ............................ 1,042,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 44,000 kW-hours/year
Percent ................................................... 4%
Increase per Volume of Plant Flow ....... 193 kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective B seasonally would increase
the plant energy requirements by 192,000 kW-hours/year, or about 23 percent, as shown in Table 4-37.
There would be no increase in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 835 kW-hours per million gallons of influent
wastewater treated. There would be no change in the energy requirements for solids processes. On an
annual basis, seasonal operation requires approximately 43 percent of the increased energy required to
achieve Objective B year-round.
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TABLE 4-37.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective B, Seasonal ............................ 1,042,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 192,000 kW-hours/year
Percent ................................................... 23%
Increase per Volume of Plant Flow ....... 835 kW-hours/MG

Chemical Usage
To achieve Objective B nutrient removal on a seasonal basis, the annual methanol requirement would be
approximately 3,650 gallons or 16 gallons of methanol per million gallons of wastewater treated. Use of
magnesium hydroxide for pH and alkalinity control would be the same as for Objective A seasonal
nutrient removal.

Footprint Requirements
Space requirements to accommodate new process equipment needed to achieve Objective B on a seasonal
basis would be the same as described for achieving this objective year-round as indicated in Table 4-11.

4.3.3 Objective C
Process Description
The Objective C (TP <1 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round nutrient removal except that the capital facilities would be designed based on MMDWF
instead of MMWWF and O&M costs would be based on ADWF instead of AWWF. No additional
aeration tanks are required for nutrient removal. Chemical storage tanks would be designed based on
maximum usage of chemical during either MMDWF or ADWF. Refer to Section 4.2.3 for detailed
process description and flow schematics. Process design data are included in Table 4-31.

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-38 summarizes the results.

TABLE 4-38.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE C SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 17.9% 23.3%
Objective C Seasonal 17.9% 46.8%
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Sludge Production
From Table 4-31, if Objective C is achieved only during dry weather, then sludge production would
increase 13.8 percent on an annual basis, adding 24 tons of dry solids per year, or 0.11 tons per million
gallons of wastewater treated.

Energy Consumption
MA Plant
Upgrading the MA plant to achieve Objective C seasonally would increase the plant energy requirements
by 1,000 kW-hours/year, or about 0.1 percent, as shown in Table 4-39. Approximately 50 percent of this
increase would be attributable to the additional operation of the solids processes associated with achieving
Objective C. The annual energy consumption for the upgraded plant would increase by about 4 kW-hours
per million gallons of influent wastewater treated. On an annual basis, seasonal operation requires
approximately 9 percent of the increased energy required to achieve Objective C year-round.

TABLE 4-39.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective C, Seasonal ............................ 999,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 1,000 kW-hours/year
Percent ................................................... 0.1%
Increase per Volume of Plant Flow ....... 4 kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective C seasonally would increase
the plant energy requirements by 3,000 kW-hours/year, or about 0.3 percent, as shown in Table 4-40.
There would be no increase in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 13 kW-hours per million gallons of influent
wastewater treated. Approximately 17 percent of this increase would be attributable to the operation of
the solids processes associated with achieving Objective C. On an annual basis, seasonal operation
requires approximately 28 percent of the increased energy required to achieve Objective C year-round.

Chemical Usage
To achieve Objective C nutrient removal on a seasonal basis, upgraded MA plants would require
approximately 100 gallons of alum and an additional 64 gallons of magnesium hydroxide per million
gallons treated. Upgraded DA plants would require approximately 100 gallons of alum and reduce the
usage magnesium hydroxide approximately 48 gallons of magnesium hydroxide per million gallons
treated.

Footprint Requirements
Space requirements to accommodate new process equipment needed to achieve Objective C on a seasonal
basis would be the same as described for achieving this objective on a year-round basis as indicated in
Table 4-17.
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TABLE 4-40.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective C, Seasonal ............................ 853,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 3,000 kW-hours/year
Percent ................................................... 0.3%
Increase per Volume of Plant Flow ....... 13 kW-hours/MG

4.3.4 Objective D
Process Description
The Objective D (TP <0.1 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round nutrient removal except that the capital facilities would be designed based on MMDWF
instead of MMWWF and O&M costs would be based on ADWF instead of AWWF. No additional
aeration tanks are required for nutrient removal. Refer to Section 4.2.4 for detailed process description
and flow schematics. Process design data are included in Table 4-31.

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-41 summarizes the results.

TABLE 4-41.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE D SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 17.9% 23.3%
Objective D Seasonal 18.3% 36.8%

Sludge Production
If Objective D is achieved only during dry weather, then annual sludge production would increase
16 percent, adding 28.4 tons of dry solids per year, or 0.12 tons per million gallons of wastewater treated.

Energy Consumption
MA Plant
Upgrading the MA plant to achieve Objective D seasonally would increase the plant energy requirements
by 16,500 kW-hours/year, or about 2 percent, as shown in Table 4-42. This is more than 16 times the
energy increase required for Objective C seasonal nutrient removal. Approximately 90 percent of this
increase would be attributable to the additional operation of the solids processes associated with achieving
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Objective D. The annual energy consumption for the upgraded plant would increase by about 72 kW-
hours per million gallons of influent wastewater treated. On an annual basis, seasonal operation requires
approximately 45 percent of the increased energy required to achieve Objective D year-round.

TABLE 4-42.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective D, Seasonal............................ 1,015,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 16,500 kW-hours/year
Percent ................................................... 2%
Increase per Volume of Plant Flow ....... 72 kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective D seasonally would increase
the plant energy requirements by 19,500 kW-hours/year, or about 2 percent, as shown in Table 4-43.
There would be no increase in the energy requirements for solids processes. The annual energy
consumption for the upgraded plant would increase by about 85 kW-hours per million gallons of influent
wastewater treated. Approximately 45 percent of this increase would be attributable to the operation of
the solids processes associated with achieving Objective D. On an annual basis, seasonal operation
requires approximately 46 percent of the increased energy required to achieve Objective D year-round.

TABLE 4-43.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective D, Seasonal............................ 870,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 19,500 kW-hours/year
Percent ................................................... 2%
Increase per Volume of Plant Flow ....... 85 kW-hours/MG

Chemical Usage
To achieve Objective D on a seasonal basis, upgraded MA plants would require 132 gallons of alum and
an additional 144 gallons of magnesium hydroxide per million gallons treated. Upgraded DA plants
would require 132 gallons of alum and an additional 32 gallons of magnesium hydroxide per million
gallons treated.
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Footprint Requirements
Space requirements to accommodate new process equipment required to achieve Objective D on a
seasonal basis would be the same as described for achieving this objective on a year-round basis as
indicated in Table 4-22.

4.3.5 Objective E
Process Description
The Objective E (TIN <8 mg/L and TP <1 mg/L) treatment processes for seasonal nutrient removal would
be the same as for year-round nutrient removal except that the capital facilities would be designed based
on MMDWF instead of MMWWF and O&M costs would be based on ADWF instead of AWWF. No
additional aeration tanks are required for nutrient removal. Refer to Section 4.2.5 for detailed process
description and flow schematics. Process design data are included in Table 4-31.

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-44 summarizes the results.

TABLE 4-44.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE E SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 17.9% 23.3%
Objective E Seasonal 15.2% 50.4%

Sludge Production
If Objective E is achieved only during dry weather, then sludge production would increase 13 percent on
an annual basis, adding 21.7 tons of dry solids per year, or 0.12 tons per million gallons treated.

Energy Consumption
MA Plant
Upgrading the MA plant secondary treatment process to achieve Objective E seasonally would reduce the
plant energy requirements by 58,500 kW-hours/year, or about 6 percent, as shown in Table 4-45. Total
annual energy requirement would be about 8 percent less than required to achieve Objective E year-
round. The energy required for the solids processing would be slightly greater (< 1 percent) than for the
existing plant. Total annual energy consumption for the upgraded plant would decrease by 256 kW-hours
per million gallons of influent wastewater treated.



…4. TECHNOLOGICAL EVALUATION FOR EXTENDED AERATION PLANTS

4-33

TABLE 4-45.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective E, Seasonal ............................ 940,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (58,500) kW-hours/year
Percent ................................................... (6%)
Increase per Volume of Plant Flow ....... (256) kW-hours/MG

DA Plant
Upgrading the DA plant secondary treatment process to achieve Objective E seasonally would increase
the plant energy requirements by 89,500 kW-hours/year, or about 11 percent, as shown in Table 4-46.
Less than 1 percent of the increase energy demand would be attributable to the increased operation of the
solids processes associated with achieving Objective E. The annual energy consumption for the upgraded
plant would increase by about 392 kW-hours per million gallons of influent wastewater treated.
Approximately 17 percent of this increase would be attributable to the operation of the solids processes
associated with achieving Objective E. On an annual basis, seasonal operation requires approximately
52 percent of the increased energy required to achieve Objective E year-round.

TABLE 4-46.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective E, Seasonal ............................ 940,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 89,500 kW-hours/year
Percent ................................................... 11%
Increase per Volume of Plant Flow ....... 392 kW-hours/MG

Chemical Usage
To achieve Objective E on a seasonal basis, upgraded MA plants would require 100 gallons of alum and
an additional 96 gallons of magnesium hydroxide per million gallons treated. Upgraded DA plants would
require 100 gallons of alum per million gallons treated and 16 gallons less of magnesium hydroxide per
million gallons treated than the existing plant.

Footprint Requirements
Space requirements to accommodate new process equipment required to achieve Objective E on a
seasonal basis would be the same as described for achieving this objective on a year-round basis as
indicated in Table 4-26.
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4.3.6 Objective F
Process Description
The Objective F (TIN <3 mg/L and TP <0.1 mg/L) treatment processes for seasonal nutrient removal
would be the same as for year-round nutrient removal except that the capital facilities would be designed
based on MMDWF instead of MMWWF and O&M costs will be based on ADWF instead of AWWF. No
additional aeration tanks are required for nutrient removal. Chemical storage tanks would be designed
based on maximum usage of chemical during either MMDWF or ADWF. Refer to Section 4.2.6 for
detailed process description and flow schematics. Process design data are included in Table 4-31.

Recycled Loads
Sludge wasted from the secondary clarifier will be thickened in a sludge thickener and digested in an
aerobic digester. The percentage of TN and TP returning from these sludge treatment processes was
calculated using Biowin model outputs. Table 4-47 summarizes the results.

TABLE 4-47.
NUTRIENT RECYCLING COMPARISON FOR EXTENDED AERATION SYSTEMS,

OBJECTIVE F SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 17.9% 23.3%
Objective F Seasonal 15.3% 36.6%

Sludge Production
Chemical phosphorus removal to achieve Objective F seasonally will increase the sludge produced by
18 percent annually, adding 32.3 tons of dry solids per year (0.14 tons per million gallons treated).

Energy Consumption
MA Plant
Upgrading the MA plant to achieve Objective F seasonally would increase the plant energy requirements
by 46,500 kW-hours/year, or about 5 percent, as shown in Table 4-48. Less than 1 percent of this increase
would be attributable to the additional operation of the solids processes associated with achieving
Objective F. The annual energy consumption for the upgraded plant would increase by about 204 kW-
hours per million gallons of influent wastewater treated. On an annual basis, seasonal operation requires
approximately 15 percent of the increased energy required to achieve Objective F year-round.

DA Plant
Upgrading the DA plant to achieve Objective F seasonally would increase the plant energy requirements
by 194,500 kW-hours/year, or about 23 percent, as shown in Table 4-49. Less than 1 percent of the
increase energy demand would be attributable to the increased operation of the solids processes associated
with achieving Objective F. The annual energy consumption for the upgraded plant would increase by
about 853 kW-hours per million gallons of influent wastewater treated. Approximately 45 percent of this
increase would be attributable to the operation of the solids processes associated with achieving Objective
F. On an annual basis, seasonal operation requires approximately 42 percent of the increased energy
required to achieve Objective F year-round.
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TABLE 4-48.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING MA

PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing MA Plant ................................. 998,500 kW-hours/year
Objective F, Seasonal ............................ 1,045,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 46,500 kW-hours/year
Percent ................................................... 5%
Increase per Volume of Plant Flow ....... 204 kW-hours/MG

TABLE 4-49.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING DA

PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing DA Plant .................................. 850,500 kW-hours/year
Objective F, Seasonal ............................ 1,045,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 194,500 kW-hours/year
Percent ................................................... 23%
Increase per Volume of Plant Flow ....... 853 kW-hours/MG

Chemical Usage
To achieve Objective F on a seasonal basis, upgraded MA plants would require 128 gallons of alum, an
additional 120 gallons of magnesium hydroxide, and 16 gallons of methanol per million gallons treated.
Upgraded DA plants would require 128 gallons of alum, an additional 8 gallons of magnesium hydroxide,
and 16 gallons of methanol per million gallons treated.

Footprint Requirements
Space requirements to accommodate new process equipment required to achieve Objective F on a
seasonal basis would be the same as described for achieving this objective on a year-round basis as
indicated in Table 4-30.



 



Description
Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.50 0.50 0.50 0.5 0.50 0.50 0.50 0.50

Temp, oC 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 15 15 15 15 15 15 15 15
Influent Loads
BOD 165 165 165 165 165 165 165 165 221 221 221 221 221 221 221 221 331 331 331 331 331 331 331 331

Existing Plant Upgraded Plant Existing Plant Upgraded Plant Existing Plant Upgraded Plant

TABLE 4‐2
EXTENDED AERATION PLANT BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

WET SEASON ‐ AWW FLOWS DRY SEASON ‐ ADW FLOWS PROCESS DESIGN ‐ MMWW FLOWS 

BOD 165 165 165 165 165 165 165 165 221 221 221 221 221 221 221 221 331 331 331 331 331 331 331 331
TSS 188 188 188 188 188 188 188 188 251 251 251 251 251 251 251 251 376 376 376 376 376 376 376 376
VSS 132 132 132 132 132 132 132 132 176 176 176 176 176 176 176 176 263 263 263 263 263 263 263 263
TKN 24 24 24 24 24 24 24 24 32 32 32 32 32 32 32 32 48 48 48 48 48 48 48 48
TP 5.7 5.7 5.7 5.7 5.7 5.7 5.7 5.7 7.6 7.6 7.6 7.6 7.6 7.6 7.6 7.6 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4
Alkalinity 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.68 2.68 2.68 2.68 2.68 2.68 2.68 2.68 4 4 4 4 4 4 4 4
pH 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 7 7 7 7 7 7 7 7
Oxidation Ditch / Aeration Tank
Tank Volume, MG 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50
HRT, hrs 24 24 16.8 12 24 24 16.8 12 32 32 22.4 16 32 32 22.4 16 48 48 33.6 24 48 48 33.6 24
MLSS Conc., mg/L 2,809 2,807 2,812 2,944 3,378 3,459 3,255 3,298 2,909 2,909 2,958 3,054 3,576 3,697 3,437 3,642 2,943 2,943 3,062 3,134 3,634 3,597 3,588 3,558
DO Concentration, mg/L 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Ditch Power Uptake, HP  80 81 96
Aeration Tank Airflow rate, cfm 904 756 651 906 899 771 639 936 751 651 916 920 771 657 986 781 716 986 980 807 722
BioWin SRT, days 18.01 18.01 18.02 18.1 18 17.14 18 17.2 18.26 18.26 18.28 18.38 18.25 18.25 18.27 18.32 18.78 18.78 18.79 18.91 18.77 18.06 18.79 18.18
RAS Recyle Rate 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q
Pre ‐ Anoxic Tank
Tank Volume, MG 0.30 0.20 0.30 0.20 0.30 0.20 0.30 0.20 0.30 0.20 0.30 0.20
HRT, hrs 7.2 4.8 7.2 4.8 9.6 6.4 9.6 6.4 14.4 9.6 14.4 9.6
Internal Recycle Rate 6Q 6Q 6Q 6Q 6Q 6Q 6Q 6Q ` 6Q 6Q 6Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.20 0.20 0.20 0.20 0.20 0.20
HRT, hrs 4.8 4.8 6.4 6.4 9.6 9.6
Aerobic Tank
Tank Volume, MG 0.10 0.10 0.10 0.10 0.10 0.10
HRT, hrs 2.4 2.4 3.2 3.2 4.8 4.8
Air Supply Rate, cfm 128 156 125 146 115 130
Clarifier
Area, SF 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500

Surface Overflow Rate gal/ft2 286 286 286 286 286 286 286 286 214 214 214 214 214 214 214 142 142 142 142 142 142 142 142 142Surface Overflow Rate, gal/ft 286 286 286 286 286 286 286 286 214 214 214 214 214 214 214 142 142 142 142 142 142 142 142 142
Tertiary Filters
Filter Area (ft2) (from Capdet) 551 551 551 551 551 551
Chemical Addition
Methanol, gpd 20 20 15 20 20 20
Alum Dosage, gpd 110 160 80 125 110 160 110 160 125 165 125 160
Magnesium Hydroxide Dosage, gpd 25 120 40 40 150 200 80 120 100 20 20 150 200 80 120 40 80 NR NR 120 160 60 90
Magnesium Hydroxide Conc., meq/L 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500



Description
Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Existing Plant Upgraded Plant Existing Plant Upgraded Plant Existing Plant Upgraded Plant

TABLE 4‐2
EXTENDED AERATION PLANT BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

WET SEASON ‐ AWW FLOWS DRY SEASON ‐ ADW FLOWS PROCESS DESIGN ‐ MMWW FLOWS 

Aerobic Digester
Solids % from Clarifier 0.8% 0.8% 0.8% 0.9% 1.0% 1.0% 1.0% 1.0% 0.9% 0.9% 0.9% 0.9% 1.0% 1.1% 1.0% 1.1% 0.9% 0.9% 0.9% 0.9% 1.1% 1.1% 1.0% 1.1%
Solids % from Thickener 5.0% 5.0% 5.0% 5.2% 6.0% 6.0% 5.8% 5.9% 5.2% 5.2% 5.3% 5.4% 6.3% 6.6% 6.1% 6.3% 5.3% 5.2% 5.5% 5.5% 6.5% 6.4% 6.4% 6.3%
Combined Solids % to Aerobic Digester 3.5% 3.5% 3.5% 3.6% 4.2% 4.3% 4.1% 4.1% 3.6% 3.6% 3.7% 3.8% 4.4% 4.6% 4.3% 4.4% 3.7% 3.7% 3.8% 3.9% 4.5% 4.4% 4.5% 4.4%
VSS loading to Digester, ppd 730 730 710 745 732 753 712 741 739 739 722 747 740 747 710 727 719 718 706 725 719 728 693 697

TSS loading to Digester, ppd 1,301 1,301 1,303 1,354 1,565 1,684 1,508 1,605 1,329 1,328 1,351 1,381 1,371 1,690 1,570 1,656 1,308 1,307 1,360 1,377 1,615 1,661 1,594 1,630

Volume, MG 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Hydraulic Residence Time hrs 1352 1352 1352 1352 1352 1288 1352 1352 1372 1372 1372 1372 1371 1371 1372 1357 1418 1411 1411 1411 1410 1357 1411 1357Hydraulic Residence Time, hrs 1352 1352 1352 1352 1352 1288 1352 1352 1372 1372 1372 1372 1371 1371 1372 1357 1418 1411 1411 1411 1410 1357 1411 1357
Digester Sludge Age, days 56.33 56.33 56.33 56.33 56.33 53.67 56.33 56.33 57.17 57.17 57 57 57 57 57 57 59 59 59 59 59 57 59 57
Total Sludge Age, days 74.34 74.34 74.35 74.43 74.33 70.81 74.33 73.53 75.43 75.43 75 76 75 75 75 75 78 78 78 78 78 75 78 75
Digester Airflow rate cfm 139 139 140 150 139 139 139 154 139 139 139 150 164 139 139 125 119 119 120 127 119 123 120 125
VSS destruction % 27.21% 27.21% 28.25% 28.97% 27.14% 27.40% 28.20% 29.19% 26.83% 26.83% 27.8% 28.6% 26.8% 26.6% 27.9% 28.2% 24.4% 24.3% 25.4% 26.0% 24.3% 24.7% 25.4% 26.0%
SOUR, mg/L of O2/hr/g TSS (< = 1.5) 0.256 0.256 0.262 0.271 0.206 0.208 0.218 0.229 0.246 0.246 0.251 0.260 0.198 0.186 0.200 0.196 0.180 0.210 0.211 0.220 0.165 0.170 0.167 0.175
Magnesium Hydroxide addition, gal/day 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Sludge Production
Dry Sludge Production, ppd 923 923 906 928 1148 1241 1088 1179 947 947 934 948 1190 1253 1166 1225 950 950 943 953 1212 1258 1188 1231
Effluent
BOD, mg/L 1.85 1.85 1.8 1.7 1.73 1.37 1.71 1.86 1.63 1.63 1.57 1.35 1.54 1.2 1.68 1.65 1.37 1.37 1.3 1.07 1.32 1.26 1.3 1.32
TSS, mg/L 4.5 4.5 4.5 4.6 4.6 3.4 4.6 3.0 3.3 3.3 3.3 3.3 3.4 3.9 3.4 3.9 2.2 2.2 2.2 2.2 2.2 5.5 2.2 5.5
Phosphorous, mg/L 4.27 4.27 4.11 3.88 0.8 0.05 0.82 0.05 5.68 5.66 5.2 4.95 0.93 0.05 0.13 0.04 8.51 8.49 7.31 7.26 0.3 0.03 0.32 0.03
Ammonia N, mg/L 0.63 0.61 1.03 1.07 0.62 0.72 1 1.34 0.6 0.6 1 0.95 0.59 0.58 1.25 1.12 0.39 0.38 0.57 0.39 0.39 0.44 0.56 0.47
TIN, mg/L 15.97 16.05 2.92 2.45 16.16 16.16 2.91 2.60 21.82 21.89 3.6 2.85 21.82 21.82 3.79 2.85 33.38 33.55 4.72 2.86 33.55 33.48 4.7 2.85, g/
pH 6.53 6.58 6.54 6.56 6.55 6.53 6.58 6.56 6.84 6.61 6.56 6.64 6.65 6.6 6.6 6.57 6.66 6.67 6.62 6.66 6.64 6.5 6.7 6.53
Recycle Loads
TN recycled from thickener, ppd 12.37 12.37 10.18 10.64 12.42 12.42 10.2 12.84 13.29 13.29 10.44 10.72 13.31 13.41 13.31 10.4 14.51 14.51 10.36 10.42 14.52 14.83 10.16 9.99
TN recycled from Digester, ppd 22.52 22.52 21.92 23.36 23.42 23.42 22.79 24.18 22.8 22.8 22.14 23.71 22.83 22.95 22.83 22.58 21.35 21.35 20.62 21.48 21.37 21.84 20.21 20.74
Total Nitrogen Recycled, ppd 34.89 34.89 32.1 34 35.84 35.84 32.99 37.02 36.09 36.09 32.58 34.43 36.14 36.36 36.14 32.98 35.86 35.86 30.98 31.9 35.89 36.67 30.37 30.73
Phosphorus Recycle from Thickener, ppd 3.7 3.7 4.75 5.43 8.69 9.79 9.11 8.9 3.92 3.92 5.9 6.55 8.86 9.81 8.8 8.98 4.19 4.19 7.43 7.29 9.55 9.02 9.78 9.01
Phosphorus Recycle from Digester, ppd 7.37 7.37 12.75 15.83 12.3 13 15.16 8.33 7.44 7.44 17.27 19.94 12.51 13.5 8.26 8.36 6.91 6.91 23.08 22.08 12.7 8.5 14.21 8.38
Total Phosphorus Recycled, ppd 11.07 11.07 17.5 21.26 20.99 22.79 24.27 17.23 11.36 11.36 23.17 26.49 21.37 23.31 17.06 17.34 11.1 11.1 30.51 29.37 22.25 17.52 23.99 17.39
% TN recycled 17.4% 17.4% 16.0% 17.0% 17.9% 17.9% 16.5% 18.5% 18.0% 18.0% 16.3% 17.2% 18.0% 18.2% 18.0% 16.5% 17.9% 17.9% 15.5% 15.9% 17.9% 18.3% 15.2% 15.3%
% TP Recycled 23.3% 23.3% 36.8% 44.7% 44.1% 47.9% 51.0% 36.2% 23.9% 23.9% 48.7% 55.7% 44.9% 49.0% 35.9% 36.5% 23.3% 23.3% 64.1% 61.7% 46.8% 36.8% 50.4% 36.6%



Description
Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Mechanical 
Aeration

Diffused 
Aeration Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.50 0.50 0.50 0.5 0.50 0.50 0.50 0.50

Temp, oC 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15 15
Influent Loads
BOD 241 241 241 241 241 241 241 241 331 331 331 331 331 331 331 331
TSS 273 273 273 273 273 273 273 273 376 376 376 376 376 376 376 376
VSS 191 191 191 191 191 191 191 191 263 263 263 263 263 263 263 263
TKN 35 35 35 35 35 35 35 35 48 48 48 48 48 48 48 48
TP 8.3 8.3 8.3 8.3 8.3 8.3 8.3 8.3 11.4 11.4 11.4 11.4 11.4 11.4 11.4 11.4
Alkalinity 2.92 2.92 2.92 2.92 2.92 2.92 2.92 2.92 4 4 4 4 4 4 4 4
pH 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
Oxidation Ditch / Aeration Tank
Tank Volume, MG 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50 1.00 1.00 0.70 0.50
HRT, hrs 34.8 34.8 24.3 17.4 34.8 34.8 24.3 17.4 48 48 33.6 24 48 48 33.6 24
MLSS Conc., mg/L 2,873 2,873 2,941 3,042 3,413 3,511 3,380 3,323 2,943 2,943 3,062 3,134 3,634 3,597 3,588 3,543
DO Concentration, mg/L 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Ditch Power Uptake, HP  94 96
Aeration Tank Airflow rate ft3/min 983 800 718 983 975 801 718 986 781 716 986 980 807 722
BioWin SRT, days 18.36 18.36 18.37 18.47 18.36 17.48 18.37 18.47 18.78 18.78 18.79 18.91 18.77 18.06 18.79 18.18
RAS Recyle Rate 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q 0 5Q

DRY SEASON ‐ ADW FLOWS PROCESS DESIGN ‐ MMDW FLOWS 

TABLE 4‐31
EXTENDED AERATION PLANT BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL

Existing Plant Upgraded Plant Existing Plant Upgraded Plant

RAS Recyle Rate 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q
Pre ‐ Anoxic Tank
Tank Volume, MG 0.30 0.20 0.30 0.20 0.30 0.20 0.30 0.20
HRT, hrs 10.4 7.0 10.4 7.0 14.4 9.6 14.4 9.6
Internal Recycle Rate 6Q 6Q 6Q 6Q 6Q 6Q 6Q 6Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.20 0.20 0.20 0.20
HRT, hrs 7.0 7.0 9.6 9.6
Aerobic Tank
Tank Volume, MG 0.10 0.10 0.10 0.10
HRT, hrs 3.5 3.5 4.8 4.8

Air Supply Rate, ft3/min 131 143 115 130
Clarifier
Area, SF 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500 3,500

Surface Overflow Rate, gal/ft2 197 197 197 197 197 197 197 197 142 142 142 142 142 142 142 142
Tertiary Filters
Filter Area (ft2) (from Capdet) 380 380 380 380
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DRY SEASON ‐ ADW FLOWS PROCESS DESIGN ‐ MMDW FLOWS 

TABLE 4‐31
EXTENDED AERATION PLANT BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL

Existing Plant Upgraded Plant Existing Plant Upgraded Plant

Chemical Addition
Methanol, gal/d 20 20 20 20
Alum Dosage, gal/day 90 165 80 125 125 165 125 160
Magnesium Hydroxide Dosage, gal/day 40 80 NR NR 120 180 60 90 40 80 NR NR 120 160 60 90
Magnesium Hydroxide Conc., meq/L 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500
Aerobic Digester
Solids % from Clarifier 0.86% 0.86% 0.9% 0.9% 1.00% 1.00% 1.0% 1.0% 0.9% 0.9% 0.9% 0.9% 1.1% 1.1% 1.0% 1.1%
Solids % from Thickener 5.10% 5.10% 5.2% 5.4% 6.10% 6.30% 6.0% 5.9% 5.3% 5.2% 5.5% 5.5% 6.5% 6.4% 6.4% 6.3%
Combined Solids % to Aerobic Digester 3.60% 3.60% 3.7% 3.8% 4.30% 4.40% 4.2% 4.1% 3.7% 3.7% 3.8% 3.9% 4.5% 4.4% 4.5% 4.4%
VSS loading to Digester, lbs/day 720 720 707 730 721 734 706 713 719 718 706 725 719 728 706 697
TSS loading to Digester, lbs/day 1,305 1,305 1,337 1,369 1,552 1,676 1,537 1,586 1,308 1,307 1,360 1,377 1,615 1,661 1,594 1,624
Volume, MG 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Hydraulic Residence Time, hrs 1379 1379 1379 1379 1379 1313 1379 1379 1418 1411 1411 1411 1410 1357 1411 1357
Digester Sludge Age, days 57 57 57 57 57 55 57 57 59 59 59 59 59 57 59 57
Total Sludge Age, days 76 76 76 76 76 72 76 76 78 78 78 78 78 75 78 75
Digester Airflow rate ft3/min 122 122 123 131 122 122 123 131 119 119 120 127 119 123 120 125
VSS destruction % 24.7% 24.7% 25.8% 26.5% 24.7% 25.1% 25.8% 26.5% 24.4% 24.3% 25.4% 26.0% 24.3% 24.7% 25.4% 26.0%
SOUR, mg/L of O2/hr/g TSS (< = 1.5) 0.220 0.219 0.224 0.233 0.180 0.178 0.188 0.197 0.180 0.210 0.211 0.220 0.165 0.170 0.172 0.176
Magnesium hydroxide, gal/day 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20 20
Sludge Production
Dry Sludge Production, ppd 946 946 935 949 1155 1267 1118 1186 950 950 943 953 1212 1258 1158 1225
Effluent
BOD mg/L 1 51 1 51 1 46 1 26 1 45 1 29 1 4 1 5 1 37 1 37 1 3 1 07 1 32 1 26 1 3 1 32BOD, mg/L 1.51 1.51 1.46 1.26 1.45 1.29 1.4 1.5 1.37 1.37 1.3 1.07 1.32 1.26 1.3 1.32
TSS, mg/L 3.0 3.0 3.0 3.0 3.1 4.3 3.1 3.6 2.2 2.2 2.2 2.2 2.2 5.5 2.2 5.2
Phosphorous, mg/L 6.2 6.2 5.61 5.41 0.54 0.03 0.84 0.04 8.51 8.49 7.31 7.26 0.29 0.03 0.32 0.03
Ammonia N, mg/L 0.38 0.4 0.6 0.47 0.39 0.45 0.57 0.51 0.39 0.38 0.57 0.39 0.38 0.44 0.56 0.47
TIN, mg/L 24.14 24.13 3.57 2.39 24.13 24.09 3.54 2.24 33.38 33.55 4.72 2.86 33.55 33.48 4.7 2.85
pH 6.82 6.55 6.5 6.53 6.61 6.51 6.67 6.56 6.66 6.67 6.62 6.66 6.64 6.5 6.7 6.56
Recycle Loads
TN recycled from thickener 13.3 13.3 10.16 10.48 13.32 13.68 10.17 10.13 14.51 14.51 10.36 10.42 14.52 14.83 10.16 9.99
TN recycled from Digester 22.55 22.55 21.96 22.95 22.57 23.2 21.96 22.76 21.35 21.35 20.62 21.48 21.37 21.84 20.21 20.74
TN recycled from solids processing 35.85 35.85 32.12 33.43 35.89 36.88 32.13 32.89 35.86 35.86 30.98 31.9 35.89 36.67 30.37 30.73
Phosphorus Recycle from Thickener, ppd 3.9 3.9 6.21 6.58 9.28 8.41 10.08 9.03 4.19 4.19 7.43 7.29 9.55 9.02 9.78 9.01
Phosphorus Recycle from Digester, ppd 6.92 6.92 18.4 19.74 12.43 8 18.94 8.41 6.91 6.91 23.08 22.08 12.7 8.5 14.21 8.38
Total Phosphorus Recycled, ppd 10.82 10.82 24.61 26.32 21.71 16.41 29.02 17.44 11.1 11.1 30.51 29.37 22.25 17.52 23.99 17.39
% TN recycled  17.9% 17.9% 16.0% 16.7% 17.9% 18.4% 16.0% 16.4% 17.9% 17.9% 15.5% 15.9% 17.9% 18.3% 15.2% 15.3%
% TP Recycled 22.7% 22.7% 51.7% 55.3% 45.6% 34.5% 61.0% 36.7% 23.3% 23.3% 64.1% 61.7% 46.8% 36.8% 50.4% 36.6%
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CHAPTER 5.
TECHNOLOGICAL EVALUATION

FOR CONVENTIONAL ACTIVATED SLUDGE PLANTS

5.1 BASE CASE/EXISTING SYSTEM
A base case model was developed in Biowin to represent a conventional activated sludge (CAS) plant
with a MMWWF capacity of 1.0 mgd. Figure 5-1 shows the process flow schematic for the modeled CAS
treatment plant. The plant consists of a primary clarifier, an aeration tank and a secondary clarifier to treat
the liquid stream. Sludge wasted from the secondary clarifier is sent to a thickening unit and then
combined with the primary sludge before being digested in an anaerobic digester.

Figure 5-1. Process Flow Schematic of Conventional Activated Sludge Treatment Plant

The Biowin CAS model was developed based on the 1998 Washington State Orange Book and the
general sizing and operational criteria listed in Table 5-1. Although the existing treatment process system
is very effective in removing BOD and TSS (~95-percent removal), it removes only about 34 percent of
influent nitrogen and 25 percent of influent phosphorus.

5.2 YEAR-ROUND NUTRIENT REMOVAL
Improvements required to provide year-round nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 5-2, which is attached at the
end of this chapter.
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TABLE 5-1
BASE CASE/EXISTING SYSTEM FOR CONVENTIONAL

ACTIVATED SLUDGE PLANT

MMWWF....................................................................... 1.0 mgd
Temperature ................................................................... 10 ºC

Primary Clarifier
Area ................................................................................ 1,020 ft2
Surface Overflow Rate ................................................... 979 gal/ft2

Aerobic Tank
Tank Volume.................................................................. 0.2 MG
HRT................................................................................ 4.8 hours
Mixed Liquor Suspended Solids Concentration............. 2,046 mg/L
DO Concentration........................................................... 1 mg/L
Air Supply Rate .............................................................. 336 cfm
Biowin SRT.................................................................... 5.25 days
RAS Recycle Rate .......................................................... 0.5 mgd

Secondary Clarifier
Area ................................................................................ 1,450 ft2
Surface Overflow Rate ................................................... 689 gal/ft2

Anaerobic Digester
TSS wasted from Aerobic Tank ..................................... 650 ppd
Total loading to Digester ................................................ 1,779 ppd
Total Volatile Solids loading to Digester
Volume...........................................................................

1,255 ppd
0.15 MG

Hydraulic Residence Time ............................................. 19.8 days

Sludge Production
Sludge Production .......................................................... 936 ppd

Effluent
BOD ............................................................................... 6.79 mg/L
TSS................................................................................. 12.8 mg/L
Phosphorous ................................................................... 4.27 mg/L
Ammonia N .................................................................... 15 mg/L
TIN ................................................................................. 15.59 mg/L
pH................................................................................... 6.58

5.2.1 Objective A
Process Description
The upgrade evaluated for achieving Objective A (TIN <8 mg/L) for a conventional activated sludge
plant consisted of converting the existing CAS process to a Modified Ludzack-Ettinger (MLE) process,
demolishing the existing clarifiers and replacing them with a membrane bioreactor (MBR). Figure 5-2
shows the upgraded process flow schematic. Table 5-2 summarizes the process design data. Detailed
Biowin model reports for the existing and upgraded plant are presented in Appendix A.
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Figure 5-2. Process Schematic of CAS Plant Upgraded for Objective A Year-Round

Section 4.2.1 provides a detailed description of the MLE process. Since the volume of the aeration tank in
the modeled existing secondary treatment process is only 0.2 MG, additional tanks would be needed for
an MLE process that could meet the nutrient removal objective. A new 0.1-MG anoxic tank would need
to be constructed upstream of the existing aeration system. Aeration capacity would be upgraded to meet
the increased oxygen demand associated with the nitrification process and the longer sludge age. The DO
in the tank would be maintained at 2.0 mg/L.

MBRs combine activated sludge treatment with a membrane liquid-solid separation process. The
membrane component uses low-pressure microfiltration or ultra-filtration membranes, eliminating the
need for clarification. The membranes are typically immersed in the aeration tank, although some
applications use a separate membrane tank. An MBR process effectively overcomes the limitations
associated with poor settling of sludge due to upsets in the CAS processes. MBRs can be operated at
higher mixed liquor suspended solids (MLSS) concentrations, ranging from 8,000 to 10,000 mg/L
(compared to 1,500 to 3,000 mg/L for the conventional CAS process with gravity clarifiers). The elevated
biomass concentration in the MBR process allows for effective removal of both soluble and particulate
biodegradable materials at higher loading rates. The small footprint of MBR systems and the high quality
effluent produced make them particularly useful for nutrient removal projects at treatment plants where
there is little or no available area for process alternatives with a significantly greater footprint.

The MBR tank was sized at 20,000 gallons with a membrane flux rate of 15.31 gpd/ft2 at an MMWWF of
1.0 mgd. The DO in the MBR tank would be maintained at 6.0 mg/L, with an MLSS concentration of
8,300 mg/L. Mixed liquor from the MBR tank would be recycled to the aeration tank at a flow rate of
1.5 mgd, and mixed liquor from the terminal end of the aeration tank would be recycled to the anoxic tank
at a rate of 5 mgd. The MLE-MBR system would have an SRT of 23 days.

Recycled Loads
Solids treatment for a CAS consists of a thickener for waste activated sludge (WAS) from the secondary
clarifier and an anaerobic digester for the combined primary and secondary sludge. The percentage of TN
and TP returning from these sludge treatment processes was calculated using Biowin model outputs. The
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modeling results indicate upgrading to achieve Objective A would reduce the annual quantity of TN
contained in the recycle streams approximately 33 percent and the annual quantity of TP recycled by
28 percent. Table 5-3 summarizes the results.

TABLE 5-3.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE A YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Existing Plant 22.6% 22.0% 38.2% 40.7%
Objective A Year-Round 15.2% 14.6% 27.6% 28.4%

Sludge Production
From Table 5-2, average annual sludge produced by the existing CAS plant (the average of the AWWF
and ADWF sludge production) is 168 tons/year, or 0.74 dry tons of solids per million gallons of
wastewater treated. With upgrade of the plant to achieve Objective A, the plant’s overall sludge
production would increase to 174 tons/year, or 0.76 dry tons of solids per million gallons of wastewater
treated. This 3-percent increase would be attributable to the improved capture of solids associated with
the membrane filtration process. Objective A upgrades would result in a 12.5-percent decrease in the total
volatile solids loading to the anaerobic digester and in methane production.

Energy Consumption
The process air requirements on an average annual basis would be approximately 150 percent greater for
the upgraded plant to achieve Objective A than for the existing CAS system. The additional process air is
required to satisfy the oxygen demand associated with nitrification and the longer sludge age, and to
provide air scour of the membranes, which accounts for approximately 75 percent of the increased
process air demand.

Upgrading the CAS plant to achieve Objective A year-round would increase the plant energy
requirements by 476,300 kW-hours/year, or about 230 percent, as shown in Table 5-4. Less than 1 percent
of this increase would be attributable to the operation of solids processes associated with achieving
Objective A. The energy consumption for the upgraded plant would increase by about 2,088 kW-hours
per million gallons of influent wastewater treated.

TABLE 5-4.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective A Year-Round ....................... 683,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 476,300 kW-hours/year
Percent ................................................... 230%
Increase per Volume of Plant Flow ....... 2,088 kW-hours/MG
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Chemical Usage
No additional use of chemicals would be required to reduce nutrients as required for this objective, but
8,600 gallons each of 50-percent citric acid and 12.5-percent sodium hypochlorite would be required per
year for membrane cleaning, which would need to be done periodically throughout the year. This equates
to 38 gallons each of citric acid and sodium hypochlorite per million gallons of wastewater treated.

Footprint Requirements
To achieve Objective A for the 1-mgd CAS plant, the existing secondary clarifiers would be demolished
to provide area for new process elements. The total area required for the new process elements would be
approximately 2,000 square feet allocated as follows:

• 960 square feet for new anoxic tanks, including fine screening of primary clarifier effluent

• 270 square feet for new membrane tanks

• 730 square feet for a membrane blower building.

The area liberated by demolition of the existing secondary clarifiers would be approximately the same as
that required for the upgrade, so no additional area would be required.

Table 5-5 compares the additional site area requirements, or footprint area, for upgrading existing CAS
plants to achieve Objective A for the three generic plant capacities. Objective A upgrades at larger plants
would liberate more site area than required, if all secondary clarifiers were demolished. Additional area is
not required for the larger plants because the footprint requirement for the blower building does not
increase at the same rate as the anoxic tanks and MBR tank size. For some plants, it may be beneficial to
retain some of the existing secondary clarifiers to handle unusually high peak flow events. Refer to
Appendix C for detailed footprint areas of the existing system and the proposed system.

TABLE 5-5.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE A YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 0
10 (6,000)

150 (142,000)

Note: Values in parentheses indicate area currently occupied by existing treatment facilities
that could become available for future use.

5.2.2 Objective B
Process Description
The upgrade evaluated for achieving Objective B (TIN <3 mg/L) is to convert the existing CAS system
into a four-stage Bardenpho process (4BDP) with the addition of methanol and to replace the existing
clarifiers with an MBR. Figure 5-3 shows the upgraded process flow schematic. Table 5-2 summarizes
the process design data. Detailed Biowin model reports are in Appendix A.
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Figure 5-3. Process Schematic of CAS Plant Upgraded for Objective B Year-Round

The existing CAS process does not have adequate tank volume to maintain an adequate sludge age to
achieve nitrification and denitrification. Therefore, additional tankage would need to be constructed. For
the modeled 1-mgd plant, a new pre-anoxic tank of 0.1 MG and a new post-anoxic tank of 0.05 MG
would be required. The MBR tank, which would be aerated, would act as a post-aeration basin to strip the
nitrogen gas formed during the denitrification process. Methanol would be added to the post-anoxic tank
as a supplemental carbon source to drive the denitrification process. Methanol dosages were determined
as described in Chapter 4 for the 4BDP upgraded extended aeration plants. The existing secondary
clarifier would be demolished and replaced with the MBR, as described for upgrading CAS plants to
achieve Objective A year-round.

Recycled Loads
Solids treatment for a CAS consists of a thickener for WAS, an anaerobic digester for the combined
primary and thickened sludge, and a digested-sludge dewatering system. The percentage of TN and TP
returning in the recycle streams from solids handling and treatment processes was calculated using the
Biowin model outputs. The results indicate that upgrades to achieve Objective B would reduce the
quantity of total nitrogen in the recycle streams approximately 34 percent and the quantity of phosphorus
in the recycle streams approximately 15 percent. Table 5-6 summarizes the results.

TABLE 5-6.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE B YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Existing Plant 22.6% 22.0% 38.2% 40.7%
Objective B Year-Round 14.9% 14.8% 32.7% 33.8%
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Sludge Production
From Table 5-2, average sludge produced by the upgraded plant to achieve Objective B is 970 ppd. This
is about 5 percent greater than for the existing plant and 1.4 percent greater than for Objective A. The
average annual sludge produced by the plant would increase approximately 5 percent, to about
177 tons/year or 0.78 dry tons of solids per million gallons of wastewater treated. This increase would be
attributable to the improved capture of solids associated with membrane filtration and the addition of
methanol to the post-anoxic tank for denitrification, which accounts for 0.01 tons of the additional sludge
per million gallons of wastewater. Objective B upgrades would result in an 18.5-percent decrease in the
total volatile solids loading to the anaerobic digester, reducing methane by the same percentage.

Energy Consumption
Upgrades to achieve Objective B year-round would increase average annual process air requirements by
147 percent. The process air required by the MBR system accounts for 76 percent of this increase.
Additional energy would be required for intra-process pumping and mixing.

Upgrading the CAS plant to achieve Objective B year-round would increase the plant energy
requirements by 580,800 kW-hours/year, or about 280 percent, as shown in Table 5-7. Less than 1 percent
of this increase would be attributable to the operation of solids processes associated with achieving
Objective B. The energy consumption for the upgraded plant would increase by about 2,546 kW-hours
per million gallons of influent wastewater treated. Objective B upgrades require about 22 percent more
energy than Objective A upgrades.

TABLE 5-7.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective B Year-Round ....................... 788,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 580,800 kW-hours/year
Percent ................................................... 280%
Increase per Volume of Plant Flow ....... 2,546 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective B year-round would require 4,563 gallons of methanol per year
for carbon supplementation to drive the denitrification process, or 20 gallons of methanol per million
gallons of wastewater treated. Additionally, 8,600 gallon each of 50-percent citric acid and 12.5-percent
sodium hypochlorite would be required per year for periodic cleaning of the membranes. This equates to
38 gallons each of citric acid and sodium hypochlorite per million gallons of wastewater treated.

Footprint Requirements
To achieve Objective B, additional facility footprint area is required to accommodate the pre-anoxic tank,
the post-anoxic tank, the membrane tank, the blower building for the MBR process and the methanol
storage tank and feed system. The total area required for these new process elements for a 1-mgd plant
would be approximately 3,300 square feet. Demolition of the existing secondary clarifiers would liberate
approximately 2,000 square feet, so an additional 1,300 square feet would be required.
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Table 5-8 compares the additional footprint area for upgrading existing CAS plants to achieve
Objective B for the three generic plant capacities. Objective B upgrades at larger plants would liberate
more site area than required, if all of the secondary clarifiers were demolished. Additional area is not
required for the larger plants because the footprint requirement for the blower building does not increase
at the same rate as the anoxic tanks and MBR tank size. For some plants, it may be beneficial to retain
some of the existing secondary clarifiers to handle unusually high peak flow events. Refer to Appendix C
for detailed footprint areas of the existing system and the proposed system.

TABLE 5-8.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE B YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 1,300
10 0

150 (130,000)

Note: Values in parentheses indicate area currently occupied by existing treatment facilities
that could become available for future use.

5.2.3 Objective C
Process Description
The upgrade to achieve Objective C (TP <1 mg/L) consists of alum addition for precipitation of
phosphorus and magnesium hydroxide addition for pH control. The aluminum phosphate and aluminum
hydroxide precipitates would be incorporated into the activated sludge mixed liquor and removed with the
waste activated sludge. Storage tanks and feed pumps for alum and magnesium hydroxide would be sized
for the usage required during MMWWF. The method for determining alum dosage is described in Section
4.2.3. It was assumed that existing solids facilities have the capacity to accommodate the increased sludge
produced by chemical precipitation. Figure 5-4 shows the upgraded process flow schematic. Table 5-2
summarizes the process design data. Detailed Biowin model reports are in Appendix A.

Recycled Loads
Solids treatment for a CAS consists of a thickener for WAS, an anaerobic digester for the combined
primary and thickened sludge, and a digested-sludge dewatering system. The percentage of TN and TP
returning in the recycle streams from solids processes was calculated using the Biowin model outputs.
The results indicate that upgrades to achieve Objective C would have no significant effect (<1 percent) on
the quantity of total nitrogen in the recycle streams but would increase the quantity of phosphorus in the
recycle streams approximately 41 percent. Table 5-9 summarizes the results.

Sludge Production
With upgrades to achieve Objective C, the overall sludge production for the plant would increase
approximately 27 percent to 213 tons/year, or 0.94 dry tons of solids per million gallons of wastewater
treated. This increase would be attributable to the presence of the aluminum phosphate and the aluminum
hydroxide in the sludge, resulting from the chemical precipitation process. Objective C upgrades would
not significantly change the total volatile solids loading to the anaerobic digester; therefore, no changes
would be anticipated with regard to methane production by the anaerobic digestion process.
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Figure 5-4. Process Schematic of CAS Plant Upgraded for Objective C Year-Round

TABLE 5-9.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE C YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Existing Plant 22.6% 22.0% 38.2% 40.7%
Objective C Year-Round 23.2% 21.7% 55.7% 56.8%

Energy Consumption
Average annual process air required for the upgraded plant to achieve Objective C plant is about the same
as required for the existing CAS plant. The upgrades would increase the energy requirements for the
treatment plant by 28,300 kW-hours/year, as shown in Table 5-10. This represents about a 14-percent
increase in the annual energy consumption. The increase would be attributable to the operation of
chemical feed systems and the extended operation of the solids processes associated with achieving
Objective C. The energy consumption for the upgraded plant would increase by about 124 kW-hours per
million gallons of influent wastewater treated.

Chemical Usage
The upgraded plant to achieve Objective C year-round would require approximately 43,800 gallons of
alum per year to precipitate phosphorus and approximately 16,430 gallons of magnesium hydroxide for
pH control. These chemical usage rates equate to 192 gallons of alum per million gallons of wastewater
treated and 72 gallons of magnesium hydroxide per million gallons of wastewater treated.



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

5-10

TABLE 5-10.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective C Year-Round ....................... 235,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 28,300 kW-hours/year
Percent ................................................... 14%
Increase per Volume of Plant Flow ....... 124 kW-hours/MG

Footprint Requirements
Table 5-11 presents the additional site area that would be required for the three generic plant capacities.
The additional footprint required for plant upgrades to achieve Objective C would be for the alum and
magnesium hydroxide storage tanks and feed systems.

TABLE 5-11.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE C YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 400
10 1,600

150 12,700

5.2.4 Objective D
Process Description
The upgrade evaluated to achieve Objective D (TP <0.1 mg/L) would be to add tertiary filters to the
improvements described for Objective C, as shown Figure 5-5. Alum would be added at two locations in
the process: at the influent to the primary clarifiers; and after the secondary clarifiers, ahead of the filters.
Dirty backwash water from the filters would be returned to the head of the plant. The methodology for
determining appropriate alum dosage is described in Section 4.2.4. Table 5-2 summarizes the process
design data. Detailed Biowin model reports are in Appendix A.

Recycled Loads
Solids treatment for a CAS consists of a WAS thickener, an anaerobic digester for the combined primary
and thickened sludge, and a digested-sludge dewatering unit. The percentage of TN and TP returning
from these sludge treatment processes was calculated using Biowin model outputs. The results indicate
that implementation of the upgrades to achieve Objective D would have no significant effect on annual
nitrogen and phosphorus recycle loads. Table 5-12 summarizes the results.
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Figure 5-5. Process Schematic of CAS Plant Upgraded for Objective D Year-Round

TABLE 5-12.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE D YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 22.6% 22.0% 38.2% 40.7%
Objective D Year-Round 23.7% 21.0% 55.3% 23.8%

Sludge Production
With upgrades to achieve Objective D, the overall sludge production for the plant would increase
approximately 36 percent to 229 tons/year, or 1.0 dry tons of solids per million gallons of wastewater
treated. This increase would be attributable to the presence of the aluminum phosphate and the aluminum
hydroxide in the sludge, resulting from the chemical precipitation process. Objective D upgrades would
not significantly change the total volatile solids loading to the anaerobic digester; therefore, no changes
would be anticipated with regard to methane production by the anaerobic digestion process.

Energy Consumption
Average annual process air required for the upgraded plant to achieve Objective D is about the same as
required for the existing CAS plant. The upgrades would increase the annual energy requirements for the
treatment plant by 43,800 kW-hours/year, as shown in Table 5-13. This represents a 21-percent increase
in the annual energy consumption, or about 192 kW-hours per million gallons of influent wastewater
treated. This increase would be attributable to the operation of filters, chemical feed systems and the
extended operation of the solids processes associated with achieving Objective D.
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TABLE 5-13.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective D Year-Round ....................... 251,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 43,800 kW-hours/year
Percent ................................................... 21%
Increase per Volume of Plant Flow ....... 192 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective D year-round would require approximately 58,400 gallons of
alum per year to precipitate phosphorus and approximately 29,200 gallons of magnesium hydroxide for
pH control. These chemical usage rates equate to 256 gallons of alum per million gallons of wastewater
treated and 128 gallons of magnesium hydroxide per million gallons of wastewater treated.

Footprint Requirements
The new process elements required to achieve Objective D on a year-round basis would include alum and
magnesium hydroxide storage tanks and feed systems, and filters to remove suspended and colloidal
solids from the secondary effluent. For the modeled 1-mgd plant, the total site area footprint required for
new process elements would be approximately 1,200 square feet:

• 200 square feet for alum storage tanks and feed systems

• 150 square feet for magnesium hydroxide storage tanks and feed systems

• 850 square feet for new filters.

Table 5-14 presents the additional site area that would be required for the three generic plant capacities.

TABLE 5-14.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE D YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 1,200
10 10,100

150 139,100

5.2.5 Objective E
Process Description
An existing CAS plant may be upgraded to achieve Objective E (TIN <8 mg/L and TP <1 mg/L) by
converting the existing CAS system to an MLE-MBR process as described in Section 5.2.1 and by adding
alum and magnesium hydroxide for phosphorus as described in Section 5.2.3. The process flow schematic
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for the upgraded plant would be as shown for Objective A plus the addition of alum and magnesium
hydroxide to the influent as shown for Objective C.

The biological SRT for Objective E would be less than for Objective A due to increased MLSS
concentration resulting from chemical precipitation of phosphorus. Alum dosage values were calculated
for soluble PO4 concentrations in the aeration tank based on the Objective A model. These alum dosages
were then entered in Biowin to achieve effluent TP <1 mg/L. Assumptions made for Objectives A and C
were also used for this objective. Table 5-2 summarizes the process design data. Detailed Biowin model
reports are in Appendix A.

Recycled Loads
The percentage of TN and TP returning from the solids handling and treatment processes were calculated
using Biowin model outputs. The results indicate that upgrades to achieve Objective E would reduce the
annual quantity of total nitrogen in the recycle streams approximately 29 percent and reduce the annual
quantity of phosphorus recycled by 3 percent. Table 5-15 summarizes the results.

TABLE 5-15.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE E YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 22.6% 22.0% 38.2% 40.7%
Objective E Year-Round 16.5% 15.1% 51.1% 25.0%

Sludge Production
With upgrades to achieve Objective E, the overall sludge production for the plant would increase
approximately 27 percent to 216 tons/year, or 0.95 dry tons of solids per million gallons of wastewater
treated. This increase would be attributable to the presence of the aluminum phosphate and the aluminum
hydroxide in the sludge, resulting from the chemical precipitation process. Objective E upgrades would
reduce the total volatile solids loading on the anaerobic digester approximately 11 percent; an equivalent
reduction would be anticipated with regard to methane production by the anaerobic digestion process.

Energy Consumption
Average annual process air required for the upgraded plant to achieve Objective E would be
approximately 233 percent greater than for the existing CAS plant, about the same as required to achieve
Objective A. The additional process air, which is required to satisfy the oxygen demand associated with
nitrification and the longer sludge age and to provide air scour of the membranes, accounts for
approximately 96 percent of the increased energy demand. The upgrades would increase the total plant
annual energy requirements 483,300 kW-hours/year, as shown in Table 5-16. This represents a
233 percent increase in the annual energy consumption, or about 2,119 kW-hours per million gallons of
influent wastewater treated.
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TABLE 5-16.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective E Year-Round........................ 690,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 483,300 kW-hours/year
Percent ................................................... 233%
Increase per Volume of Plant Flow ....... 2,119 kW-hours/MG

Chemical Usage
Year-round nutrient removal to achieve Objective E would require the following chemical usage:

• 180 gallons of alum per million gallons of wastewater treated

• 96 gallons of magnesium hydroxide per million gallons of wastewater treated

• 38 gallons of 50-percent citric acid citric acid per million gallons of wastewater treated

• 38 gallons of 12.5-percent sodium hypochlorite per million gallons of wastewater treated.

Footprint Requirements
This alternative requires all the tanks that are required for Objective A as well as chemical storage tanks
for alum and magnesium hydroxide as described for Objective C. Table 5-17 presents the additional site
area that would be required for the three generic plant capacities. Refer to Appendix C for detailed
footprint areas of the existing system and the proposed system.

TABLE 5-17.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE E YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 400
10 (4,400)

150 (104,500)

Note: Values in parentheses indicate area currently occupied by existing treatment facilities
that could become available for future use.

5.2.6 Objective F
Process Description
Objective F (TIN <3 mg/L and TP <0.1 mg/L) can be achieved by converting the existing CAS system to
a 4BDP-MBR system and adding methanol, as described for Objective B, and adding alum and
magnesium hydroxide, as described for Objective D. The flow schematic for this option is similar to that
of Objective B, combined with the addition of alum and magnesium hydroxide, as shown for Objective D.
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Alum dosage values were calculated based on the Objective B model for soluble PO4 concentration in the
aeration tank. These alum dosages were entered in Biowin to achieve effluent TP <0.1 mg/L.
Assumptions made for Objectives B and D were used for this objective. Similar to Objective E, additional
MBR blowers would be required for air scour of membranes. Table 5-2 summarizes the process design
data. Detailed Biowin model reports are in Appendix A.

Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. Table 5-18 summarizes the results.

TABLE 5-18.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE F YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Existing Plant 22.6% 22.0% 38.2% 40.7%
Objective F Year-Round 15.7% 15.4% 26.4% 26.5%

Sludge Production
With upgrades to achieve Objective F, the overall sludge production for the plant would increase
approximately 37.5 percent to 231 tons/year, or 1.01 dry tons of solids per million gallons of wastewater
treated. The increase would be attributable to aluminum phosphate and aluminum hydroxide in the
sludge, resulting from chemical precipitation, and from the addition of methanol. Objective E upgrades
would reduce total volatile solids in the anaerobic digester approximately 5.6 percent; an equivalent
reduction would be anticipated with regard to methane production by the anaerobic digestion process.

Energy Consumption
Average annual process air required for the upgraded plant to achieve Objective F would be
approximately 37 percent greater than for the existing CAS plant. The upgrade would increase the annual
energy requirements for the treatment plant by 613,100 kW-hours/year, as shown in Table 5-19. This
represents a 296-percent increase in the annual energy consumption, or about 2,688 kW-hours per million
gallons of influent wastewater treated.

Chemical Usage
Year-round nutrient removal to achieve Objective F would require the following chemical usage:

• 32 gallons of methanol per million gallons of wastewater treated

• 256 gallons of alum per million gallons of wastewater treated

• 96 gallons of magnesium hydroxide per million gallons of wastewater treated

• 38 gallons of 50-percent citric acid citric acid per million gallons of wastewater treated

• 38 gallons of 12.5-percent sodium hypochlorite per million gallons of wastewater treated.
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TABLE 5-19.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective F Year-Round........................ 820,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 613,100 kW-hours/year
Percent ................................................... 296%
Increase per Volume of Plant Flow ....... 2,688 kW-hours/MG

Footprint Requirements
This alternative requires partitioning of existing tanks and construction of new membrane tanks on the
footprint currently occupied by the existing secondary clarifiers. Chemical storage tanks and feed systems
for methanol, alum, magnesium hydroxide, citric acid and sodium hypochlorite would also need to be
constructed in the area liberated by demolition of the secondary clarifiers. Table 5-20 presents the
additional site area that would be required for the three generic plant capacities, assuming that the existing
secondary clarifiers are demolished to allow for construction of the new process facilities.

TABLE 5-20.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE F YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 500
10 (3,000)

150 (131,000)

Note: Values in parentheses indicate area currently occupied by existing treatment facilities
that could become available for future use.

5.3 SEASONAL NUTRIENT REMOVAL
Improvements required to provide seasonal nutrient removal to achieve each treatment objective are
described below. Process design data are included in Table 5-21, attached at the end of this chapter.

5.3.1 Objective A
Process Description
The Objective A (TIN <8 mg/L) treatment process for seasonal nutrient removal would be an MLE
system. Unlike the upgrade for year-round treatment for this objective, membrane bioreactors would not
be added, and the existing clarifiers would be retained. A new 0.1-MG anoxic tank would be constructed
upstream of the existing aeration system. Aeration tank DO concentration would be maintained at 2.0
mg/L. Figure 5-6 shows the upgraded process flow schematic. Table 5-21 summarizes the process design
data. Detailed Biowin model reports are in Appendix A.
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Figure 5-6. Process Schematic of CAS Plant Upgraded for Objective A, Seasonal

In the MLE process, nitrification takes place in the aeration tank, where ammonia is converted into
nitrate, and denitrification occurs in the anoxic tank, where the nitrate is converted into nitrite, nitrous
oxide and eventually into nitrogen gas. The anoxic tank consists of a mixer for continuous mixing of the
influent and the nitrates that are recycled from the aeration tank. The conversion of ammonia nitrogen
(NH3/NH4+) to nitrate nitrogen (NO3-) is directly dependent on solids retention time. A longer SRT will
result in conversion of ammonia to nitrate. SRT is calculated as follows:

• SRT (days) = MLSS in Aeration Tank (lbs)/MLSS Wasted in the Sludge (lbs/day)

In order to achieve Objective A, the SRT of the system should be about 14 days.

Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. The modeling results indicate that upgrades to achieve Objective A only during the dry
season would reduce the quantity of total nitrogen in the recycle streams during the dry season
approximately 32 percent and reduce the quantity of phosphorus approximately 8 percent. This is
equivalent to an annual nitrogen recycle load reduction of 12 percent and an annual phosphorus load
reduction of 4 percent. Table 5-22 summarizes the results.

Sludge Production
From Tables 5-2 and 5-21, the Objective A seasonal nutrient removal upgrade would reduce average
overall sludge production approximately 1 ton per year, to 167 tons per year. This corresponds to an
equivalent annual average sludge production of 0.73 tons per million gallons of wastewater treated. The
annual average volatile solids loading to the digester would be reduced approximately 6 percent; and a
similar reduction would be anticipated in production of digester gas.
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TABLE 5-22.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE A SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
ADWF ADWF

Existing Plant 22.0% 40.7%
Objective A Seasonal 16.7% 37.5%

Energy Consumption
Upgrading the plant for seasonal treatment to achieve Objective A would require a 17-percent increase in
the overall annual plant energy requirements, as shown in Table 5-23. This equates to an annual energy
increase of 754 kW-hours per million gallons of influent wastewater treated. The additional energy would
be attributed to additional process aeration, mixer operation in the anoxic compartment, and internal
recycling of mixed liquor from the terminal end of the aeration tank to the inlet of the anoxic tank.

TABLE 5-23.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective A, Seasonal............................ 379,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 172,000 kW-hours/year
Percent ................................................... 17%
Increase per Volume of Plant Flow ....... 754 kW-hours/MG

Chemical Usage
No additional chemicals are required to achieve Objective A on a seasonal basis.

Footprint Requirements
To achieve Objective A seasonally, approximately 1,000 square feet of additional new process footprint
area would need to be accommodated:

• 955 square feet for construction of anoxic tanks

• Up to 60 square feet to accommodate the upgrade of the existing process air blower system.

Table 5-24 compares the additional footprint area for upgrading existing CAS plants to achieve
Objective A seasonally for the three generic plant capacities.
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TABLE 5-24.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE A SEASONALLY

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 1,000
10 10,000

150 150,000

5.3.2 Objective B
Process Description
The treatment plant upgrades modeled for achieving Objective B (TIN <3 mg/L) for dry season nutrient
removal included conversion of the CAS system to a four-stage Bardenpho process with the addition of
methanol. Refer to Section 4.2.2 for a description of the 4BDP process. The first half of the existing
aeration tank (0.1 MG) would be converted to an anoxic reactor and the second half would be fully
aerated. New tankage would need to be constructed to provide the additional aerobic reactor (0.1 MG),
the post-anoxic reactor (0.05 MG), and the post-aeration (nitrogen gas stripping) reactor (0.05 MG).
Methanol would be added to the post-anoxic tank to provide the necessary carbon source to drive the
denitrification process. Figure 5-7 shows the upgraded process flow schematic. Table 5-21 summarizes
the process design data. Detailed Biowin model reports are in Appendix A.

Figure 5-7. Process Schematic of CAS Plant Upgraded for Objective B, Seasonal

Recycled Loads
The percentage of TN and TP returning from the solids handling and dewatering treatment processes
relative to the raw influent plant loads was calculated using Biowin model outputs. The results indicate
that upgrades to achieve Objective B on a seasonal basis would reduce the quantity of total nitrogen in the
recycle streams during the dry-weather period approximately 23 percent—only 11 percent on an annual
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basis. The upgrades would increase the quantity of total phosphorus in the recycle streams approximately
40 percent during the dry weather period and 20 percent on an annual basis. Table 5-25 summarizes the
results.

TABLE 5-25.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE B SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
ADWF ADWF

Existing Plant 22.0% 40.7%
Objective B Seasonal 17.0% 56.8%

Sludge Production
From Table 5-2 and 5-21, the Objective B seasonal nutrient removal upgrade would not significantly
change the average overall sludge production. However, the upgrades would reduce the average annual
volatile solids loading on the digesters approximately 5 percent. Consequently, digester gas production
would be reduced by an equivalent percentage.

Energy Consumption
Upgrading the plant for seasonal treatment to achieve Objective B would require an 18-percent increase
in the overall plant energy requirements, as shown in Table 5-26. This equates to an annual energy
increase of 815 kW-hours per million gallons of influent wastewater treated. The additional energy would
be attributed to additional process aeration, mixer operation in the anoxic compartments, and internal
recycling of mixed liquor from the terminal end of the aeration tank to the inlet of the anoxic tank.

Chemical Usage
Upgrading the plant for seasonal nutrient removal to achieve Objective B would require 1,825 gallons of
methanol per year, which would be equivalent to annual use of 8 gallons of methanol per million gallons
of influent wastewater treated.

TABLE 5-26.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective B, Seasonal ............................ 393,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 186,000 kW-hours/year
Percent ................................................... 18%
Increase per Volume of Plant Flow ....... 815 kW-hours/MG
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Footprint Requirements
To achieve Objective B seasonally, the following additional facility footprint area is required:

• 955 square feet of anoxic tank

• 480 square feet of post-anoxic tank

• Up to 60 additional square feet for expansion of the existing process air blower building

• 100 square feet of methanol storage tanks and containment to store methanol for two weeks
(refer to detailed calculations in Appendix B).

Table 5-27 compares the additional footprint area for upgrading existing CAS plants to achieve
Objective B seasonally for the three generic plant capacities.

TABLE 5-27.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE B SEASONALLY

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 1,600
10 16,000

150 225,000

5.3.3 Objective C
Process Description
To achieve Objective C at CAS plants, the only difference between the year-round and the seasonal
nutrient removal is that the chemical storage and feeding system upgrades would be sized for MMDWF
instead of the MMWWF. Table 5-21 summarizes the process design data. Detailed Biowin model reports
are in Appendix A.

Recycled Loads
The percentage of TN and TP returning from the solids handling and dewatering treatment processes
relative to the raw influent plant loads were calculated using Biowin model outputs. Upgrades to achieve
Objective C on a seasonal basis would reduce the quantity of total phosphorus in the recycle streams
during the dry weather period approximately 40 percent—about 20 percent on an annual basis. The
upgrades would reduce the quantity of total nitrogen in the recycle streams during the dry weather period
approximately 23 percent during the dry weather period, about 11 percent on an annual basis. Table 5-28
summarizes the results.

Sludge Production
From Tables 5-2 and 5-21, the average sludge produced by the upgraded plant to achieve Objective C
seasonally would be 193 tons per year. This is a 15-percent increase compared to the existing plant but
10 percent less sludge than produced by upgrades for year-round nutrient removal to achieve Objective C.
The upgrades would not significantly affect the average annual volatile solids loading on the digesters;
therefore, no significant changes would be anticipated in the production of digester gas.
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TABLE 5-28.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE C SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
ADWF ADWF

Existing Plant 22.0% 40.7%
Objective C Seasonal 21.7% 56.8%

Energy Consumption
The annual energy requirements for the upgraded treatment plant to achieve Objective C seasonally
would increase 25,100 kW-hours/year as shown in Table 5-29. This represents an increase in the annual
energy consumption of approximately 12 percent, or 110 kW-hours per million gallons of influent
wastewater treated.

TABLE 5-29.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective C, Seasonal ............................ 232,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 25,100 kW-hours/year
Percent ................................................... 12%
Increase per Volume of Plant Flow ....... 110 kW-hours/MG

Chemical Usage
The upgraded plant for seasonal removal of phosphorus to achieve Objective C would require
23,725 gallons of alum per year to precipitate phosphorus and 16,430 gallons of magnesium hydroxide
for pH control. These chemical usage rates equate to 104 gallons of alum and 72 gallons of magnesium
hydroxide per million gallons of wastewater treated.

Footprint Requirements
The additional process elements required for plant upgrades to achieve Objective C seasonally are alum
and magnesium hydroxide storage tanks and feed systems. The additional site area required for these
systems would be the same as presented for the year-round model as shown in Table 5-11.

5.3.4 Objective D
Process Description
To achieve Objective D only during the dry season would require upgrades similar to those for
Objective D year-round. Nutrient removal processes would be sized for the MMDWF instead of the
MMWWF. Refer to the Section 5.2.4 for a detailed process description. Table 5-21 summarizes the
process design data. Detailed Biowin model reports are in Appendix A.
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Recycled Loads
The percentage of TN and TP returning from the solids handling and dewatering processes relative to the
influent plant loads was calculated using Biowin outputs. Upgrades to achieve Objective D on a seasonal
basis would reduce the quantity of total phosphorus in the recycle streams during the dry weather period
approximately 42 percent—about 27 percent on an annual basis. Implementation of Objective D on a
seasonal basis would reduce the quantity of total nitrogen in the recycle streams approximately 5 percent
during the dry weather period, or 4 percent on an annual basis. Table 5-30 summarizes the results.

TABLE 5-30.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE D SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
ADWF ADWF

Existing Plant 22.0% 40.7%
Objective D Seasonal 21.0% 23.8%

Sludge Production
From Tables 5-2 and 5-21, the average sludge produced by the upgraded 1-mgd modeled plant to achieve
Objective D only during the dry-weather season would be 198 tons per year, or 0.87 tons per million
gallons treated on an annual basis. This represents a 16-percent increase in sludge production compared to
the existing plant but 15 percent less sludge than produced by implementation of Objective D year-round.
The upgrades would not significantly affect the average annual volatile solids loading on the digesters;
therefore, no significant changes would be anticipated in the production of digester gas.

Energy and Chemical Usage
Upgrades to achieve Objective D seasonally would increase the energy requirements for the treatment
plant by 26,100 kW-hours/year, as shown in Table 5-31. This represents a 13-percent increase annually,
or 114 kW-hours per million gallons of influent wastewater. The increase would be attributable to the
operation of filters and chemical feed systems and the extended operation of the solids processes.

Chemical Usage
For seasonal nutrient removal to achieve Objective D, a 1-mgd plant would require 29,200 gallons of
alum per year to precipitate phosphorus and 18,250 gallons of magnesium hydroxide for pH control.
These chemical usage rates translate to 128 gallons of alum per million gallons of wastewater treated and
80 gallons of magnesium hydroxide per million gallons of wastewater treated.

Footprint Requirements
The process elements that need to be constructed to achieve Objective D seasonally include alum and
magnesium hydroxide storage tanks and secondary effluent filters. The footprint of the chemical storage
and feeding systems would be the same as for the year-round nutrient removal upgrades; the area required
for the filters would be less because they would only need to treat the maximum dry-weather flow, not the
maximum wet-weather flow. Table 5-32 compares the additional footprint area for upgrading existing
CAS plants to achieve Objective D seasonally for the three generic plant capacities.
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TABLE 5-31.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective D, Seasonal............................ 233,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 26,100 kW-hours/year
Percent ................................................... 13%
Increase per Volume of Plant Flow ....... 114 kW-hours/MG

TABLE 5-32.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE D SEASONALLY

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 1000
10 7,500

150 99,500

5.3.5 Objective E
Process Description
To achieve Objective E (TIN <8 mg/L and TP <1 mg/L) only during the dry-weather season would
require conversion of the existing CAS plant to an MLE process and adding alum and magnesium
hydroxide for chemical precipitation of phosphorus. Conversion to an MLE plant would require doubling
the capacity of the existing mixed liquor tanks. In the case of the 1-mgd modeled facility, this would
consist of adding 0.1 MG of tankage for an anoxic reactor prior to aeration, a 0.05-MG post-anoxic tank,
and a 0.05-MG post-aeration tank. The alum and magnesium hydroxide tanks for this objective would be
sized based on MMDWF instead of MMWWF. Table 5-21 summarizes the process design data.

Recycled Loads
The percentage of TN and TP returning from the solids handling and dewatering treatment processes
relative to the raw influent plant loads were calculated using Biowin model outputs. Upgrades to achieve
Objective E on a seasonal basis would reduce the quantity of total nitrogen in the recycle streams
approximately 25 percent during the dry weather period, or 14 percent on an annual basis. The upgrades
would increase the quantity of total phosphorus in the recycle streams approximately 19 percent during
the dry weather period, which is equivalent to a 10-percent increase on an annual basis. Table 5-33
summarizes the results.



…5. TECHNOLOGICAL EVALUATION FOR CONVENTIONAL ACTIVATED SLUDGE PLANTS

5-25

TABLE 5-33.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE E SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
ADWF ADWF

Existing Plant 22.0% 40.7%
Objective E Seasonal 16.5% 48.5%

Sludge Production
From Tables 5-2 and 5-21, average sludge produced by the upgraded 1 mgd model plant to achieve
Objective E only during the dry-weather season would be 191 tons per year, or 0.83 tons per million
gallons treated on an annual basis. This is a 17-percent increase in sludge production compared to the
existing plant but 13 percent less sludge than produced by implementation of Objective E year-round. The
upgrades would result in an annual reduction of 5 percent in the volatile solids loading on the digesters,
with an equivalent reduction in the annual production of digester gas.

Energy Consumption
Upgrades to achieve Objective E only during the dry season would increase the annual energy
requirements for the treatment plant by 183,000 kW-hours/year, as shown in Table 5-34. This is an
88-percent increase in the annual energy plant consumption, or 802 kW-hours per million gallons of
influent wastewater treated. The increase would be attributable to additional aeration, mixers in the anoxic
reactors, internal mixed liquor recycle pumps, chemical feed systems, and extended operation of the
solids processes.

TABLE 5-34.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective E, Seasonal ............................ 390,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 183,000 kW-hours/year
Percent ................................................... 88%
Increase per Volume of Plant Flow ....... 802 kW-hours/MG

Chemical Usage
Upgrades to achieve Objective E seasonally would require storage and feed systems for alum and
magnesium hydroxide:

• 104 gallons of alum per million gallons of wastewater treated annually

• 61 gallons of magnesium hydroxide per million gallons of wastewater treated annually.
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Footprint Requirements
This alternative requires all the tanks that are required for Objective A (seasonal) and chemical storage
tanks and feed systems for alum and magnesium hydroxide identified for Objective C (seasonal).
Table 5-35 compares the additional footprint area for upgrading existing CAS plants to achieve
Objective E seasonally for the three generic plant capacities.

TABLE 5-35.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE E SEASONALLY

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 1,400
10 11,600

150 162,700

5.3.6 Objective F
Process Description
Objective F (TIN <3 mg/L and TP <0.1 mg/L) can be achieved by converting the existing CAS system
into a 4BDP process, adding methanol, alum and magnesium hydroxide, and providing tertiary filtration.
The alum and magnesium hydroxide tanks would be sized based on the MMDWF instead of the
MMWWF. Table 5-21 summarizes the process design data. Detailed Biowin model reports are in
Appendix A.

Recycled Loads
The percentage of TN and TP recycled from the solids handling and dewatering treatment processes
relative to the raw influent plant loads were calculated using Biowin model outputs. Upgrades to achieve
Objective F on a seasonal basis would reduce the quantity of total nitrogen in the recycle streams
approximately 31 percent during the dry weather period, or 15.5 percent on an annual basis. The upgrades
would reduce the quantity of total phosphorus in the recycle streams approximately 40 percent during the
dry weather period and 28 percent on an annual basis. Table 5-36 summarizes the results.

TABLE 5-36.
NUTRIENT RECYCLING COMPARISON FOR CONVENTIONAL ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE F SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled
ADWF ADWF

Existing Plant 22.0% 40.7%
Objective F Seasonal 15.1% 24.6%
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Sludge Production
From Tables 5-2 and 5-21, the average sludge produced by the upgraded 1 mgd model plant to achieve
Objective E only during the dry weather season would be 198 tons per year, or 0.87 tons per million
gallons treated on an annual basis. This is an 18-percent increase in sludge production compared to the
existing plant, but approximately 14 percent less sludge than produced by implementation of Objective F
year-round. The upgrades would result in an annual reduction of 5 percent in the volatile solids loading on
the digesters, and an equivalent reduction in the annual production of digester gas.

Energy Consumption
Upgrades to achieve Objective F for the dry season only would increase the annual energy requirements
for the treatment plant by 207,100 kW-hours/year, as shown in Table 5-37. This is a 100-percent increase
in the annual energy plant consumption, or 908 kW-hours per million gallons of influent wastewater
treated. The increase would be attributable to additional aeration, mixers in the anoxic reactors, internal
mixed liquor recycle pumps, chemical feed systems and extended operation of the solids processes.

TABLE 5-37.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING CAS

PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing CAS Plant ................................ 207,200 kW-hours/year
Objective F, Seasonal ............................ 414,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 207,100 kW-hours/year
Percent ................................................... 100%
Increase per Volume of Plant Flow ....... 908 kW-hours/MG

Chemical Usage
Implementation of upgrades to achieve Objective F would require storage and feed systems for methanol,
alum and magnesium hydroxide:

• 8 gallons of methanol per million gallons of wastewater treated annually

• 140 gallons of alum per million gallons of wastewater treated annually

• 80 gallons of magnesium hydroxide per million gallons of wastewater treated annually.

Footprint Requirements
This alternative requires all the mixed liquor tanks and methanol storage tanks and feed systems required
to upgrade the plant to achieve Objective B during the dry weather season; in addition, it requires the
tertiary filters and alum and chemical storage tanks described for implementation of Objective D during
the dry weather season. Table 5-38 compares the additional footprint area for upgrading existing CAS
plants to achieve Objective F seasonally for the three generic plant capacities.



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

5-28

TABLE 5-38.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING CONVENTIONAL
ACTIVATED SLUDGE PLANTS TO ACHIEVE OBJECTIVE F SEASONALLY

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 2,100
10 23,500

150 259,500



Existing Existing Existing

Description
CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Temp, oC 10 10 10 10 10 10 10 10 10 10 10 10 10 10 15 15 15 15 15 15 15
Influent

TABLE 5‐2
CONVENTIONAL ACTIVATED SLUDGE PLANT BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

Upgraded Plant Upgraded Plant Upgraded Plant
PROCESS DESIGN ‐ MMWW FLOWS  WET SEASON ‐ AWW FLOWS DRY SEASON ‐ ADW FLOWS 

Influent
BOD 165 165 165 165 165 165 165 221 221 221 221 221 221 221 331 331 331 331 331 331 331
TSS 188 188 188 188 188 188 188 251 251 251 251 251 251 251 376 376 376 376 376 376 376
VSS 132 132 132 132 132 132 132 176 176 176 176 176 176 176 263 263 263 263 263 263 263
TKN 24 24 24 24 24 24 24 32 32 32 32 32 32 32 48 48 48 48 48 48 48
TP 5.7 5.7 5.7 5.7 5.7 5.7 5.7 7.6 7.6 7.6 7.6 7.6 7.6 7.6 11.4 11.4 11.4 11.4 11.4 11.4 11.4
Alkalinity 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.68 2.68 2.68 2.68 2.68 2.68 2.68 4 4 4 4 4 4 4
pH 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 7 7 7 7 7 7 7
Primary Clarifier

Area, ft2 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020

Surface Overflow Rate, gal/ft2 979 979 979 979 979 979 979 734 734 734 734 734 734 734 490 490 490 490 490 490 490
Aerobic Tank
Tank Volume, MG 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
HRT hrs 4 8 4 8 4 8 4 8 4 8 4 8 4 8 6 4 6 4 6 4 6 4 6 4 6 4 6 4 9 6 9 6 9 6 9 6 9 6 9 6 9 6HRT, hrs 4.8 4.8 4.8 4.8 4.8 4.8 4.8 6.4 6.4 6.4 6.4 6.4 6.4 6.4 9.6 9.6 9.6 9.6 9.6 9.6 9.6
MLSS Conc., mg/L 2,046 4,925 4,784 2,483 2,389 4,637 4,619 2,208 4,954 5,253 2,676 2,624 5,111 5,161 2,235 4,929 4,954 2,608 2,575 5,110 4,920
DO Concentration, mg/L 1 2, 0.5 2, 0.5 1 1 2, 0.5 2, 0.5 1 2, 0.5 2, 0.5 1 1 2, 0.5 2, 0.5 1 2, 0.5 2, 0.5 1 1 2, 0.5 2, 0.5

Air Supply Rate, ft3/min 336 589 572 352 325 567 560 389 615 581 338 347 597 589 528 685 659 588 558 660 636
BioWin SRT, days 5.25 23.35 24.71 5.25 5.25 16.55 17.41 5.24 23.21 27.35 5.22 5.24 17.91 19.75 5.24 23.89 27.1 5.25 5.24 18.48 19.77
RAS Recyle Rate 0.5Q 1.5Q 1.5Q 0.5Q 0.5Q 1.5Q 1.5Q 0.5Q 1.5Q 1.5Q 0.5Q 0.5Q 1.5Q 1.5Q 0.5Q 1.5Q 1.5Q 0.5Q 0.5Q 1.5Q 1.5Q
Pre ‐ Anoxic Tank
Tank Volume, MG 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
HRT, hrs 2.4 2.4 3.2 3.2 3.2 3.2 4.8 4.8 4.8 4.8
Internal Recycle Rate 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.05 0.05 0.05 0.05 0.05
HRT, hrs 1.2 1.6 1.6 2.4 2.4
M b Bi tMembrane Bioreactor
Tank Volume, MG 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
No. of Cassettes 4 4 4 4 4 4 4 4 4 4 4 4

Area of each Cassette, ft2 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320
HRT, hrs 0.48 0.48 0.48 0.48 0.64 0.64 0.64 0.64 0.96 0.96 0.96 0.96
MLSS Conc., mg/L 8,200 7,967 8,733 8,730 8,247 8,746 8,520 8,385 8,200 8,242 8,516 8,200
DO Concentration, mg/L 6 6 6 6 6 6 6 6 6 6 6 6

Air Supply Rate, ft3/min 595.4 745 566 871 512 569 508 588 450 461 456 482

Membrane Flux, gpd/ft2 15.31 15.31 15.31 15.31 11.48 11.48 11.48 11.49 7.65 7.65 7.65 7.66
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Description
CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

TABLE 5‐2
CONVENTIONAL ACTIVATED SLUDGE PLANT BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

Upgraded Plant Upgraded Plant Upgraded Plant
PROCESS DESIGN ‐ MMWW FLOWS  WET SEASON ‐ AWW FLOWS DRY SEASON ‐ ADW FLOWS 

Clarifier

Area, ft2 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450

Surface Overflow Rate, gal/ft2 689 689 689 517 517 517 345 345 345
Tertiary Filters
Filter Area, ft2 552 552 552 552 552 552
Chemical Addition
Methanol gpd 20 30 15 30 10 10Methanol, gpd 20 30 15 30 10 10
Alum Dosage, gpd 90 160 90 160 90 160 95 160 130 160 130 160
Magnesium Hydroxide Dosage, gpd 40 80 60 60 60 60 60 90 100 60 60
Magnesium Hydroxide Conc., meq/L 14,500 14,500 14,500 14,500 14,500 14,500 14,500
Anaerobic Digester
TSS wasted from Aerobic Tank, ppd 650 552 588 792 760 733 805 691 559 583 854 835 748 794 712 541 555 831 821 725 756
TSS loading to Digester, ppd 1,779 1,684 1,721 2,016 2,179 1,964 2,100 1,820 1,690 1,810 2,082 2,219 1,979 2,091 1,837 1,666 1,681 2,160 2,190 1,976 2,045
VS loading to Digester, ppd 1,254 1,107 1,176 1,255 1,283 1,133 1,159 1,255 1,090 1,097 1,259 1,269 1,112 1,119
Volume, MG 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Hydraulic Residence Time, days 19.8 19.8 19.8 19.7 19.8 19.8 19.8 26.3 26.4 26.4 26.3 24.8 26.3 26.2 39.1 39.4 39.4 39.1 37.3 39.3 39.3
Sludge Production
Sludge Production, ppd 936 975 993 1,136 1,283 1,188 1,312 931 955 1,015 1,154 1,262 1,179 1,290 913 955 924 1,186 1,243 1,191 1,241
Effluent
BOD /L 6 79 0 85 1 1 6 12 6 79 0 86 1 42 5 14 0 84 0 93 4 8 2 56 0 87 1 51 3 61 0 79 0 81 3 4 2 1 0 9 0 94BOD, mg/L 6.79 0.85 1.1 6.12 6.79 0.86 1.42 5.14 0.84 0.93 4.8 2.56 0.87 1.51 3.61 0.79 0.81 3.4 2.1 0.9 0.94
TSS, mg/L 12.8 0.0 0.0 13.4 12.8 0 0 8.9 0.0 0.0 9.2 5.2 0.0 0.0 5.5 0.0 0.0 5.6 1.2 0.0 0
Total Phosphorous, mg/L 4.27 4.29 4.16 0.64 4.27 0.32 0.01 5.73 5.81 5.69 0.41 0.08 0.22 0.01 8.75 8.89 8.76 0.25 0.04 0.01 0.01
Ammonia N, mg/L 15 0.4 0.55 13.9 15 0.35 0.86 16.71 0.27 0.34 21.49 20.9 0.29 0.6 11.08 0.07 0.09 4.84 6.84 0.1 0.16
TIN, mg/L 15.59 4.29 1.78 15.48 15.59 4.64 3 21.45 5.26 1.61 21.64 21.63 5.5 2.83 32.89 7.81 1.76 32.87 32.52 7.94 2.2
pH 6.58 6.28 6.41 6.58 6.58 6.58 6.5 6.59 6.39 6.52 6.53 6.56 6.6 6.62 6.27 6.57 6.71 6.42 6.48 6.56 6.68
Recycle Loads
Nitrogen Recycle from Thickener, ppd 9.34 5.31 5.78 9.34 9.65 6 6.6 10.12 5.43 5.42 10.72 10.74 5.92 6.36 9.49 5.17 5.28 8.79 9 5.61 5.72
Nitrogen Recycle from Digester, ppd 34 24 25 33.2 33.37 25 26 35 25 24.33 35.7 36.7 27 25 34.41 24 24.22 34.6 33 24.5 25
Total Nitrogen Recycled, ppd 43.34 29.31 30.78 42.54 43.02 31 32.6 45.12 30.43 29.75 46.42 47.44 32.92 31.36 43.9 29.17 29.5 43.39 42 30.11 30.72
Total Phosphorus Recycle from Thickener, ppd 2.37 1.96 2.72 5.94 3.29 6 4.2 3.15 2.12 2.54 6.48 5.02 6.29 4.17 3.54 2.26 2.72 5.12 3.26 3.77 4.2
Total Phosphorus Recycle from Digester, ppd 14 10.42 13.67 19.3 12 17 8.4 15 11 13 20 21.3 18 8.4 15.82 11.27 13.38 21.9 8.07 8.1 8.4
Total Phosphorus Recycled, ppd 16.37 12.38 16.39 25.24 15.29 23 12.6 18.15 13.12 15.54 26.48 26.32 24.29 12.57 19.36 13.53 16.1 27.02 11.33 11.87 12.6
% TN R l d 21 7% 14 7% 15 4% 21 3% 21 5% 15 5% 16 3% 22 6% 15 2% 14 9% 23 2% 23 7% 16 5% 15 7% 22 0% 14 6% 14 8% 21 7% 21 0% 15 1% 15 4%% TN Recycled 21.7% 14.7% 15.4% 21.3% 21.5% 15.5% 16.3% 22.6% 15.2% 14.9% 23.2% 23.7% 16.5% 15.7% 22.0% 14.6% 14.8% 21.7% 21.0% 15.1% 15.4%
% TP Recycled 34.4% 26.0% 34.5% 53.1% 32.1% 48.3% 26.5% 38.2% 27.6% 32.7% 55.7% 55.3% 51.1% 26.4% 40.7% 28.4% 33.8% 56.8% 23.8% 25.0% 26.5%
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CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
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Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Temp, oC 15 15 15 15 15 15 15 15 15 15 15 15 15 15
Influent
BOD 241 241 241 241 241 241 241 331 331 331 331 331 331 331
TSS 273 273 273 273 273 273 273 376 376 376 376 376 376 376
VSS 191 191 191 191 191 191 191 263 263 263 263 263 263 263
TKN 35 35 35 35 35 35 35 48 48 48 48 48 48 48
TP 8.3 8.3 8.3 8.3 8.3 8.3 8.3 11.4 11.4 11.4 11.4 11.4 11.4 11.4
Alkalinity 2.92 2.92 2.92 2.92 2.92 2.92 2.92 4 4 4 4 4 4 4
pH 7 7 7 7 7 7 7 7 7 7 7 7 7 7
Primary Clarifier

Area, ft2 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020 1,020

Surface Overflow Rate, gal/ft2 676 676 676 676 676 676 676 490 490 490 490 490 490 490
Aerobic Tank
Tank Volume, MG 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2

Upgraded Plant Upgraded Plant

TABLE 5‐21
CONVENTIONAL ACTIVATED SLUDGE PLANT BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL

PROCESS DESIGN ‐ MMDW FLOWS  DRY SEASON ‐ ADW FLOWS 

Tank Volume, MG 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
HRT, hrs 7.0 7.0 7.0 7.0 7.0 7.0 7.0 9.6 9.6 9.6 9.6 9.6 9.6 9.6
MLSS Conc., mg/L 2,185 3,280 3,239 2,489 2,542 3,758 3,558 2,235 3,388 3,334 2,608 2,575 4,014 3,553

DO Concentration, mg/L
1

2 2, 0.5, 2
1 1

2 2, 0.5, 2
1

2, 0.5 2, 0.5, 2
1 1

2, 0.5 2, 0.5, 2

Air Supply Rate, ft3/min 514 710 697 624 562 700 720 528 715 677 588 558 720 691
BioWin SRT, days 5.24 13.95 15.24 5.24 5.24 13.95 14.49 5.24 13.96 15 5.25 5.24 13.78 14.31
RAS Recyle Rate 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q
Pre ‐ Anoxic Tank
Tank Volume, MG 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
HRT, hrs 3.5 3.5 3.5 3.5 4.8 4.8 4.8 4.8
Internal Recycle Rate 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.05 0.05 0.05 0.05
HRT, hrs 1.7 1.7 2.4 2.4
Clarifier

Area, ft2 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450 1,450

Surface Overflow Rate, gal/ft2 476 476 476 476 476 476 476 345 345 345 345 345 345 345
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CAS 
Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
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Plant Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Upgraded Plant Upgraded Plant

TABLE 5‐21
CONVENTIONAL ACTIVATED SLUDGE PLANT BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL

PROCESS DESIGN ‐ MMDW FLOWS  DRY SEASON ‐ ADW FLOWS 

Tertiary Filters

Filter Area (ft2) 380 380 380 380
Chemical Addition
Methanol, gpd 15 15 10 10
Alum Dosage, gpd 95 160 100 175 130 160 130 175
Magnesium Hydroxide Dosage, gpd 120 120 80 120 90 100 80 100
Magnesium Hydroxide Conc., meq/L 14500 14500 14,500 14,500
Anaerobic Digester
TSS wasted from Aerobic Tank, ppd 695 557 600 792 809 638 682 712 575 617 831 821 691 690
TSS loading to Digester, ppd 1,825 1,683 1,729 2,090 2,200 1,941 2,073 1,837 1,699 1,741 2,160 2,190 2,019 2,061
VS loading to Digester, ppd 1,255 1,111 1,134 1,259 1,269 1,134 1,123
Volume, MG 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Hydraulic Residence Time, days 28.5 28.7 28.7 28.5 28.5 28.7 27.3 39.1 39.5 39.5 39.1 37.3 39.3 37.5
Sludge Production
Sludge Production, ppd 934 912 927 1,156 1,278 1,141 1,264 913 899 910 1,186 1,243 1,171 1,234
Effluent
BOD, mg/L 4.61 3.26 3.16 4.38 2.34 3.12 1.58 3.61 2.44 2.32 3.4 2.1 2.23 1.28
TSS, mg/L 8 8.5 8.5 0.2 1.8 8.8 5.3 5.5 5.8 5.8 5.6 1.2 5.9 6.0
Total Phosphoro s mg/L 6 29 6 43 6 09 0 32 0 05 0 28 0 06 8 75 8 39 8 47 0 25 0 04 0 45 0 05Total Phosphorous, mg/L 6.29 6.43 6.09 0.32 0.05 0.28 0.06 8.75 8.39 8.47 0.25 0.04 0.45 0.05
Ammonia N, mg/L 8.95 0.58 0.21 2.02 3.93 0.67 0.27 11.08 0.42 0.14 4.84 6.84 0.36 0.22
TIN, mg/L 23.66 5.31 1.93 23.29 22.92 5.06 2.08 32.89 7.24 1.99 32.87 32.52 7.34 2.38
pH 6.23 6.29 6.38 6.61 6.57 6.67 6.52 6.27 6.38 6.52 6.42 6.48 6.64 6.52
Recycle Loads
Nitrogen Recycle from Thickener, ppd 9.04 5.72 5.88 8.31 8.56 5.73 5.88 9.49 5.87 5.99 8.79 9 5.92 5.88
Nitrogen Recycle from Digester, ppd 35 27 28 33.5 31 24 26 34.41 27.5 28 34.6 33 27 24.29
Total Nitrogen Recycled, ppd 44.04 32.72 33.88 41.81 39.56 29.73 31.88 43.9 33.37 33.99 43.39 42 32.92 30.17
Total Phosphorus Recycle from Thickener, ppd 3.18 2.17 4.1 4.88 3.31 3.52 3.27 3.54 2.35 4.4 5.12 3.26 4.4 3.36
Total Phosphorus Recycle from Digester, ppd 15 12 21 21 8.38 13.8 8.37 15.82 15.5 22.6 21.9 8.07 18.66 8.36
Total Phosphorus Recycled, ppd 18.18 14.17 25.1 25.88 11.69 17.32 11.64 19.36 17.85 27 27.02 11.33 23.06 11.72
% TN Recycled 22.0% 16.4% 16.9% 20.9% 19.8% 14.9% 15.9% 22.0% 16.7% 17.0% 21.7% 21.0% 16.5% 15.1%
% TP Recycled 38.2% 29.8% 52.8% 54.4% 24.6% 36.4% 24.5% 40.7% 37.5% 56.8% 56.8% 23.8% 48.5% 24.6%
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CHAPTER 6.
TECHNOLOGICAL EVALUATION

FOR SEQUENCING BATCH REACTOR PLANTS

6.1 BASE CASE/EXISTING SYSTEM
A base case model was developed in Biowin representing a sequencing batch reactor (SBR) plant with
capacity for an MMWWF of 1.0 mgd. Unlike a typical extended aeration plant, where screened
wastewater is aerated in a reactor sized for large retention time, followed by settlement of the biomass in
a separate tank (final clarifier), in the SBR system, filling, reacting and settling of the biomass all take
place in the same reactor tank, over sequential time periods.

It is assumed that the existing SBR system performs BOD removal and nitrification. Each of two SBR
tanks operates on an 8-hour cycle, with 75 percent of the time for fill and react modes, 18.75 percent for
settling, and 6 percent for decanting. The cycles of the two SBR tanks are offset 4 hours from one
another. Only the liquid treatment process of the SBR was modeled; recycle flows and loads were
assumed to be the same as those calculated for the extended aeration plant models.

Figure 6-1 represents the process flow schematic for the modeled existing SBR system. Table 6-1
summarizes the design data. SBR plants, in general are effective in removing nitrogen and biological
phosphorus without the addition of chemicals. Biowin modeling of the base case SBR plant predicted an
effluent TP concentration of less than 1.0 mg/L and a total inorganic nitrogen concentration of less than
10 mg/L. However, to be conservative, effluent TP from the existing plant was assumed to be 2 mg/L for
the evaluation of process alternatives to achieve nutrient removal objectives.

Figure 6-1. Process Flow Schematic of Sequencing Batch Reactor Treatment Plant
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TABLE 6-1.
BASE CASE/EXISTING SYSTEM FOR SEQUENCING BATCH

REACTOR PLANT

Influent + Recycle Flow ......................................... 1.021 mgd
Temperature ............................................................ 10ºC

SBR Tank
No of Tanks ............................................................ 2
Each Tank Volume ................................................. 0.50 MG
HRT ........................................................................ 23.5 hours
MLSS Concentration .............................................. 3,000 mg/L
DO Concentration ................................................... 2 mg/L
Air Supply Rate ...................................................... 720 cfm
Cycle Time.............................................................. 8 hours
SRT......................................................................... 16 days

Chemical Addition
Magnesium Hydroxide Dosage............................... 40 gpd

Effluent
BOD........................................................................ 4.5 mg/L
TSS ......................................................................... 16.0 mg/L
Phosphorous............................................................ 2 mg/L
Ammonia N ............................................................ 5.2 mg/L
TIN.......................................................................... 9.4 mg/L
pH ........................................................................... 6.4

6.2 YEAR-ROUND NUTRIENT REMOVAL
Improvements required to provide year-round nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 6-2, which is attached at the
end of this chapter.

6.2.1 Objective A
Process Description
Total inorganic nitrogen (TIN) effluent concentration as modeled for the existing system is 9.4 mg/L. TIN
could be reduced to the Objective A target of 8 mg/L by increasing the volume of each existing SBR tank
from 0.5 MG each to 0.65 MG. It was assumed that required additional volume would be provided by
enlarging the footprint the existing tanks; at some facilities, the additional volume might be achievable by
raising the walls of the existing tank or a combination of increasing the footprint and raising the tank
walls. At some facilities, it might be appropriate to provide increased volume by constructing an
additional SBR tank. Magnesium hydroxide would need to be applied to maintain the pH of the system at
or above 6.5 and to balance the alkalinity.

Recycled Loads
The TN and TP recycle loads for SBR plants are same as for extended aeration plants. Refer to the
extended aeration recycled loads discussions in Chapter 4 for a detailed description.
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Sludge Production
Since the solids treatment process was not included in the SBR model, extended aeration model solids
treatment removal rates were used to estimate the daily sludge production values. Based on the amount of
sludge wasted per day and using the removal efficiencies from the extended aeration model, the annual
average quantity of sludge produced by the complete existing SBR plant is 1,118 ppd dry solids; this is
equivalent to 0.89 tons of dry solids per million gallons of wastewater treated on an annual basis. The
modeled upgraded SBR plant to achieve Objective A would 1,074 ppd dry solids, which is equivalent to
0.86 tons of dry solids per million gallons of wastewater treated. Therefore, upgrading SBR plant to
achieve Objective A would result in a 4-percent reduction in annual quantity of sludge produced by the
plant. This is equivalent to a reduction in sludge production of approximately 71 pounds (0.036 tons) per
million gallons of wastewater treated.

Energy Consumption
Upgrading the 1-mgd model SBR plant secondary treatment process to achieve Objective A year-round
would increase the total plant energy requirements by 11,000 kW-hours/year, or about 1 percent, as
shown in Table 6-3. There would be a slight decrease in the energy requirements for solids processes as a
result of the reduced volatile solids loading on the aerobic digester. The annual energy consumption for
the upgraded plant would increase by about 48 kW-hours per million gallons of influent wastewater
treated.

TABLE 6-3.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective A Year-Round ....................... 1,025,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 11,000 kW-hours/year
Percent ................................................... 1%
Increase per Volume of Plant Flow ....... 48 kW-hours/MG

Chemical Usage
The model predicts that both the existing and the upgraded SBR plants would need supplemental addition
of alkalinity to sustain the nitrification process and to maintain the pH of the secondary effluent above
6.5. Upgrade of the existing SBR plant to achieve Objective A would reduce the quantity of supplemental
alkalinity addition by 7.6 percent on an annual flow basis. The existing SBR plant would require
approximately 52 gallons of magnesium hydroxide per million gallons treated on an annual basis and the
upgraded SBR plant would require only 48 gallons per million gallons of wastewater treated.

Footprint Requirements
Increasing the volume of the SBR tanks to achieve Objective A would require additional site area, as
indicated in Table 6-4.
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TABLE 6-4.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO

ACHIEVE OBJECTIVE A YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)
0.5 1,500
1.0 3,000
2.0 6,000
10 30,000

6.2.2 Objective B
Process Description
The upgrade evaluated for an SBR plant to achieve Objective B (TIN <3 mg/L) includes increasing SBR
tank volume as identified for Objective A, installing denitrification filters, and providing a methanol feed
and storage tank system for a carbon source to drive the denitrification process. If the existing plant does
not have an equalization basin, then a new equalization tank is needed to maintain a relatively constant
flow to the denitrification filters. Biowin does not have an option to size and model denitrification filters,
so they were sized separately. Table 6-2 summarizes the process design data.

Denitrification filters are used as a polishing treatment process for nitrogen removal. The denitrification
filters remove nitrate-nitrogen by the biologically mediated process that converts the nitrate-nitrogen to
nitrogen gas and concurrently removes suspended solids from the secondary effluent stream. Two types
of denitrification filters are available:

• Downflow continuous backwash filters—Downflow denitrification filters operate in a
conventional filtration mode and consist of media and support gravel supported by an
underdrain. Denitrification takes place through the filter system due to limited or anoxic
conditions, and the nitrate-nitrogen is converted to nitrogen gas, which is embedded in the
filter media and removed through nitrogen-release cycles. The piping for the filter influent
and backwash is similar to that of conventional filters. Backwash is required at regular
intervals.

• Upflow filters—In an upflow filter, wastewater moves up through the filter media and filtrate
is discharged from the upper portion.

Downflow denitrification filters were assumed for the Objective B upgrade, with two duty filters at an
application rate of 3 gallons per minute per square foot (gpm/ft2). The filters were sized for 115 percent
capacity, which included a 5-percent capacity allowance for backwashing. The filters were sized as
follows:

• MMWWF = 1 mgd (694.4 gpm)

• Design the filter at 110% of MMWWF capacity

• Provide 5% allowance for backwashing

• Design capacity + Backwash = 798.6 gpm

• Filter Application Rate = 3 gpm/ft2

• Required Filter Area = 266.2 square feet
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• Area of each Filter = 133.1 square feet

The head loss of the system increases as the nitrogen gas accumulates in the filter media. This requires
periodic release of the nitrogen gas during backwashes. This can be achieved by removing a reactor from
service and applying backwash water for a short period of time. Therefore, three filters are needed, in
order to provide continuous filtration. The total filter area with three filters—two operating and one for
backwash—would be 400 square feet.

The equalization tank would need to be sized to store one SBR decant volume during peak flow. The total
number of cycles in a day for each SBR tank is three (each cycle is eight hours). With two SBR tanks, the
plant performs a total of six cycles per day. Thus, for a peak flow of 1.72 mgd, the required volume of the
equalization tank is 1.72 mgd ÷ 6 cycles per day, or approximately 0.3 MG.

Methanol feed and storage tanks systems would be sized as described in Chapter 4 for upgrading the
extended aeration systems.

Recycled Loads
The TN and TP recycle loads for SBR plants would be the same as presented for upgraded extended
aeration plants meeting this objective. Refer to the Chapter 4 extended aeration Objective B recycle loads
discussion.

Sludge Production
Since the Objective B SBR system was not modeled using Biowin, it was assumed that the difference in
sludge produced compared to an existing SBR would be similar to the difference between the Objective B
extended aeration system (951 ppd) and the existing extended aeration system (949 ppd). This 2-ppd
difference was added to the existing SBR average daily sludge value (1,118 ppd) to yield an average
sludge production rate for Objective B SBRs of 1,120 ppd. The average sludge production increase
associated with achieving Objective B would be negligible at less than 0.2 percent. The increased sludge
production associated with upgrading the existing plant to achieve Objective B would be equivalent to
approximately 1.8 pounds per million gallons of wastewater treated on an annual basis.

Energy Consumption
The upgraded plant to achieve Objective B will consume approximately 16 percent more energy than the
existing SBR plant, as shown in Table 6-5. This increase in energy consumption is mostly attributable to
the operation of the denitrification filters and the chemical feed systems. Energy requirements associated
with the solids handling and dewatering processes would be approximately the same as for the existing
plant.

Chemical Usage
The Objective B upgrade would require the same amount of alkalinity supplementation as the
Objective A upgrade. It would reduce the annual quantity of alkalinity addition 7.6 percent, from about
52 gallons of magnesium hydroxide per million gallons treated for the existing plant to 48 gallons per
million gallons treated for the upgraded plant. The methanol requirement for carbon supplementation to
achieve Objective B year-round would be approximately 3,700 gallons of methanol per year, or 16
gallons per million gallons of wastewater treated.
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TABLE 6-5.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective A Year-Round ....................... 1,178,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 164,000 kW-hours/year
Percent ................................................... 16%
Increase per Volume of Plant Flow ....... 719 kW-hours/MG

Footprint Requirements
The additional process footprint area required to achieve Objective B would include the expansion of the
SBR tanks as described for Objective A plus the area required for a secondary flow equalization tank,
denitrification filters and methanol storage tanks and feed system. The footprint for the denitrification
filters includes the filter column area, the area of internal recycle pumping, and the area of wash water
pumping. Table 6-6 presents the additional footprint area required to upgrade the existing SBR plants to
achieve Objective B year round for the four generic plant capacities.

TABLE 6-6.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO ACHIEVE

OBJECTIVE B YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design

Capacity (mgd)
SBR Tank
Expansion

Denitrification
Filters

Methanol Storage
& Feed

Equalization
Basin Total

0.5 1,500 1,200 400 1,500 4,600
1.0 3,000 2,400 600 3,000 9,000
2.0 6,000 4,000 800 6,000 16,800
10 30,000 9,000 1,000 16,000 56,000

6.2.3 Objective C
Process Description
The upgrade evaluated to achieve Objective C (TP <1 mg/L) includes adding alum for chemical
precipitation of orthophosphate and magnesium hydroxide for pH control. The quantity of alum required
to reduce TP to less than 1.0 mg/L from the assumed existing effluent concentration of 2.0 mg/L was
calculated stochiometrically; no Biowin model was generated. Magnesium hydroxide dose was
determined based on the alum-to-magnesium-hydroxide ratio applied to the extended aeration system
Objective C upgrade presented in Chapter 4. For year-round nutrient removal, alum and magnesium
hydroxide storage tanks were sized for maximum chemical consumption during MMWWF, AWWF or
ADWF. Table 6-2 presents the alum and magnesium hydroxide dosage rates for the 1-mgd SBR plant.
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Recycled Loads
The TN and TP recycle loads for SBR plants would be the same as for extended aeration plants. See the
extended aeration recycled loads for Objective C discussions in Chapter 4 for a detailed description.

Sludge Production
Sludge production rates for the upgraded SBR plant achieving Objective C were extrapolated from the
Biowin results for upgraded extended aeration plants. It was assumed that the difference in sludge
produced compared to an existing SBR will be similar to the difference between the Objective C extended
aeration system (1,201 ppd) and the existing extended aeration system (949 ppd). This 252-ppd difference
was correlated to an average alum dose of 118 gpd, which equates to 2.14 pounds of additional dry sludge
solids per gallon of alum applied. The SBR plant was determined to require only 21 percent of the alum
dose needed for the extended aeration system. Thus the increase in sludge production for the 1-mgd SBR
plant would be 53 ppd, or 4.7 percent. This represents 0.04 tons of dry solids per million gallons of
wastewater treated.

Energy Consumption
There would be very little increase (less than 1 percent) in energy consumption for the upgraded SBR
plant to achieve Objective C. As shown in Table 6-7, the incremental increase in the consumption of
energy would be equivalent to 18 kW-hours per million gallons of wastewater treated.

TABLE 6-7.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective C Year-Round ....................... 1,018,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 4,000 kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... 18 kW-hours/MG

Chemical Usage
To meet Objective C would not require more alkalinity supplementation than required by the existing
plant. Based on an existing final effluent total phosphorus concentration of 2 mg/L, the average annual
alum usage would be approximately 40 gallons per million gallons of wastewater treated to achieve
Objective C.

Footprint Requirements
Table 6-8 compares the secondary footprint area for existing SBR plants to the area required to achieve
Objective C for the four plant capacities. The additional footprint area is required for alum storage and
feed systems.
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TABLE 6-8.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO

ACHIEVE OBJECTIVE C YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)
0.5 300
1.0 500
2.0 1,000
10 2,000

6.2.4 Objective D
Process Description
The upgrade evaluated to achieve Objective D (TP <0.1 mg/L) is to provide chemical precipitation using
alum and magnesium hydroxide and to add final effluent flow equalization and tertiary filters to the
existing SBR system. It is assumed that the phosphorus in the final effluent produced by the existing
treatment plant is 2 mg/L.

Alum required to reduce TP from 2.0 mg/L to 0.1 mg/L was calculated stochiometrically as described in
Chapter 4; no Biowin model was generated. Magnesium hydroxide dosage was determined based on
extrapolation of the alum-to-magnesium-hydroxide ratio described in Objective C. For year-round
nutrient removal, alum and magnesium hydroxide storage tanks were sized for maximum chemical
consumption during MMWWF, AWWF or ADWF. Refer to Table 6-2 for alum and magnesium
hydroxide dosage rates.

Recycled Loads
The TN and TP recycle loads for SBR plants would be the same as for extended aeration plants. See the
extended aeration recycled loads for Objective D discussions in Chapter 4 for a detailed description.

Sludge Production
The methodology for determining the effect on sludge production of upgrading the existing SBR plant to
achieve Objective D was similar to that described for Objective C. It was assumed that the difference in
sludge produced by an upgraded SBR plant to achieve Objective D would be similar to an extended
aeration plant achieving the same objective. The incremental increase in sludge production associated
with upgrading an extended aeration plant to achieve Objective D year-round was determined to be
approximately 1.9 pounds of additional sludge per gallon of alum applied. The 1-mgd SBR plant
upgraded to achieve Objective D would require 24,445 gallons of alum, so the additional sludge produced
would be 23.1 tons of dry solids per year. This corresponds to an annual sludge production increase of
202 pounds (0.10 tons) of additional dry solids per million gallons of influent wastewater treated, an
increase of 18 percent.

Energy Consumption
As shown in Table 6-9, there would be a small increase in energy consumption to achieve Objective D for
an SBR plant, principally due to operation of the filters.
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TABLE 6-9.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective D Year-Round ....................... 1,038,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 24,000 kW-hours/year
Percent ................................................... 2%
Increase per Volume of Plant Flow ....... 105 kW-hours/MG

Chemical Usage
The average annual alum usage to meet Objective D year-round would be 107 gallons per million gallons
of wastewater treated. Additional alkalinity supplementation would be required to compensate for the
alum dose; the magnesium hydroxide usage would increase 13,700 gallons per year for the 1-mgd model
plant, or an additional 60 gallons of magnesium hydroxide per million gallons of wastewater treated.

Footprint Requirements
The footprint expansion required for the year-round Objective D upgrade would be for the tertiary filters,
the equalization storage, and the chemical storage tanks. Table 6-10 presents the increased footprint area
required for the four generic plant capacities.

TABLE 6-10.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO ACHIEVE

OBJECTIVE D YEAR-ROUND

Plant Design Additional Area Required for Upgrade (square feet)
Capacity (mgd) Alum Storage and Feed Systems Equalization Basin Filters Total

0.5 300 1,500 420 2,220
1.0 520 3,000 830 4,350
2.0 1,000 6,000 1,660 8,660
10 2,500 16,000 8,300 26,800

6.2.5 Objective E
Process Description
Existing SBR plants can be upgraded to achieve Objective E (TIN <8 mg/L and TP <1 mg/L) by
completing the upgrades described for both Objective A and Objective C. For the 1-mgd plant, the
upgrade would be to increase the capacity of the two existing SBR tanks from 0.5 MG to 0.65 MG and to
construct chemical feed and storage tank systems. Dosages rates for alum and magnesium hydroxide
would be the same as presented in Table 6-2 for Objective B.
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Recycled Loads
The TN and TP recycle loads for SBR plants were assumed to be the same as for extended aeration plants.
See the extended aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
Sludge production rates for the upgraded SBR plant achieving Objective E were extrapolated from
Biowin modeled results for upgraded extended aeration plants. It was assumed that the difference in
sludge produced compared to an existing SBR will be similar to the sludge production difference between
the extended aeration plant upgraded to achieve Objective E (1,201 ppd) and the existing extended
aeration system (949 ppd). This 366-ppd of additional sludge per million gallons of wastewater treated is
correlated to an average alum dose of 118 gpd, which equates to 1.9 pounds of additional dry sludge
solids per gallon of alum applied. The SBR plant upgrade was determined to require only 33.8 percent of
the alum dose needed to upgrade the extended aeration system for Objective E. The increased sludge
production for a 1-mgd SBR plant would be only 76 ppd, or 6.7 percent. This represents an increase of
0.06 tons of dry solids per million gallons of wastewater treated.

Energy Consumption
As shown in Table 6-11, there would be a slight increase (<1%) in energy consumption for the plant
upgraded to achieve Objective E. Although there would be more sludge generated by the upgraded plant,
there would be slightly less energy required for the solids handling process due to the longer sludge age
maintained in the SBR process.

TABLE 6-11.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective E Year-Round........................ 1,017,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 3,000 kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... 13 kW-hours/MG

Chemical Usage
To meet Objective E, the upgraded SBR plant would not require more alkalinity supplementation than
required by the existing plant. The average annual alum usage to achieve Objective E would be
approximately 40 gallons per million gallons of wastewater treated.

Footprint Requirements
The increased footprint requirements for upgrading the existing SBR plant to achieve Objective E would
be for expansion of the SBR tankage as described for Objective A and for chemical storage and feeding
systems as described for Objective C. Table 6-12 summarizes the footprint area requirement for the four
generic plant capacities.



…6. TECHNOLOGICAL EVALUATION FOR SEQUENCING BATCH REACTOR PLANTS

6-11

TABLE 6-12.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO ACHIEVE

OBJECTIVE E YEAR-ROUND

Plant Design Additional Area Required for Upgrade (square feet)
Capacity (mgd) SBR Tank Expansion Alum Storage and Feed Systems Total

0.5 1,500 300 1,800
1.0 3,000 520 3,520
2.0 6,000 1,000 7,000
10 30,000 2,500 32,500

6.2.6 Objective F
Process Description
Objective F (TIN <3 mg/L and TP <0.1 mg/L) can be achieved by simultaneously completing the
upgrades described for both Objective B and Objective D:

• Increase the volume of SBR tanks approximately 18 percent.

• Install denitrification filters.

• Add methanol as a supplemental carbon source.

• Add a flow equalization basin for secondary effluent decants from the SBR reactors to
provide a relatively uniform rate of flow to the filters and to minimize the size and cost of the
filtration facilities.

• Provide chemical precipitation using alum and expand alkalinity control using magnesium
hydroxide.

Recycled Loads
The TN and TP recycle loads for SBR plants are same as for extended aeration plants. See the extended
aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
Following the procedure outlined for the other objectives, upgrading the existing SBR plant to achieve
Objective F would increase the annual sludge production approximately 17 percent on an annual basis,
compared to the existing plant. This is equivalent to an annual increase of 190 pounds (0.095 tons) of
sludge per million gallons wastewater treated. The increase would be primarily a consequence of
precipitating phosphorus with alum.

Energy Consumption
Based on extended aeration total phosphorus removal results, 17 percent more energy would be required
for the upgraded SBR plant to achieve Objective F than for the existing plant, as shown in Table 6-13.
Although there would be more sludge generated by the upgraded plant, there would be slightly less
energy required for solids handling due to the longer sludge age maintained in the SBR process.
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TABLE 6-13.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective F Year-Round........................ 1,190,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 176,000 kW-hours/year
Percent ................................................... 17%
Increase per Volume of Plant Flow ....... 772 kW-hours/MG

Chemical Usage
The average annual alum usage for the upgraded SBR plant to meet Objective F would be 106.4 gallons
per million gallons of wastewater treated. Magnesium hydroxide dosage would increase 39 percent, an
incremental increase equivalent to 20 gallons per million gallons of wastewater treated.

Footprint Requirements
The increased process footprint requirements for upgrading the existing SBR plant to achieve Objective F
would include: expansion of the SBR tankage and addition of denitrification filters and methanol storage
and feedings system as described for Objective B; and addition of alum storage and feeding and tertiary
filtration system as described for Objective D. For the purposes of this analysis, it was assumed that the
tertiary filtration and denitrification filters would be a combined filtration system. Table 6-14 summarizes
the footprint area requirement for the four generic plant capacities.

TABLE 6-14.
ADDITIONAL PROCESS FOOTPRINT AREA REQUIRED FOR UPGRADING SBR PLANTS TO

ACHIEVE OBJECTIVE F YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design

Capacity (mgd)
SBR Tank
Expansion

Methanol Storage
& Feed

Alum Storage and
Feed Systems

Equalization
Basin Filters Total

0.5 1,500 400 300 1,500 420 4,120
1.0 3,000 600 520 3,000 830 7,950
2.0 6,000 800 1,000 6,000 1,660 15,460
10 30,000 1,000 2,500 16,000 8,300 57,800

6.3 SEASONAL NUTRIENT REMOVAL
Improvements required to provide seasonal nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 6-15, which is attached at the
end of this chapter.
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6.3.1 Objective A
Process Description
The Objective A (TIN <8 mg/L) treatment process upgrades for seasonal nutrient removal would be the
same as for year-round nutrient removal (the capacity of the existing aeration tanks would need to be
increased) except that the capital facilities would be designed based on MMDWF instead of MMWWF
and O&M costs would be based on ADWF instead of AWWF. Refer to Section 6.2.1 for detailed process
description. Process design data are included in Table 6-15.

Recycled Loads
The TN and TP recycle loads for SBR plants are same as for extended aeration plants. See the extended
aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
Sludge production would decrease approximately 4 percent during dry season with the operation of the
Objective A upgraded plant. On an average annual basis, seasonal operation of the upgraded SBR plant to
achieve Objective A would decrease sludge production about 2 percent, or 0.0175 tons of dry solids per
million gallons of influent wastewater treated.

Energy Consumption
Upgrading the SBR plant secondary treatment process to achieve Objective A for dry-season nutrient
removal would increase the total plant energy requirements by 5,000 kW-hours/year, or <1 percent, as
shown in Table 6-16. There would be a slight decrease in the energy requirement for solids processes as a
result of the reduced volatile solids loading. The annual energy consumption for the upgraded plant would
increase by about 22 kW-hours per million gallons of influent wastewater treated.

TABLE 6-16.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective A Dry Season ....................... 1,019,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 5,000 kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... 22 kW-hours/MG

Chemical Usage
The model predicts that the both the existing and the upgraded SBR plants would need supplemental
addition of alkalinity to sustain the nitrification process and to maintain the pH of the secondary effluent
above 6.5. Upgrade of the existing SBR plant to achieve Objective A seasonally would increase the
annual quantity of supplemental alkalinity addition by 7.6 percent—an additional 4 gallons of magnesium
hydroxide per million gallons treated per year.
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Footprint Requirements
Process footprint requirements associated with upgrading an existing SBR plant to achieve Objective A
seasonally would be the same as presented for year-round nutrient removal in Section 6.2.1. Refer to
Table 6-4.

6.3.2 Objective B
Process Description
The Objective B (TIN <3 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round nutrient removal except that the capital facilities would be designed based on MMDWF
instead of MMWWF and O&M costs will be based on ADWF instead of AWWF. Refer to Section 6.2.2
for detailed process description. Process design data are included in Table 6-15.

Recycled Loads
The TN and TP recycle loads for SBR plants are same as for extended aeration plants. See the extended
aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
The sludge production would increase slightly as a result of seasonal implementation of Objective B—
about 0.1 percent on an annual basis, or 0.9 pounds per million gallons of influent wastewater treated.
This would be an annual increase of only 205 pounds of dry solids for an upgraded 1-mgd SBR plant.

Energy Consumption
Upgrading the SBR plant secondary treatment process to achieve Objective B for dry-season nutrient
removal would increase the total plant energy requirements by 67,000 kW-hours/year, or about 7 percent,
as shown in Table 6-17. There would be slight decrease in the energy requirements for solids processes as
a result of the reduced volatile solids loading on the aerobic digester. The annual energy consumption for
the upgraded plant would increase by about 294 kW-hours per million gallons of influent wastewater
treated.

TABLE 6-17.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective B Dry Season......................... 1,081,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 67,000 kW-hours/year
Percent ................................................... 7%
Increase per Volume of Plant Flow ....... 294 kW-hours/MG

Chemical Usage
Upgrade of the existing SBR plant to achieve Objective B would reduce the quantity of supplemental
alkalinity required by 15.4 percent on an annual flow basis. The upgraded plant would require an
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additional 8 gallons of magnesium hydroxide per million gallons treated on an annual basis. It also would
require the addition of methanol at a rate of approximately 8 gallons of methanol per million gallons of
wastewater treated on an annual basis.

Footprint Requirements
Table 6-18 presents the additional footprint area required for upgrading existing SBR plants to achieve
Objective B on a dry weather season basis for the four generic plant capacities.

TABLE 6-18.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO ACHIEVE

OBJECTIVE B SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design

Capacity (mgd)
SBR Tank
Expansion

Denitrification
Filters

Methanol Storage
& Feed

Equalization
Basin Total

0.5 1,500 800 400 1,000 3,800
1.0 3,000 1,700 600 2,000 7,300
2.0 6,000 2,800 800 4,200 13,800
10 30,000 6,300 1,000 11,200 48,500

6.3.3 Objective C
Process Description
The Objective C (TP <1 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round nutrient removal except that the capital facilities would be designed based on MMDWF
instead of MMWWF.

Recycled Loads
The TN and TP recycle loads for SBR plants are assumed to be same as for extended aeration plants. See
the extended aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
Sludge production for the upgraded 1-mgd SBR plant to achieve Objective C seasonally would be 53 ppd
greater than for the existing plant during the dry weather season, a 2.3-percent increase in the annual mass
of sludge produced by the plant. The increase represents 42.4 pounds (0.02 tons) of dry solids per million
gallons of influent wastewater treated on an annual basis.

Energy Consumption
Upgrading the SBR plant secondary treatment process to achieve Objective C for dry season nutrient
removal would slightly reduce the total plant energy requirements as shown in Table 6-19.
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TABLE 6-19.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective C Dry Season......................... 1,009,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (5000) kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... (22) kW-hours/MG

Chemical Usage
Upgrade of the existing SBR plant to achieve Objective C would require an additional 8 gallons of
magnesium hydroxide per million gallons treated on an annual basis. The upgrade would require the
addition of alum to remove phosphorus at an average rate of 66 gallons per million gallons of wastewater
treated during seasonal dry weather, or 26.4 gallons per million gallons of wastewater treated on an
annual basis.

Footprint Requirements
The site area requirements to accommodate the process upgrades to achieve Objective C on a seasonal
basis would be the same as for the Objective C year-round upgrade.

6.3.4 Objective D
Process Description
The Objective D (TP <0.1 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round nutrient removal except that the capital facilities would be designed based on MMDWF
instead of MMWWF and O&M costs will be based on ADWF instead of AWWF. Refer to Section 6.2.4
for detailed process description. Process design data are included in Table 6-15.

Recycled Loads
The TN and TP recycle loads for SBR plants are same as for extended aeration plants. See the extended
aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
Sludge production for the upgraded 1-mgd SBR plant to achieve Objective D on a seasonal dry weather
basis would be approximately 126 ppd greater than for the existing plant during the dry weather season, a
5.6 percent increase in the annual mass of sludge produced. This represents 101 pounds (0.05 tons) of dry
solids per million gallons of influent wastewater treated on an annual basis.

Energy Consumption
As shown in Table 6-20, there would be a small increase in energy consumption to achieve Objective D
seasonally for an SBR plant, principally due to the operation of the filters.
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TABLE 6-20.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective D Dry Season ........................ 1,024,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 10,000 kW-hours/year
Percent ................................................... 1%
Increase per Volume of Plant Flow ....... 44 kW-hours/MG

Chemical Usage
The average annual alum usage to achieve Objective D seasonally would be 26.8 gallons per million
gallons of wastewater treated. The magnesium hydroxide usage would increase 3,650 gallons per year for
the 1-mgd model plant, or an additional 16 gallons of magnesium hydroxide per million gallons of
wastewater treated.

Footprint Requirements
The footprint expansion required for the seasonal Objective D upgrade would be for the tertiary filters,
the equalization storage, and the chemical storage tanks. Table 6-21 presents the increased footprint area
required for the four generic plant capacities.

TABLE 6-21.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO ACHIEVE

OBJECTIVE D SEASONALLY

Plant Design Additional Area Required for Upgrade (square feet)
Capacity (mgd) Alum Storage and Feed Systems Equalization Basin Filters Total

0.5 300 1,100 320 1,720
1.0 520 2,250 630 3,400
2.0 1,000 4,500 1,250 7,650
10 2,500 12,000 6,300 20,800

6.3.5 Objective E
Process Description
The Objective E (TIN <8 mg/L and TP <1 mg/L) treatment processes for seasonal nutrient removal would
be the same as for year-round nutrient removal except that the capital facilities would be designed based
on MMDWF instead of MMWWF and O&M costs will be based on ADWF instead of AWWF. Refer to
Section 6.2.5 for detailed process description. Process design data are included in Table 6-15.
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Recycled Loads
The TN and TP recycle loads for SBR plants are same as for extended aeration plants. See the extended
aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
Sludge production for the 1-mgd SBR plant upgraded to achieve Objective E on a seasonal basis would
be 76 ppd greater than for the existing plant, a 3.3 percent increase in the annual mass of sludge produced.
This represents an increase of 61 pounds (0.03 tons) of dry solids per million gallons of influent
wastewater treated on an annual basis.

Energy Consumption
As shown in Table 6-22 there would be a slight reduction (<1%) in the energy consumption by the
upgraded plant to achieve Objective E on a seasonal dry weather basis. Although there would be more
sludge generated by the upgraded plant, there would be slightly less energy required for the solids
handling process due to the longer sludge age maintained in the SBR process.

TABLE 6-22.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE E SEASONAL

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective E Dry Season......................... 1,008,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (6,000) kW-hours/year
Percent ................................................... <-1%
Increase per Volume of Plant Flow ....... (26) kW-hours/MG

Chemical Usage
The upgrade to achieve Objective E on a seasonal basis would require the addition of alum and
magnesium hydroxide, and the usage rates would be equivalent to those required to achieve Objective C
on a seasonal basis. Methanol would not be required.

Footprint Requirements
The increased footprint requirements associated with upgrading the existing SBR plant to achieve
Objective E during seasonal dry weather would be for expansion of the SBR tankage as described for
Objective A and for chemical storage and feeding systems as described for Objective C. Table 6-23
summarizes the footprint area requirement for upgrading existing SBR plant to achieve Objective E for
the four generic plant capacities.
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TABLE 6-23.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING SBR PLANTS TO ACHIEVE

OBJECTIVE E SEASONALLY

Plant Design Additional Area Required for Upgrade (square feet)
Capacity (mgd) SBR Tank Expansion Alum Storage and Feed Systems Total

0.5 1,500 300 1,800
1.0 3,000 520 3,520
2.0 6,000 1,000 7,000
10 30,000 2,500 32,500

6.3.6 Objective F
Process Description
The Objective F (TIN <3 mg/L and TP <0.1 mg/L) treatment processes for seasonal nutrient removal
would be the same as for year-round nutrient removal except that the capital facilities would be designed
based on MMDWF instead of MMWWF and O&M costs will be based on ADWF instead of AWWF.
Refer to Section 6.2.6 for detailed process description. Process design data are included in Table 6-15.

Recycled Loads
The TN and TP recycle loads for SBR plants are same as for extended aeration plants. See the extended
aeration recycled loads discussions in Chapter 4 for a detailed description.

Sludge Production
Sludge production for the 1-mgd SBR plant upgraded to achieve Objective F on a seasonal dry weather
basis would be 119 ppd greater than for the existing plant, a 5.3-percent in the annual mass of sludge
produced by the plant. This represents an increase of 95 pounds (0.048 tons) of dry solids per million
gallons of influent wastewater treated on an annual basis.

Energy Consumption
Although there would be more sludge generated by the upgraded plant, there would be slightly less
energy required for the solids handling process due to the longer sludge age maintained in the SBR. The
effect of upgrading the existing SBR plant to achieve Objective F on a seasonal basis would increase the
annual power requirements approximately 7 percent or 311 kW-hours per million gallons of influent
wastewater treated on an annual basis, as shown in Table 6-24.

Chemical Usage
The average annual alum usage to achieve Objective F seasonally would be 134 gallons per million
gallons of wastewater treated during the dry season, or 84 gallons per million gallons of influent
wastewater treated on an annual basis. Magnesium hydroxide dosage would increase 19 percent on an
annual basis, which equates to an incremental increase of 8 gallons per million gallons of influent
wastewater treated. Methanol would be required as a supplemental carbon source to drive the
denitrification process in the filters. Methanol usage would be equal to 8 gallons per million gallons of
influent wastewater treated on an annual basis.
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TABLE 6-24.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING SBR

PLANT TO ACHIEVE OBJECTIVE F SEASONAL

Yearly Energy Required
Existing SBR Plant ................................ 1,014,000 kW-hours/year
Objective F Dry Season ......................... 1,190,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 71,000 kW-hours/year
Percent ................................................... 7%
Increase per Volume of Plant Flow ....... 311 kW-hours/MG

Footprint Requirements
The increased process footprint requirements associated with upgrading the existing SBR plant to achieve
Objective F for dry season nutrient removal would include: expansion of the SBR tankage and addition of
denitrification filters and methanol storage and feedings system as described for Objective B; and addition
of alum storage and feeding and tertiary filtration system as described for Objective D. For the purposes
of this analysis, it was assumed that the tertiary filtration and denitrification filters would be a combined
filtration system. Table 6-25 summarizes the footprint area requirement for the four generic plant
capacities.

TABLE 6-25.
ADDITIONAL PROCESS FOOTPRINT AREA REQUIRED FOR UPGRADING SBR PLANTS TO

ACHIEVE OBJECTIVE F SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design

Capacity (mgd)
SBR Tank
Expansion

Methanol Storage
& Feed

Alum Storage and
Feed Systems

Equalization
Basin Filters Total

0.5 1,500 400 300 1,100 320 2,120
1.0 3,000 600 520 2,250 630 4,300
2.0 6,000 800 1,000 4,500 1,250 13,550
10 30,000 1,000 2,500 12,000 6,300 51,800



Description
Existing 
SBR Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Existing 
SBR Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Existing 
SBR Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent + Recycle Flow, mgd 1.021 1.021 1.021 1.021 1.021 1.021 1.021 0.77 0.77 0.77 0.77 0.77 0.77 0.77 0.52 0.52 0.52 0.52 0.52 0.52 0.52

Temp, oC 10 10 10 10 10 10 10 10 10 10 10 10 10 10 15 15 15 15 15 15 15
Influent with Recycle Loads
BOD 166 166 166 166 166 166 166 221 221 221 221 221 221 221 326 326 326 326 326 326 326

PROCESS DESIGN ‐ MMWW FLOWS 

TABLE 6‐2.

Upgraded Plant Upgraded Plant Upgraded Plant

SEQUENCING BATCH REACTOR PLANT BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL
WET SEASON ‐ AWW FLOWS DRY SEASON ‐ ADW FLOWS 

TSS 228 228 228 228 228 228 228 304 304 304 304 304 304 304 449 449 449 449 449 449 449
VSS 152 152 152 152 152 152 152 202 202 202 202 202 202 202 258 258 258 258 258 258 258
TKN 27.6 27.6 27.6 27.6 27.6 27.6 27.6 36.76 36.76 36.76 36.76 36.76 36.76 36.76 54.41 54.41 54.41 54.41 54.41 54.41 54.41
TP 6.8 7.64 8.09 8.05 8.31 8.43 7.6 9.16 11 11.52 10.72 11.02 10.06 10.09 13.52 17.99 17.72 16.08 14.97 16.48 14.94
Alkalinity 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.68 2.68 2.68 2.68 2.68 2.68 2.68 4 4 4 4 4 4 4
pH 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 7 7 7 7 7 7 7
SBR Tank
No of Tanks 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Each Tank Volume, MG 0.50 0.65 0.65 0.50 0.50 0.65 0.65 0.50 0.65 0.65 0.50 0.50 0.65 0.65 0.50 0.65 0.65 0.50 0.50 0.65 0.65
HRT, hrs 23.5 30.6 30.6 23.5 23.5 30.6 30.6 31.2 20.3 40.5 31.2 31.2 40.5 40.5 23.1 30.0 60.0 46.2 46.2 60.0 60.0
MLSS Conc., mg/L 3,000 2,800 2,800 3,000 3,000 2,800 2,800 3,000 3,000 3,000 3,000 3,000 3,000 3,000 3,500 3,300 3,300 3,500 3,500 3,300 3,300
DO Concentration, mg/L 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Air Supply Rate, ft3/min 720 840 840 720 720 840 840 780 900 900 780 780 900 900 1,050 1,180 1,180 1,050 1,050 1,180 1,180
Cycle Time, hrs 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8
SRT, days 16 20.8 20.8 16 16 20.8 20.8 16 20.8 20.8 16 16 20.8 20.8 16 20.8 20.8 16 16 20.8 20.8
Equalization Tank
Tank Volume, MG 0.3 0.3 0.3 0.3 0.3 0.3
Denite Filters
Required Area, SF 400 400 400 400 400 400
Methanol, gpd 20 20 15 15 10 10
Tertiary Filters
Filter Area (ft2) (From Capdet) 550 550 550 550 550 550
Chemical Addition
Alum Dosage, gpd 15 65 15 65 17 66 17 66 33 67 33 67
Magnesium Hydroxide Dosage, gpd 40 40 40 20 80 20 60 40 30 30 20 80 10 50 25 30 30 30 60 20 40
Effluent
BOD, mg/L 4.5 2.8 2.8 4.5 4.5 2.8 2.8 3.5 2.3 2.3 3.5 3.5 2.3 2.3 2.5 1.5 1.5 2.5 2.5 1.5 1.5
TSS, mg/L 16.0 10.0 10.0 16.0 16.0 10.0 10.0 10.5 7.3 7.3 10.5 10.5 7.3 7.3 6.6 5.0 5.0 6.6 6.6 5.0 5.0
Phosphorous (from Biowin), mg/L 0.875 0.65 0.65 1 0.1 0.65 0.65 0.61 0.5 0.5 0.61 0.61 0.5 0.5 0.4 3 3 0.4 0.4 3 3
Phosphorous (assumed), mg/L 2 2 2 1 0.1 1 0.1 2.67 2.67 2.67 1 0.1 1 0.1 4 4 4 1 0.1 1 0.1
Ammonia N, mg/L 5.2 2 2 5.2 5.2 2 2 6.5 2.2 2.2 6.5 6.5 2.2 2.2 0.5 0.2 0.2 0.5 0.5 0.2 0.2
TIN, mg/L 9.4 6.9 3 9.4 9.4 6.9 3 11.8 7.9 3 11.8 11.8 7.9 3 9 7.4 3 9 9 7.4 3
pH 6.4 6.4 6.4 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.6 6.6 6.5 6.5 6.6 6.6
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Description
Existing 
SBR Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Existing 
SBR Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent + Recycle Flow, mgd 1.021 1.021 1.021 1.021 1.021 1.021 1.021 0.52 0.52 0.52 0.52 0.52 0.52 0.52

Temp, oC 10 10 10 10 10 10 10 15 15 15 15 15 15 15
Influent with Recycle Loads
BOD 240 240 240 240 240 240 240 326 326 326 326 326 326 326
TSS 329 329 329 329 329 329 329 449 449 449 449 449 449 449
VSS 219 219 219 219 219 219 219 258 258 258 258 258 258 258
TKN 40 40 40 40 40 40 40 54.41 54.41 54.41 54.41 54.41 54.41 54.41
TP 9.9 12.21 12.5 11.73 10.98 12.95 10.98 13.52 17.99 17.72 16.08 14.97 16.48 14.94
Alkalinity 2.92 2.92 2.92 2.92 2.92 2.92 2.92 4 4 4 4 4 4 4
pH 7 7 7 7 7 7 7 7 7 7 7 7 7 7
SBR Tank
No of Tanks 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Each Tank Volume, MG 0.50 0.65 0.65 0.50 0.50 0.65 0.65 0.50 0.65 0.65 0.50 0.50 0.65 0.65
HRT, hrs 23.5 30.6 30.6 23.5 23.5 30.6 30.6 23.1 30.0 60.0 46.2 46.2 60.0 60.0
MLSS Conc., mg/L 3,000 3,000 3,000 3,000 3,000 3,000 3,000 3,500 3,300 3,300 3,500 3,500 3,300 3,300
DO Concentration, mg/L 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Air Supply Rate, ft3/min 1,020 1,120 1,120 1,020 1,020 1,120 1,120 1,050 1,180 1,180 1,050 1,050 1,180 1,180
Cycle Time, hrs 8 8 8 8 8 8 8 8 8 8 8 8 8 8
SRT days 16 20 8 20 8 16 16 20 8 20 8 16 20 8 20 8 16 16 20 8 20 8

Upgraded Plant Upgraded Plant

PROCESS DESIGN ‐ MMDW FLOWS  DRY SEASON ‐ ADW FLOWS 

TABLE 6‐15.
SEQUENCING BATCH REACTORS BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL

SRT, days 16 20.8 20.8 16 16 20.8 20.8 16 20.8 20.8 16 16 20.8 20.8
Equalization Tank
Tank Volume, MG 0.3 0.3 0.3 0.3
Denite Filters
Required Area, SF 276 276 276 276
Methanol, gpd 15 15 10 10
Tertiary Filters
Filter Area (ft2) (to be filled) 380 380 380 380
Chemical Addition
Alum Dosage, gpd 20 66 20 66 33 67 33 67
Magnesium Hydroxide Dosage, gpd 40 30 30 30 70 20 50 25 30 30 30 60 20 40
Effluent
BOD, mg/L 4.5 1.5 1.5 4.5 4.5 1.5 1.5 2.5 1.5 1.5 2.5 2.5 1.5 1.5
TSS, mg/L 9.5 6.0 6.0 9.5 9.5 6.0 6.0 6.6 5.0 5.0 6.6 6.6 5.0 5.0
Phosphorous (from Biowin), mg/L 0.52 3.75 3.75 0.52 0.52 3.75 3.75 0.4 3 3 0.4 0.4 3 3
Phosphorous (assumed), mg/L 3 3 3 1 0.1 1 0.1 4 4 4 1 0.1 1 0.1
Ammonia N, mg/L 0.5 0.3 0.3 0.5 0.5 0.3 0.3 0.5 0.2 0.2 0.5 0.5 0.2 0.2
TIN, mg/L 8 6.8 3 8 8 6.8 3 9 7.4 3 9 9 7.4 3
pH 6.3 6.5 6.5 6.5 6.5 6.5 6.5 6.5 6.6 6.6 6.5 6.5 6.6 6.6

S:\Active\135‐20352‐09001 ECY Nutrient Removal WWTP\reports\Final Report May 2011\Tables 6‐2 and 6‐15_formatted.xls 6/2/2011



CHAPTER 7.
TECHNOLOGICAL EVALUATION FOR TRICKLING FILTER,

TRICKLING FILTER/SOLIDS CONTACT AND ROTATING
BIOLOGICAL CONTACTOR PLANTS

7.1 BASE CASE/EXISTING SYSTEM
It is assumed that the base case for this category is a plant that consists of the following:

• A headworks with coarse screening system

• Primary clarifiers

• Secondary treatment system consisting of trickling filters (TF), rotating biological contactors
(RBC) or trickling filters with solids contact (TF/SC)

• Secondary clarifiers.

Biowin cannot model trickling filter or RBC plants. For the purposes of this report, the existing and
upgraded plant data for this category are assumed to be the same as for the conventional activated sludge
plants discussed in Chapter 5, except as noted in this chapter.

Cost models for the base case were developed using CapdetWorks. Primary and secondary treatment
facility sizing for a 1.0-mgd existing plant were modeled as follows:

• Trickling Filter—Based on the CapdetWorks cost model, a 1.0-mgd trickling filter plant
consists of two primary clarifiers, each 26 feet in diameter, one trickling filter 34.3 feet in
diameter, and two secondary clarifiers, each 36 feet in diameter.

• Rotating Biological Contactor—Based on the CapdetWorks cost model, a 1.0-mgd RBC plant
consists of two primary clarifiers, each 26 feet in diameter, and two secondary clarifiers, each
36 feet in diameter. The RBC size was not listed in the CapdetWorks Model. A detention
time of 1.44 hours was used for the RBC tank per Metcalf & Eddy.

• Trickling Filter/Solids Contact—Based on the CapdetWorks cost model, a 1.0-mgd trickling
filter/solids contact plant consists of two primary clarifiers, each 26 feet in diameter, one
trickling filter 34.3 feet in diameter, two 215-square-foot aeration tanks, and two secondary
clarifiers, each 21 feet in diameter.

Table 7-1 shows the secondary footprint area for existing TF, RBC and TF/SC plants for the three generic
plant capacities. The existing secondary area for TF and TF/SC plants includes the trickling filters and the
secondary clarifiers. The existing secondary area for RBC plants includes the RBC tanks and the
secondary clarifiers..

7.2 YEAR-ROUND NUTRIENT REMOVAL
Improvements required to provide year-round nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 5-2, which is attached at the
end of Chapter 5.



17-2

TABLE 7-1.
FOOTPRINT COMPARISON FOR EXISTING TRICKLING FILTER, ROTATING BIOLOGICAL

CONTACTOR, AND TRICKLING FILTER/SOLIDS CONTACT SYSTEMS

Plant Design Existing Secondary Area (square feet)
Capacity (mgd) TF RBC TF/SC

1 6,750 10,190 4,120
10 60,550 80,590 33,980

150 897,340 1,180,480 500,940

7.2.1 Objective A
Process Description
The upgrade evaluated to achieve Objective A (TIN <8 mg/L) includes demolition of the existing
secondary treatment process facilities (RBC, trickling filters, solids contact tanks and clarifiers) and
construction of new aeration, anoxic tanks and membrane tanks. The existing headworks coarse screen
would be replaced with a fine screen system in order to protect the downstream membranes. The aeration
treatment process would be an MLE-MBR process, as described for the CAS system in Section 5.2.1. The
new tanks to be constructed include a 0.2-MG aeration tank, a 0.1-MG anoxic tank, and a 20,000-gallon
MBR tank. The existing aeration tank volume should also be added to the total tank volume for the
upgrade. Figure 5-2 shows the process flow schematic for the upgraded plant.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective A year-round treatment for a
conventional activated sludge system, as described in Section 5.2.1 and listed in Table 5-3.

Sludge Production
Sludge production would be the same as estimated for Objective A year-round treatment for a
conventional activated sludge system, as described in Section 5.2.1.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective A year-round would change the
plant energy requirements as shown in Table 7-2, 7-3 or 7-4, respectively.

Chemical Usage
Chemical use would be the same as estimated for Objective A year-round treatment for a conventional
activated sludge system, as described in Section 5.2.1.

Footprint Requirements
The proposed secondary footprint includes a new anoxic tank, aeration tank, MBR tank, aeration blower
building, MBR blower building and RAS pump building. Table 7-5 compares the additional site area
requirements for upgrading existing TF, RBC and TF/SC plants to achieve Objective A year-round for the
three generic plant capacities. Refer to Appendix C for a detailed footprint summary of the existing and
upgraded systems.
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TABLE 7-2.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective A Year-Round ....................... 674,600 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 468,800 kW-hours/year
Percent ................................................... 228%
Increase per Volume of Plant Flow........ 2,055 kW-hours/MG

TABLE 7-3.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective A Year-Round........................ 656,100 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 514,400 kW-hours/year
Percent.................................................... 363%
Increase per Volume of Plant Flow........ 2,295 kW-hours/MG

TABLE 7-4.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective A Year-Round ....................... 704,100 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 391,300 kW-hours/year
Percent ................................................... 125%
Increase per Volume of Plant Flow........ 1,715 kW-hours/MG

TABLE 7-5.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE A YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 1,089 (2,352) 3,724
10 3,049 (16,988) 29,621
150 (27,443) (310,583) 368,953



17-4

7.2.2 Objective B
Process Description
The upgrade evaluated for achieving Objective B (TIN <3 mg/L) is to demolish the existing secondary
treatment process facilities and construct new aeration, anoxic tanks and membrane tanks. The headworks
coarse screen would be replaced with fine screen system in order to protect the downstream membranes.
The aeration treatment process would be a 4-stage Bardenpho-MBR process as described for the CAS
system in Section 5.2.2. The new tanks to be constructed include a 0.2-MG aeration tank, a 0.1-MG
anoxic tank, a 0.05-MG post-anoxic tank, and a 20,000-gallon MBR tank. The existing aeration tank
volume should also be added to the total tank volume for the upgrade. Figure 5-3 shows the upgraded
process flow schematic.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective B year-round treatment for a
conventional activated sludge system, as described in Section 5.2.2 and listed in Table 5-6.

Sludge Production
Sludge production would be the same as estimated for Objective B year-round treatment for a
conventional activated sludge system, as described in Section 5.2.2.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective B year-round would change the
plant energy requirements as shown in Table 7-6, 7-7 or 7-8, respectively.

Chemical Usage
Chemical use would be the same as estimated for Objective B year-round treatment for a conventional
activated sludge system, as described in Section 5.2.2.

Footprint Requirements
The proposed secondary footprint includes new anoxic tank, aeration tank, post anoxic tank, MBR tank,
aeration blower building, MBR blower building, RAS pump building, and methanol containment tank.
Table 7-9 compares the additional site area requirements for upgrading existing TF, RBC and TF/SC
plants to achieve Objective B year-round for the three generic plant capacities. Refer to Appendix C for a
detailed footprint summary of the existing and upgraded systems.

TABLE 7-6.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective B Year-Round........................ 779,100 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 573,300 kW-hours/year
Percent ................................................... 279%
Increase per Volume of Plant Flow........ 2,513 kW-hours/MG
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TABLE 7-7.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective B Year-Round........................ 760,600 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 618,900 kW-hours/year
Percent.................................................... 437%
Increase per Volume of Plant Flow........ 2,713 kW-hours/MG

TABLE 7-8.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective B Year-Round........................ 808,600 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 495,800 kW-hours/year
Percent ................................................... 159%
Increase per Volume of Plant Flow........ 2,174 kW-hours/MG

TABLE 7-9.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE B YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 2,396 (1,045) 5,031
10 11,761 (8,276) 38,333
150 (56,192) (339,332) 340,204

7.2.3 Objective C
Process Description
Objective C (TP <1.0 mg/L) can be achieved by adding new alum storage tanks and feed system for
phosphorus removal and magnesium hydroxide for pH control. Biowin cannot model TF/RBC plants, so
alum and magnesium hydroxide dosages are assumed to be same as for the CAS system Objective C
upgrade described in Section 5.2.3. No modifications to the solids treatment process are proposed.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective C year-round treatment for a
conventional activated sludge system, as described in Section 5.2.3 and listed in Table 5-9.
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Sludge Production
Sludge production would be the same as estimated for Objective C year-round treatment for a
conventional activated sludge system, as described in Section 5.2.3.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective C year-round would change the
plant energy requirements as shown in Table 7-10, 7-11 or 7-12, respectively.

TABLE 7-10.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective C Year-Round........................ 220,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 14,300 kW-hours/year
Percent ................................................... 7%
Increase per Volume of Plant Flow........ 62 kW-hours/MG

TABLE 7-11.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective C Year-Round........................ 168,700 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 27,000 kW-hours/year
Percent.................................................... 19%
Increase per Volume of Plant Flow........ 118 kW-hours/MG

TABLE 7-12.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective C Year-Round........................ 326,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 13,700 kW-hours/year
Percent ................................................... 4%
Increase per Volume of Plant Flow........ 60 kW-hours/MG
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Chemical Usage
Chemical use would be the same as estimated for Objective C year-round treatment for a conventional
activated sludge system, as described in Section 5.2.3.

Footprint Requirements
The total additional area required for alum and magnesium hydroxide containment tanks to achieve
Objective C year-round is 186 square feet for a 1.0-mgd plant. Refer to Appendix B for detailed storage
tank calculations.

7.2.4 Objective D
Process Description
Objective D (TP <0.1 mg/L) can be achieved by adding tertiary filters in addition to a chemical
precipitation process using alum and magnesium hydroxide. Alum and magnesium hydroxide dosages are
assumed to be same as for the CAS system Objective D upgrade described in Section 5.2.4. No
modifications to the solids treatment process are proposed.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective D year-round treatment for a
conventional activated sludge system, as described in Section 5.2.4 and listed in Table 5-12.

Sludge Production
Sludge production would be the same as estimated for Objective D year-round treatment for a
conventional activated sludge system, as described in Section 5.2.4.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective D year-round would change the
plant energy requirements as shown in Table 7-13, 7-14 or 7-15, respectively.

Chemical Usage
Chemical use would be the same as estimated for Objective D year-round treatment for a conventional
activated sludge system, as described in Section 5.2.4.

Footprint Requirements
The total additional area required for the tertiary filters and the alum and magnesium hydroxide
containment tanks is 762 square feet for a 1.0-mgd plant. Refer to Appendix B for detailed storage tank
calculations and Appendix C for tertiary filter footprint requirements.
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TABLE 7-13.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective D Year-Round ....................... 234,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 28,600 kW-hours/year
Percent ................................................... 14%
Increase per Volume of Plant Flow........ 125 kW-hours/MG

TABLE 7-14.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective D Year-Round........................ 177,900 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 36,200 kW-hours/year
Percent.................................................... 26%
Increase per Volume of Plant Flow........ 159 kW-hours/MG

TABLE 7-15.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective D Year-Round ....................... 335,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 22,700 kW-hours/year
Percent ................................................... 7%
Increase per Volume of Plant Flow........ 100 kW-hours/MG

7.2.5 Objective E
Process Description
Objective E (TIN <8 mg/L and TP <1.0 mg/L) can be achieved by converting the existing plant to an
MLE-MBR process and by adding alum and magnesium hydroxide feed systems and storage tanks for
phosphorus removal, as described in Section 5.2.5.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective E year-round treatment for a
conventional activated sludge system, as described in Section 5.2.5 and listed in Table 5-15.
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Sludge Production
Sludge production would be the same as estimated for Objective E year-round treatment for a
conventional activated sludge system, as described in Section 5.2.5.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective E year-round would change the
plant energy requirements as shown in Table 7-16, 7-7 or 7-18, respectively.

TABLE 7-16.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective E Year-Round........................ 690,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 484,700 kW-hours/year
Percent ................................................... 236%
Increase per Volume of Plant Flow........ 2,125 kW-hours/MG

TABLE 7-17.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective E Year-Round ........................ 690,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 548,800 kW-hours/year
Percent.................................................... 387%
Increase per Volume of Plant Flow........ 2,046 kW-hours/MG

TABLE 7-18.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective E Year-Round........................ 690,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 377,700 kW-hours/year
Percent ................................................... 121%
Increase per Volume of Plant Flow........ 1,656 kW-hours/MG
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Chemical Usage
Chemical use would be the same as estimated for Objective E year-round treatment for a conventional
activated sludge system, as described in Section 5.2.5.

Footprint Requirements
The proposed secondary footprint includes new anoxic tank, aeration tank, MBR tank, aeration blower
building, MBR blower building, RAS pump building and containment tanks for alum and magnesium
hydroxide storage. Table 7-19 compares the additional site area requirements for upgrading existing TF,
RBC and TF/SC plants to achieve Objective E year-round for the three generic plant capacities. Refer to
Appendix C for a detailed footprint summary of the existing and upgraded systems.

TABLE 7-19.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE E YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 1,089 (2,352) 3,724
10 3,485 (16,553) 30,056
150 (26,136) (309,276) 370,260

7.2.6 Objective F
Process Description
Objective F (TIN <3 mg/L and TP <0.1 mg/L) can be achieved by converting the existing plant to a 4-
stage Bardenpho process and by adding alum and magnesium hydroxide feed systems and storage tanks
for phosphorus removal, as described in Section 5.2.6.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective F year-round treatment for a
conventional activated sludge system, as described in Section 5.2.6 and listed in Table 5-18.

Sludge Production
Sludge production would be the same as estimated for Objective F year-round treatment for a
conventional activated sludge system, as described in Section 5.2.6.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective F year-round would change the
plant energy requirements as shown in Table 7-20, 7-21 or 7-22, respectively.

Chemical Usage
Chemical use would be the same as estimated for Objective F year-round treatment for a conventional
activated sludge system, as described in Section 5.2.6.
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TABLE 7-20.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective F Year-Round ........................ 820,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 614,500 kW-hours/year
Percent ................................................... 300%
Increase per Volume of Plant Flow........ 2,694 kW-hours/MG

TABLE 7-21.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING

RBC PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective F Year-Round ........................ 820,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 678,600 kW-hours/year
Percent.................................................... 479%
Increase per Volume of Plant Flow........ 2,975 kW-hours/MG

TABLE 7-22.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective F Year-Round........................ 820,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 507,500 kW-hours/year
Percent ................................................... 162%
Increase per Volume of Plant Flow........ 2,225 kW-hours/MG

Footprint Requirements
The proposed secondary footprint includes new anoxic tank, aeration tank, post anoxic tank, MBR tank,
aeration blower building, MBR blower building, RAS pump building and alum, magnesium hydroxide
and methanol containment tanks. Table 7-23 compares the additional site area requirements for upgrading
existing TF, RBC and TF/SC plants to achieve Objective F year-round for the three generic plant
capacities. Refer to Appendix C for a detailed footprint summary of the existing and upgraded systems.
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TABLE 7-23.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE F YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 3,703 261 6,338
10 23,522 3,485 50,094
150 120,661 (162,479) 517,057

7.3 SEASONAL NUTRIENT REMOVAL
Improvements required to provide seasonal nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 5-21, which is attached at the
end of Chapter 5.

7.3.1 Objective A
Process Description
The Objective A (TIN <8 mg/L) treatment process for seasonal nutrient removal would be an MLE
system. The improvements would be essentially the same as described for CAS seasonal treatment in
Section 5.3.1.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective A seasonal treatment for a
conventional activated sludge system, as described in Section 5.3.1 and listed in Table 5-22.

Sludge Production
Sludge production would be the same as estimated for Objective A seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.1.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective A seasonally would change the
plant energy requirements as shown in Table 7-24, 7-25 or 7-26, respectively.

TABLE 7-24.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective A Seasonal............................. 370,250 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 164,500 kW-hours/year
Percent ................................................... 80%
Increase per Volume of Plant Flow........ 721 kW-hours/MG
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TABLE 7-25.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing RBC Plant ................................ 205,900 kW-hours/year
Objective A Seasonal ............................. 351,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 210,100 kW-hours/year
Percent.................................................... 148%
Increase per Volume of Plant Flow........ 921 kW-hours/MG

TABLE 7-26.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective A Seasonal............................. 399,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 87,000 kW-hours/year
Percent ................................................... 28%
Increase per Volume of Plant Flow........ 381 kW-hours/MG

Chemical Usage
Chemical use would be the same as estimated for Objective A seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.1.

Footprint Requirements
Table 7-27 compares the additional site area requirements for upgrading existing TF, RBC and TF/SC
plants to achieve Objective A seasonally for the three generic plant capacities. Refer to Appendix C for
detailed footprint areas of the existing system and the proposed system.

TABLE 7-27.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE A SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 3,267 (174) 5,902
10 27,878 7,841 54,450
150 352,836 69,696 749,232
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7.3.2 Objective B
Process Description
The Objective B (TIN <3 mg/L) treatment processes for seasonal nutrient removal would be to upgrade to
a four-stage Bardenpho process with the addition of methanol. The improvements would be essentially
the same as described for CAS seasonal treatment in Section 5.3.2.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective B seasonal treatment for a
conventional activated sludge system, as described in Section 5.3.2 and listed in Table 5-25.

Sludge Production
Sludge production would be the same as estimated for Objective B seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.2.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective B seasonally would change the
plant energy requirements as shown in Table 7-28, 7-29 or 7-30, respectively.

TABLE 7-28.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective B Seasonal ............................. 384,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 178,500 kW-hours/year
Percent ................................................... 87%
Increase per Volume of Plant Flow........ 782 kW-hours/MG

TABLE 7-29.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing RBC Plant ................................141,700 kW-hours/year
Objective B Seasonal .............................365,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity.....................................224,100 kW-hours/year
Percent....................................................158%
Increase per Volume of Plant Flow........982 kW-hours/MG
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TABLE 7-30.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective B Seasonal ............................. 413,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 101,000 kW-hours/year
Percent ................................................... 32%
Increase per Volume of Plant Flow........ 443 kW-hours/MG

Chemical Usage
Chemical use would be the same as estimated for Objective B seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.2.

Footprint Requirements
Table 7-31 compares the additional site area requirements for upgrading existing TF, RBC and TF/SC
plants to achieve Objective B seasonally for the three generic plant capacities. Refer to Appendix C for
detailed footprint areas of the existing system and the proposed system.

TABLE 7-31.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE B SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 4,574 1,133 7,209
10 37,462 17,424 64,033
150 349,787 66,647 746,183

7.3.3 Objective C
Process Description
For Objective C (TP <1 mg/L), the only difference between the year-round and the seasonal nutrient
removal is that the capital facilities would be sized for either MMDWF or ADWF instead of the
MMWWF. The improvements would be essentially the same as for year-round treatment.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective C seasonal treatment for a
conventional activated sludge system, as described in Section 5.3.3 and listed in Table 5-28.
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Sludge Production
Sludge production would be the same as estimated for Objective C seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.3.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective C seasonally would change the
plant energy requirements as shown in Table 7-32, 7-33 or 7-34, respectively.

TABLE 7-32.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective C Seasonal ............................. 220,400 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 14,600 kW-hours/year
Percent ................................................... 7%
Increase per Volume of Plant Flow........ 64 kW-hours/MG

TABLE 7-33.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective C Seasonal ............................. 166,900 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 25,500 kW-hours/year
Percent.................................................... 18%
Increase per Volume of Plant Flow........ 110 kW-hours/MG

TABLE 7-34.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective C Seasonal ............................. 327,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 14,400 kW-hours/year
Percent ................................................... 5%
Increase per Volume of Plant Flow........ 63 kW-hours/MG
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Chemical Usage
Chemical use would be the same as estimated for Objective C seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.3.

Footprint Requirements
The total additional area required for alum and magnesium hydroxide containment tanks to achieve
Objective C seasonally is 186 square feet for a 1.0-mgd plant (the same as for Objective C year-round
treatment). Refer to Appendix B for detailed storage tank calculations.

7.3.4 Objective D
Process Description
For Objective D (TP <0.1 mg/L), the only difference between the year-round and the seasonal nutrient
removal is that the capital facilities would be sized for either MMDWF or ADWF instead of the
MMWWF. The improvements would be essentially the same as for year-round treatment.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective D seasonal treatment for a
conventional activated sludge system, as described in Section 5.3.4 and listed in Table 5-30.

Sludge Production
Sludge production would be the same as estimated for Objective D seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.4.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective D seasonally would change the
plant energy requirements as shown in Table 7-35, 7-36 or 7-37, respectively.

TABLE 7-35.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective D Seasonal............................. 223,100 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 17,300 kW-hours/year
Percent ................................................... 8%
Increase per Volume of Plant Flow........ 76 kW-hours/MG
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TABLE 7-36.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective D Seasonal ............................. 166,900 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 25,200 kW-hours/year
Percent.................................................... 18%
Increase per Volume of Plant Flow........ 110 kW-hours/MG

TABLE 7-37.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective D Seasonal............................. 327,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 14,400 kW-hours/year
Percent ................................................... 5%
Increase per Volume of Plant Flow........ 63 kW-hours/MG

Chemical Usage
Chemical use would be the same as estimated for Objective D seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.4.

Footprint Requirements
Additional footprint area required for Objective D is the same as for Objective D seasonal treatment for a
CAS plant, as listed in Table 5-32. This footprint includes alum, magnesium hydroxide containment tanks
and tertiary filters.

7.3.5 Objective E
Process Description
The Objective E (TIN <8 mg/L and TP <1 mg/L) treatment process for seasonal nutrient removal would
be essentially the same as described for CAS seasonal treatment in Section 5.3.5.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective E seasonal treatment for a
conventional activated sludge system, as described in Section 5.3.5 and listed in Table 5-33.

Sludge Production
Sludge production would be the same as estimated for Objective E seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.5.
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Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective E seasonally would change the
plant energy requirements as shown in Table 7-38, 7-39 or 7-40, respectively.

TABLE 7-38.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective E Seasonal ............................. 390,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 184,400 kW-hours/year
Percent ................................................... 90%
Increase per Volume of Plant Flow........ 808 kW-hours/MG

TABLE 7-39.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective E Seasonal.............................. 390,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 248,500 kW-hours/year
Percent.................................................... 175%
Increase per Volume of Plant Flow........ 1,089 kW-hours/MG

TABLE 7-40.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective E Seasonal ............................. 390,200 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 77,400 kW-hours/year
Percent ................................................... 25%
Increase per Volume of Plant Flow........ 339 kW-hours/MG

Chemical Usage
Chemical use would be the same as estimated for Objective E seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.5.
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Footprint Requirements
Table 7-41 compares the additional site area requirements for upgrading existing TF, RBC and TF/SC
plants to achieve Objective E seasonally for the three generic plant capacities. Refer to Appendix C for
detailed footprint areas of the existing system and the proposed system.

TABLE 7-41.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE E SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 3,267 (174) 5,902
10 29,621 9,583 56,192
150 375,487 92,347 771,883

7.3.6 Objective F
Process Description
The Objective F (TIN <3 mg/L and TP <0.1 mg/L) treatment process for seasonal nutrient removal would
be essentially the same as described for CAS seasonal treatment in Section 5.3.6.

Recycled Loads
Recycled nutrient loads would be the same as estimated for Objective F seasonal treatment for a
conventional activated sludge system, as described in Section 5.3.6 and listed in Table 5-36.

Sludge Production
Sludge production would be the same as estimated for Objective F seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.6.

Energy Consumption
Upgrading a TF plant, RBC plant or TF/SC plant to achieve Objective F seasonally would change the
plant energy requirements as shown in Table 7-42, 7-43 or 7-44, respectively.

TABLE 7-42.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING TF

PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing TF Plant ................................... 205,800 kW-hours/year
Objective F Seasonal.............................. 414,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 208,600 kW-hours/year
Percent ................................................... 101%
Increase per Volume of Plant Flow........ 914 kW-hours/MG
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TABLE 7-43.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
RBC PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing RBC Plant ................................ 141,700 kW-hours/year
Objective F Seasonal.............................. 414,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 272,600 kW-hours/year
Percent.................................................... 192%
Increase per Volume of Plant Flow........ 1,195 kW-hours/MG

TABLE 7-44.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
TF/SC PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing TF/SC Plant ............................. 312,800 kW-hours/year
Objective F Seasonal ............................. 414,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 101,500 kW-hours/year
Percent ................................................... 32%
Increase per Volume of Plant Flow........ 445 kW-hours/MG

Chemical Usage
Chemical use would be the same as estimated for Objective F seasonal treatment for a conventional
activated sludge system, as described in Section 5.3.6.

Footprint Requirements
Table 7-45 compares the additional site area requirements for upgrading existing TF, RBC and TF/SC
plants to achieve Objective F seasonally for the three generic plant capacities. Refer to Appendix C for
detailed footprint areas of the existing system and the proposed system.

TABLE 7-45.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING TF, RBC AND

TF/SC PLANTS TO ACHIEVE OBJECTIVE F SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) TF Plants RBC Plants TF/SC Plants

1 5,445 2,004 8,080
10 45,738 25,700 72,310
150 468,706 185,566 865,102





CHAPTER 8.
TECHNOLOGICAL EVALUATION FOR MEMBRANE

BIOLOGICAL REACTOR PLANTS

8.1 BASE CASE/EXISTING SYSTEM
A base case model was developed in Biowin representing a membrane biological reactor (MBR) plant
with a capacity of 1.0 mgd (MMWWF). Figure 8-1 depicts the process flow schematic for the modeled
MBR plant. The plant features a pre-anoxic tank, an aeration tank, a post-anoxic tank and a membrane
bioreactor. Waste sludge is mechanically thickened and then stabilized in an aerobic digester.

Figure 8-1. Process Flow Schematic for an Existing MBR Plant

Table 8-1 summarizes the assumed number of aeration tank trains and number of aerators per train, based
on annual average plant capacity. According to the design criteria, the average annual flow for a plant
with MMWWF of 1.0 mgd is 0.63 mgd. Therefore, the modeled 1.0-mgd plant has two aeration tank
trains; it is assumed that each train will have two membrane tanks, for a total of four membrane tanks.
One tank is assumed to be redundant, so the flow handled by each tank is calculated as the total flow
divided by 3. The membranes were sized to achieve a peak-day flux of 20 gpd/ft2. Table 8-2 shows the
sizing and flux rate calculations for the 1.0-mgd plant and corresponding calculations for plants with
capacities of 10 mgd and 100 mgd.

Using a packing density of 8.0 ft2/ft3, the volume of each membrane tank was determined to be 20,000
gallons. The total volume of the three firm membrane units is 60,000 gallons. This volume was used in
the MBR Biowin model. The total tank volume of the modeled MBR process is 0.66 MG; the pre- and
post-anoxic tanks each account for 18 percent of the total volume, the aerobic tank for 55 percent, and the
MBR tanks for 9 percent.

Table 8-3 summarizes the existing MBR tank design data at MMWWF conditions. The Biowin model
results indicate that the modeled MBR plant would produce a final effluent with a TIN concentration of
1.7 mg/L; however, to be conservative, it was assumed that the TIN in the effluent is just less than
8 mg/L.
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TABLE 8-1.
NUMBER OF AERATION TANK TRAINS BASED ON

TREATMENT PLANT AVERAGE ANNUAL FLOW

AAF (mgd) No. of Aeration Tank Trains No. of Tanks per Train

0.5 – 2 2 1
2 – 4 3 1
4 – 10 4 1
10 – 20 6 2
20 – 30 8 2
30 – 40 10 3
40 – 50 12 3
50 – 70 14 3
70 – 100 16 4

TABLE 8-2.
NUMBER OF TANKS TRAINS BASED ON PEAK PLANT CAPACITY

MMWWF
= 1 mgd

MMWWF
= 10 mgd

MMWWF
= 100 mgd

Average Annual Flow (mgd) 0.63 6.3 63
No. of Aeration Trains 2 4 16
No. of Membrane Tanks (N) 4 8 32
Peak Day Flow (mgd) 1.72 17.2 172
Peak Day Flux (gpd/ft2) 20 20 20
Membrane Area (ft2) 86,000 860,000 8,600,000
Area per Tank 21,500 107,500 268,750
No. of Membranes in operation (N-1) 3 7 31
MMWWF per train (mgd) 0.33 1.43 3.23
MMWWF Flux Rate (gpd/ft2) 15.5 13.29 12

8.2 YEAR-ROUND NUTRIENT REMOVAL
Improvements required to provide year-round nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 8-4, which is attached at the
end of this chapter.

8.2.1 Objective A
Because the existing system achieves Objective A (TIN <8 mg/L), no upgrades are required for this
alternative. Operational changes should be performed if required to improve existing plant performance.
Because no upgrade is required, the process flow schematic, process design data, recycled loads, sludge
production, energy consumption, chemical usage and footprint requirements are all the same as for the
existing MBR plant.
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TABLE 8-3.
BASE CASE/EXISTING SYSTEM FOR MBR PLANT

Biowin Input Flow ............................................... 1.0 mgd
Temperature ......................................................... 10 ºC

Aeration Tank
Tank Volume ....................................................... 0.36 MG
HRT...................................................................... 8.64 hours
MLSS Concentration............................................ 5,073 mg/L
DO Concentration ................................................ 2 mg/L
Aeration Tank Airflow Rate ................................ 697 cfm
SRT ...................................................................... 23.01 days
RAS Recycle Rate................................................ 1.5 Q

Pre-Anoxic Tank
Tank Volume ....................................................... 0.12 MG
HRT...................................................................... 2.88 hours
Internal Recycle Rate ........................................... 4Q

Post-Anoxic Tank
Tank Volume ....................................................... 0.12 MG
HRT...................................................................... 2.88 hours

Membrane Bioreactor
Tank Volume ....................................................... 0.06 MG
No. of Cassettes.................................................... 4.0
Area of each Cassette ........................................... 16,320 ft2
HRT...................................................................... 1.44 hours
MLSS Concentration............................................ 8,433 mg/L
DO Concentration ................................................ 6.0 mg/L
Air Supply Rate.................................................... 941 cfm
Membrane Flux .................................................... 15.31 gpd/ft2

Sludge Production
Daily Sludge Production ...................................... 930 ppd

Effluent
BOD ..................................................................... 0.87 mg/L
TSS....................................................................... 0.0 mg/L
Phosphorus........................................................... 4.31 mg/L
Ammonia N.......................................................... 0.58 mg/L
TIN....................................................................... 1.71 mg/L (assumed to be <8 mg/L, to be conservative)
pH......................................................................... 6.53

8.2.2 Objective B
Process Description
The upgrade evaluated for achieving Objective B (TIN <3 mg/L) is to add methanol to the post-anoxic
tank to drive the denitrification process. Figure 8-2 shows the upgraded process flow schematic. Except
for the methanol storage tanks, the required facilities are same as the existing system.
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Figure 8-2. Process Schematic of MBR Plant Upgraded for Objective B Year-Round

The methanol dosage required to reduce TIN from 8 mg/L to 3 mg/L was calculated according to the
dosage calculations described for extended aeration plants in Section 4.2.2. Methanol storage tanks were
sized based on the methanol dosage required for the MMWWF. Table 8-4 summarizes the process design
data. Detailed Biowin model reports are in Appendix A.

Recycled Loads
Waste sludge will be thickened in a sludge thickener and digested in an aerobic digester. The percentage
of TN and TP returning from these sludge treatment processes was calculated using Biowin model
outputs. The upgrades to achieve Objective B year-round will not change the estimated recycle loads.

Sludge Production
Based on modeling for Objective B upgrades to CAS and extended aeration systems, it is assumed that
adding methanol will not change the sludge production compared to the existing plant.

Energy Consumption
Upgrading the MBR plant to achieve Objective B year-round would not change the plant energy
requirements, as shown in Table 8-5.

TABLE 8-5.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
MBR PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing MBR Plant............................... 1,213,800 kW-hours/year
Objective B Year-Round ....................... 1,213,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 0 kW-hours/year
Percent ................................................... 0%
Increase per Volume of Plant Flow ....... 0 kW-hours/MG
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Chemical Usage
The upgraded plant to achieve Objective B year-round would require 4,563 gallons of methanol per year
for carbon supplementation to drive the denitrification process, or 20 gallons of methanol per million
gallons of wastewater treated.

Footprint Requirements
Table 8-6 presents the additional site area that would be required for the three generic plant capacities.
The additional footprint required for plant upgrades to achieve Objective B would be for a new methanol
containment tank. Refer to detailed storage tank calculations in Appendix B.

TABLE 8-6.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING MBR PLANTS TO

ACHIEVE OBJECTIVE B YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 600
10 1,000

100 3,300

8.2.3 Objective C
Process Description
The upgrade evaluated to achieve Objective C (TP <1 mg/L) is to provide addition of alum and
magnesium hydroxide to the influent. Except for the addition of chemicals, the processes are the same as
for the existing plant. Alum and magnesium hydroxide storage tanks were sized for the dosage required
for MMWWF. Figure 8-3 depicts the upgraded process flow schematic. Table 8-4 summarizes the process
design data. Detailed Biowin model reports are in Appendix A.

Figure 8-3. Process Schematic of MBR Plant Upgraded for Objective C Year-Round
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Recycled Loads
Waste sludge will be thickened in a sludge thickener and digested in an aerobic digester. The percentage
of TN and TP returning from these sludge treatment processes was calculated using Biowin model
outputs. Table 8-7 summarizes the results.

TABLE 8-7.
NUTRIENT RECYCLING COMPARISON FOR MEMBRANE BIOLOGICAL REACTOR SYSTEMS,

OBJECTIVE C YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 15.0% 14.2% 29.7% 39.1%
Objective C Year-Round 16.3% 15.4% 47.3% 52.0%

Sludge Production
The average sludge produced with the Objective C upgrades would be 1,160 ppd (212 dry tons per year),
23 percent higher than the existing plant average of 940 ppd (172 dry tons per year).

Energy Consumption
Upgrading the MBR plant to achieve Objective C year-round would increase the plant energy
requirements by 6,500 kW-hours/year, or about 0.5 percent, as shown in Table 8-8. There would be a net
energy savings of 7,500 kW-hours/year associated with liquids treatment process and an additional energy
requirement for the operation of solids processes of 14,000 kW-hours/year. The net increase amounts to
about 29 kW-hours per million gallons of influent wastewater treated.

TABLE 8-8.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
MBR PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing MBR Plant............................... 1,213,800 kW-hours/year
Objective C Year-Round ....................... 1,220,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 6,500 kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... 29 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective C year-round would require approximately 36,500 gallons of
alum per year to precipitate phosphorus and approximately 7,300 gallons of magnesium hydroxide for pH
control. These chemical usage rates equate to 159 gallons of alum per million gallons of wastewater
treated and 32 gallons of magnesium hydroxide per million gallons of wastewater treated.
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Footprint Requirements
Table 8-9 presents the additional site area that would be required for the three generic plant capacities.
The additional footprint required for plant upgrades to achieve Objective C would be for containment
tanks for alum and for magnesium hydroxide. Refer to detailed storage tank calculations in Appendix B.

TABLE 8-9.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING MBR PLANTS TO

ACHIEVE OBJECTIVE C YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 500
10 2,000

100 11,000

8.2.4 Objective D
Process Description
The upgrade evaluated to achieve Objective D (TP <0.1 mg/L) is to provide addition of alum and
magnesium hydroxide to the influent. Except for the addition of chemicals, the processes are the same as
for the existing plant. Alum storage tanks were sized for the dosage required for ADWF and magnesium
hydroxide storage tanks were sized for the dosage required for MMWWF. The process flow schematic is
the same as for Objective C (Figure 8-3). Table 8-4 summarizes the process design data. Detailed Biowin
model reports are in Appendix A.

Recycled Loads
Waste sludge will be thickened in a sludge thickener and digested in an aerobic digester. The percentage
of TN and TP returning from these sludge treatment processes was calculated using Biowin model
outputs. Table 8-10 summarizes the results.

TABLE 8-10.
NUTRIENT RECYCLING COMPARISON FOR MEMBRANE BIOLOGICAL REACTOR SYSTEMS,

OBJECTIVE D YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 15.0% 14.2% 29.7% 39.1%
Objective D 16.6% 15.5% 36.6% 48.2%

Sludge Production
The average sludge produced with the Objective D upgrades would be 1,240 ppd (226 dry tons per year),
32 percent higher than the existing plant average of 940 ppd (172 dry tons per year).
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Energy Consumption
Upgrading the MBR plant to achieve Objective D year-round would reduce the plant energy requirements
by 1,000 kW-hours/year, or <1 percent, as shown in Table 8-11. There would be a net energy savings of
10,000 kW-hours/year associated with liquids treatment process and an additional energy requirement for
the operation of solids processes of 9,000 kW-hours/year. The net decrease amounts to about 4 kW-hours
per million gallons of influent wastewater treated.

TABLE 8-11.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
MBR PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

Yearly Energy Required
Existing MBR Plant............................... 1,213,800 kW-hours/year
Objective D Year-Round ....................... 1,212,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (1000) kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... (4) kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective D year-round would require approximately 54,750 gallons of
alum per year to precipitate phosphorus and approximately 14,600 gallons of magnesium hydroxide for
pH control. These chemical usage rates equate to 238 gallons of alum per million gallons of wastewater
treated and 63 gallons of magnesium hydroxide per million gallons of wastewater treated.

Footprint Requirements
Table 8-12 presents the additional site area that would be required for the three generic plant capacities.
The additional footprint required for plant upgrades to achieve Objective D would be for containment
tanks for alum and for magnesium hydroxide. Refer to detailed storage tank calculations in Appendix B.

TABLE 8-12.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING MBR PLANTS TO

ACHIEVE OBJECTIVE D YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 500
10 2,000

100 11,000

8.2.5 Objective E
Because the existing system already achieves the Objective E TIN target (<8 mg/L), year-round treatment
to achieve Objective E requires upgrade only to achieve the TP target (<1 mg/L) and is the same as the
upgrade for Objective C year-round treatment. The process flow schematic is the same as for Objective C
(Figure 8-3). Table 8-4 summarizes the process design data. Detailed Biowin model reports are in
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Appendix A. The process flow schematic, process design data, recycled loads, sludge production, energy
consumption, chemical usage and footprint requirements are all the same as for the year-round Objective
C upgrade, as described in Section 8.2.3.

8.2.6 Objective F
Process Description
Objective F (TIN <3 mg/L and TP <0.1 mg/L) can be achieved by adding methanol to reduce TIN and
adding alum and magnesium hydroxide to reduce TP. The process flow schematic for this alternative is
combination of the schematics for Objectives B and D. Table 8-4 summarizes the process design data.
Detailed Biowin model reports are in Appendix A.

Recycled Loads
Waste sludge will be thickened in a sludge thickener and digested in an aerobic digester. The percentage
of TN and TP returning from these sludge treatment processes was calculated using Biowin model
outputs. Table 8-13 summarizes the results.

TABLE 8-13.
NUTRIENT RECYCLING COMPARISON FOR MEMBRANE BIOLOGICAL REACTOR SYSTEMS,

OBJECTIVE F YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 15.0% 14.2% 29.7% 39.1%
Objective F Year-Round 16.6% 15.5% 36.6% 48.2%

Sludge Production
The average sludge produced with the Objective F upgrades would be 1,240 ppd (226 dry tons per year),
32 percent higher than the existing plant average of 940 ppd (172 dry tons per year).

Energy Consumption
Upgrading the MBR plant to achieve Objective F year-round would reduce the plant energy requirements
by 1,000 kW-hours/year, or <1 percent, as shown in Table 8-11. There would be a net energy savings of
10,000 kW-hours/year associated with liquids treatment process and an additional energy requirement for
the operation of solids processes of 9,000 kW-hours/year. The net decrease amounts to about 4 kW-hours
per million gallons of influent wastewater treated.

Chemical Usage
The upgraded plant to achieve Objective F year-round would require about 54,750 gallons of alum per
year to precipitate phosphorus, 14,600 gallons of magnesium hydroxide for pH control, and 4,562 gallons
of methanol per year for nitrogen reduction. These chemical usage rates equate to 238 gallons of alum per
million gallons of wastewater treated, 63 gallons of magnesium hydroxide per million gallons of
wastewater treated, and 20 gallons of methanol per million gallons of wastewater treated.
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TABLE 8-14.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
MBR PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing MBR Plant............................... 1,213,800 kW-hours/year
Objective F Year-Round........................ 1,212,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (1,000) kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... (4) kW-hours/MG

Footprint Requirements
Table 8-15 presents the additional site area that would be required for the three generic plant capacities.
The additional footprint required for plant upgrades to achieve Objective F would be for containment
tanks for alum, magnesium hydroxide and methanol. Refer to detailed storage tank calculations in
Appendix B.

TABLE 8-15.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING MBR PLANTS TO

ACHIEVE OBJECTIVE F YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

1 700
10 2,300

100 17,000

8.3 SEASONAL NUTRIENT REMOVAL
Improvements required to provide seasonal nutrient removal to achieve each treatment objective are
described below. Process design data for all objectives are included in Table 8-16, which is attached at the
end of this chapter.

8.3.1 Objective A
No upgrades are required to achieve Objective A (TIN <8 mg/L), as the existing system already meets the
effluent target for TIN. Operational changes should be performed if required to improve existing plant
performance. Because no upgrade is required, the process flow schematic, process design data, recycled
loads, sludge production, energy consumption, chemical usage and footprint requirements are all the same
as for the existing MBR plant.

8.3.2 Objective B
Process Description
The Objective B (TIN <3 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round Objective B nutrient removal (add methanol to the post-anoxic tank to drive the
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denitrification process) except that the capital facilities would be designed based on MMDWF instead of
MMWWF and O&M costs will be based on ADWF instead of AWWF. Refer to Section 8.2.2 for detailed
process description. Process design data are included in Table 8-16.

Recycled Loads
Seasonal treatment to achieve Objective B would not cause any change in recycled loads for an MBR
plant.

Sludge Production
Seasonal treatment to achieve Objective B would not cause any change in sludge production for an MBR
plant.

Energy Consumption
Seasonal treatment to achieve Objective B would not cause any change in energy consumption for an
MBR plant.

Chemical Usage
The upgraded plant to achieve Objective B year-round would require 3,650 gallons of methanol per year
for carbon supplementation to drive the denitrification process, or 16 gallons of methanol per million
gallons of wastewater treated.

Footprint Requirements
The additional footprint requirements for achieving Objective B seasonally would be the same as for
achieving this objective year-round.

8.3.3 Objective C
Process Description
The Objective C (TP <1 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round Objective C nutrient removal (adding alum and magnesium hydroxide to reduce TP)
except that the capital facilities would be designed based on MMDWF instead of MMWWF and O&M
costs will be based on ADWF instead of AWWF. Refer to Section 8.2.3 for detailed process description.
Process design data are included in Table 8-16.

Recycled Loads
Waste sludge will be thickened in a sludge thickener and digested in an aerobic digester. The percentage
of TN and TP returning from these sludge treatment processes was calculated using Biowin model
outputs. Table 8-17 summarizes the results.

TABLE 8-17.
NUTRIENT RECYCLING COMPARISON FOR MEMBRANE BIOLOGICAL REACTOR SYSTEMS,

OBJECTIVE C SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 14.2% 39.1%
Objective C, Seasonal 15.4% 52.0%



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

8-12

Sludge Production
The average sludge produced with the Objective C seasonal upgrades would be 1,060 ppd (193 dry tons
per year), 13 percent higher than the existing plant average of 940 ppd (172 dry tons per year).

Energy Consumption
Upgrading the MBR plant to achieve Objective C seasonally would increase the plant energy
requirements by 2,000 kW-hours/year, or about <1%, as shown in Table 8-18. The annual energy
consumption for the upgraded plant would increase by about 9 kW-hours per million gallons of influent
wastewater treated.

TABLE 8-18.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
MBR PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing MBR Plant............................... 1,213,800 kW-hours/year
Objective C Seasonal ............................. 1,215,800 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 2,000 kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... 9 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective C seasonally would require chemical dosages during the dry
season of 115 gpd of alum to precipitate phosphorus and 20 gpd of magnesium hydroxide for pH control.
These rates equate to 20,990 gallons per year (91 gallons per million gallons of wastewater treated) of
alum and 3,650 gallons per year (16 gallons per million gallons of wastewater treated) of magnesium
hydroxide.

Footprint Requirements
The additional footprint requirements for achieving Objective C seasonally would be the same as for
achieving this objective year-round.

Objective D
Process Description
The Objective D (TP <0.1 mg/L) treatment processes for seasonal nutrient removal would be the same as
for year-round Objective D nutrient removal (adding alum and magnesium hydroxide to reduce TP)
except that the capital facilities would be designed based on MMDWF instead of MMWWF and O&M
costs will be based on ADWF instead of AWWF. Refer to Section 8.2.4 for detailed process description.
Process design data are included in Table 8-16.

Recycled Loads
Waste sludge will be thickened in a sludge thickener and digested in an aerobic digester. The percentage
of TN and TP returning from these sludge treatment processes was calculated using Biowin model
outputs. Table 8-19 summarizes the results.
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TABLE 8-19.
NUTRIENT RECYCLING COMPARISON FOR MEMBRANE BIOLOGICAL REACTOR SYSTEMS,

OBJECTIVE D SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 14.2% 39.1%
Objective D, Seasonal 15.5% 48.2%

Sludge Production
The average sludge produced with the Objective D seasonal upgrades would be 1,087 ppd (198 dry tons
per year), 16 percent higher than the existing plant average of 940 ppd (172 dry tons per year).

Energy Consumption
Upgrading the MBR plant to achieve Objective D seasonally would slightly decrease the plant energy
requirements as shown in Table 8-20. Although there would be a net decrease in energy requirements for
the plant as a whole, the energy requirements of the solids treatment process would increase 2,500 kW-
hour/year. The annual energy consumption for the upgraded plant would decrease by about 7 kW-hours
per million gallons of influent wastewater treated.

TABLE 8-20.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
MBR PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing MBR Plant............................... 1,213,800 kW-hours/year
Objective D Seasonal............................. 1,212,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (1,500) kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... (7) kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective D seasonally would require chemical dosages during the dry
season of 150 gpd of alum to precipitate phosphorus and 30 gpd of magnesium hydroxide for pH control.
These rates equate to 27,380 gallons per year (119 gallons per million gallons of wastewater treated) of
alum and 5,475 gallons per year (24 gallons per million gallons of wastewater treated) of magnesium
hydroxide.

Footprint Requirements
The additional footprint requirements for achieving Objective D seasonally would be the same as for
achieving this objective year-round.

8.3.5 Objective E
Because the existing system already achieves the Objective E TIN target (<8 mg/L), seasonal treatment to
achieve Objective E requires upgrade only to achieve the TP target (<1 mg/L) and is the same as the
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upgrade for Objective C seasonal treatment. The process flow schematic, process design data, recycled
loads, sludge production, energy consumption, chemical usage and footprint requirements are all the same
as for the year-round Objective C upgrade, as described in Section 8.3.3. Process design data are included
in Table 8-16.

8.3.6 Objective F
Process Description
The Objective F (TIN <3 mg/L and TP <0.1 mg/L) treatment processes for seasonal nutrient removal
would be the same as for year-round Objective F nutrient removal (adding methanol to reduce TIN and
adding alum and magnesium hydroxide to reduce TP) except that the capital facilities would be designed
based on MMDWF instead of MMWWF and O&M costs would be based on ADWF instead of AWWF.
Process design data are included in Table 8-16.

Recycled Loads
Waste sludge will be thickened in a sludge thickener and digested in an aerobic digester. The percentage
of TN and TP returning from these sludge treatment processes was calculated using Biowin model
outputs. Table 8-21 summarizes the results.

TABLE 8-21.
NUTRIENT RECYCLING COMPARISON FOR MEMBRANE BIOLOGICAL REACTOR SYSTEMS,

OBJECTIVE F SEASONAL NUTRIENT REMOVAL

% of TN Recycled (ADWF) % of TP Recycled (ADWF)

Existing Plant 14.2% 39.1%
Objective F, Seasonal 15.5% 48.2%

Sludge Production
The average sludge produced with the Objective F seasonal upgrades would be 1,087 ppd (198 dry tons
per year), 16 percent higher than the existing plant average of 940 ppd (172 dry tons per year).

Energy Consumption
Upgrading the 1-mgd modeled MBR plant to achieve Objective F year-round would reduce the plant
energy requirements by 1,500 kW-hours/year, or <1 percent, as shown in Table 8-22. There would be a
net energy savings of 4,000 kW-hours/year associated with liquids treatment process and an additional
energy requirement for the operation of solids processes of 2,500 kW-hours/year. The annual energy
consumption for the upgraded plant would decrease by about 7 kW-hours per million gallons of influent
wastewater treated.

Chemical Usage
The upgraded plant to achieve Objective F seasonally would require chemical dosages during the dry
season of 150 gpd of alum to precipitate phosphorus, 30 gpd of magnesium hydroxide for pH control and
10 gpd of methanol for nitrogen removal. These rates equate to 27,380 gallons per year (119 gallons per
million gallons of wastewater treated) of alum, 5,475 gallons per year (24 gallons per million gallons of
wastewater treated) of magnesium hydroxide, and 1,825 gallons per year (8 gallons per million gallons of
wastewater treated) of methanol.
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TABLE 8-22.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
MBR PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing MBR Plant............................... 1,213,800 kW-hours/year
Objective F Seasonal ............................. 1,212,300 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (1,500) kW-hours/year
Percent ................................................... <1%
Increase per Volume of Plant Flow ....... (7) kW-hours/MG

Footprint Requirements
The additional footprint requirements for achieving Objective F seasonally would be the same as for
achieving this objective year-round.





Description

Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Existing 
MBR Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 1.0 1.0 1.0 1.0 1.0 0.75 0.75 0.75 0.75 0.75 0.50 0.50 0.50 0.50 0.50

Temp, oC 10 10 10 10 10 10 10 10 10 10 15 15 15 15 15
fl

PROCESS DESIGN ‐ MMWW WET SEASON ‐ AWW FLOWS 

TABLE 8‐4.
MEMBRANE BIOREACTOR PLANT BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

DRY SEASON ‐ ADW FLOWS 

Upgraded Plant Upgraded Plant Upgraded Plant

Influent
BOD 165 165 165 165 165 221 221 221 221 221 331 331 331 331 331
TSS 188 188 188 188 188 251 251 251 251 251 376 376 376 376 376
VSS 132 132 132 132 132 176 176 176 176 176 263 263 263 263 263
TKN 24 24 24 24 24 32 32 32 32 32 48 48 48 48 48
TP 5.7 5.7 5.7 5.7 5.7 7.6 7.6 7.6 7.6 7.6 11.4 11.4 11.4 11.4 11.4
Alkalinity 2.01 2.01 2.01 2.01 2.01 2.68 2.68 2.68 2.68 2.68 4 4 4 4 4
pH 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 7 7 7 7 7
Aeration Tank
Tank Volume, MG 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
HRT, hrs 8.64 8.64 8.64 8.64 8.64 11.52 11.52 11.52 11.52 11.52 17.28 17.28 17.28 17.28 17.28
MLSS Conc., mg/L 5,073 5,073 5,000 5,138 5,138 5,158 5,158 5,086 5,166 5,166 5,123 5,123 5,195 5,097 5,097
DO Concentration, mg/L 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
Aeration Tank Airflow rate ft3/min 697 697 670 654 654 708 708 681 668 668 769 769 748 746 746
BioWin SRT, days 23.01 23.01 19 18 18 23.01 23.01 19.01 18.01 18.01 23.01 23.01 19.02 18.02 18.02
RAS Recyle Rate 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q
Pre ‐ Anoxic Tank
Tank Volume, MG 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
HRT, hrs 2.88 2.88 2.88 2.88 2.88 3.84 3.84 3.84 3.84 3.84 5.76 5.76 5.76 5.76 5.76
Internal Recycle Rate 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
HRT, hrs 2.88 2.88 2.88 2.88 2.88 3.84 3.84 3.84 3.84 3.84 5.76 5.76 5.76 5.76 5.76
Methanol, gpd 20 20 15 15 10 10
Membrane Bioreactor
Tank Volume, MG 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
No. of Cassettes 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0

Area of each Cassette, ft2 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320
HRT, hrs 1.44 1.44 1.44 1.44 1.44 1.92 1.92 1.92 1.92 1.92 2.88 2.88 2.88 2.88 2.88
MLSS Conc., mg/L 8,433 8,433 8,313 8,534 8,534 8,568 8,568 8,449 8,585 8,585 8,499 8,499 8,620 8,458 8,458
DO Concentration, mg/L 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

Air Supply Rate, ft3/min 941 941 933 942 942 853 853 854 876 876 839 839 832 874 874
Membrane Flux, gpd/ft2 15.31 15.31 15.31 15.31 15.31 11.48 11.48 11.48 11.48 11.48 7.65 7.65 7.65 7.65 7.65
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Description

Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Existing 
MBR Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

PROCESS DESIGN ‐ MMWW WET SEASON ‐ AWW FLOWS 

TABLE 8‐4.
MEMBRANE BIOREACTOR PLANT BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

DRY SEASON ‐ ADW FLOWS 

Upgraded Plant Upgraded Plant Upgraded Plant

Chemical Addition
Alum Dosage, gpd 80 150 150 85 150 150 115 150 150
Magnesium Hydroxide Dosage, gpd 25 50 50 20 50 50 20 30 30
Magnesium Hydroxide Conc., meq/L 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500 14,500
Aerobic Digester
Solids % from Clarifier 0.80% 0.80% 0.83% 0.85% 0.85% 0.85% 0.85% 0.84% 0.85% 0.85% 0.84% 0.84% 0.86% 0.84% 0.84%
Solids % from Thickener 6.00% 6.00% 5.90% 6.10% 6.10% 6.10% 6.10% 6.00% 6.10% 6.10% 6.00% 6.00% 6.10% 6.00% 6.00%
Combined Solids % to Aerobic Digester 3.90% 3.90% 3.90% 4.00% 4.00% 4.00% 4.00% 3.90% 4.00% 4.00% 3.90% 3.90% 4.02% 3.90% 3.90%
VSS loading to Digester,ppd 693 693 722 729 729 695 695 722 728 728 677 677 702 699 699
Total loading to Digester, ppd 1,282 1,282 1,529 1,659 1,659 1,303 1,303 1,555 1,668 1,668 1,293 1,293 1,587 1,645 1,645
Volume, MG 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Hydraulic Residence Time, hrs 1,532 1,532 1,266 1,200 1,200 1,531 1,531 1,266 1,200 1,200 1,530 1,530 1,265 1,198 1,198
Digester Sludge Age, days 63.83 63.83 52.75 50.00 50.00 63.79 63.79 52.75 50.00 50.00 63.75 63.75 52.71 49.92 49.92
Total Sludge Age, days 86.84 86.84 71.75 68.00 68.00 86.80 86.80 71.76 68.01 68.01 86.76 86.76 71.73 67.94 67.94
Digester Airflow rate ft3/min 116 116 116 142 142 116 116 116 116 116 101 101 119 123 123
VSS destruction % 24.69% 24.69% 27.00% 27.60% 27.60% 24.70% 24.70% 27.00% 27.72% 27.72% 22.74% 22.74% 24.98% 25.58% 25.58%
SOUR, mg/L of O2/hr/g TSS (< = 1.5) 0.194 0.194 0.222 0.219 0.219 0.191 0.191 0.217 0.218 0.218 0.171 0.171 0.188 0.195 0.195
Methanol addition,gpd 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Sludge Production
Daily Sludge Production,ppd 930 930 1,119 1,238 1,238 941 941 1,140 1,246 1,246 938 938 1,180 1,233 1,233
Effluent
BOD, mg/L 0.87 0.87 0.9 1.06 1.06 0.81 0.81 0.86 1.07 1.07 0.71 0.71 0.72 0.84 0.84
TSS, mg/L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Phosphorus, mg/L 4.31 4.31 0.81 0.01 0.01 5.64 5.64 0.75 0.01 0.01 8.22 8.22 0.86 0.05 0.05
Ammonia N, mg/L 0.58 0.58 0.71 0.99 0.99 0.5 0.5 0.62 0.86 0.86 0.23 0.23 0.27 0.32 0.32
TIN, mg/L 1.71 1.71 1.85 2.15 2.15 1.95 1.95 2.1 2.38 2.38 2.05 2.05 2.11 2.27 2.27
pH 6.53 6.53 6.53 6.51 6.51 6.65 6.65 6.61 6.63 6.63 6.85 6.85 6.71 6.68 6.68
Recycle Loads
TN in thickener SSM  230.12 230.12 232.52 233.47 233.47 230.32 230.32 232.87 233.58 233.58 228.72 228.72 231.08 231.31 231.31
TN in aerobic digester SSM  220.44 220.44 222.34 223 223 220.55 220.55 222.53 223.06 223.06 219.17 219.17 221 221.21 221.21
TN in Influent 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29
TN recycled from thickener 9.68 9.68 10.18 10.47 10.47 9.77 9.77 10.34 10.52 10.52 9.55 9.55 10.08 10.1 10.1
TN recycled from Digester 20.15 20.15 22.05 22.71 22.71 20.26 20.26 22.24 22.77 22.77 18.88 18.88 20.71 20.92 20.92
Total TN recycled  14.9% 14.9% 16.1% 16.6% 16.6% 15.0% 15.0% 16.3% 16.6% 16.6% 14.2% 14.2% 15.4% 15.5% 15.5%
Phosphorus Recycle from Thickener, ppd 3.66 3.66 8.78 9.01 9.01 4.35 4.35 9.19 9.02 9.02 5.42 5.42 9.67 9.77 9.77
Phosphorus Recycle from Digester, ppd 7.39 7.39 12.7 8.38 8.38 9.78 9.78 13.3 8.39 8.39 13.19 13.19 15.08 13.16 13.16
Total Phosphorus Recycled, ppd 11.05 11.05 21.48 17.39 17.39 14.13 14.13 22.49 17.41 17.41 18.61 18.61 24.75 22.93 22.93
% TP Recycled 23.2% 23.2% 45.2% 36.6% 36.6% 29.7% 29.7% 47.3% 36.6% 36.6% 39.1% 39.1% 52.0% 48.2% 48.2%
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Description

Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 0.69 0.69 0.69 0.69 0.69 0.50 0.50 0.50 0.50 0.50

Temp, oC 10 10 10 10 10 15 15 15 15 15
Influent
BOD 241 241 241 241 241 331 331 331 331 331
TSS 273 273 273 273 273 376 376 376 376 376
VSS 191 191 191 191 191 263 263 263 263 263
TKN 35 35 35 35 35 48 48 48 48 48
TP 8.3 8.3 8.3 8.3 8.3 11.4 11.4 11.4 11.4 11.4
Alkalinity 2.92 2.92 2.92 2.92 2.92 4 4 4 4 4
pH 7 7 7 7 7 7 7 7 7 7
Aeration Tank
Tank Volume, MG 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36 0.36
HRT, hrs 12.5 12.5 12.5 12.5 12.5 17.28 17.28 17.28 17.28 17.28
MLSS Conc., mg/L 5,064 5,064 5,161 5,064 5,064 5,123 5,123 5,195 5,097 5,097
DO Concentration, mg/L 2 2 2 2 2 2 2 2 2 2
A ti T k Ai fl t ft3/ i 769 769 745 736 736 769 769 748 746 746

TABLE 8‐16.

Upgraded Plant Upgraded Plant

MEMBRANE BIOREACTOR PLANT BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL
DRY SEASON ‐ ADW FLOWS PROCESS DESIGN ‐ MMDW

Aeration Tank Airflow rate ft3/min 769 769 745 736 736 769 769 748 746 746
BioWin SRT, days 23.02 23.02 19 18 18 23.01 23.01 19.02 18.02 18.02
RAS Recyle Rate 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q 1.5 Q
Pre ‐ Anoxic Tank
Tank Volume, MG 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
HRT, hrs 4 4 4 4 4 5.76 5.76 5.76 5.76 5.76
Internal Recycle Rate 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q 4Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
HRT, hrs 4 4 4 4 4 5.76 5.76 5.76 5.76 5.76
Methanol, gal/d 15 15 10 10
Membrane Bioreactor
Tank Volume, MG 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
No. of Cassettes 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0

Area of each Cassette, ft2 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320 16,320
HRT, hrs 2 2 2 2 2 2.88 2.88 2.88 2.88 2.88
MLSS Conc., mg/L 8400 8400 8572 8400 8400 8,499 8,499 8,620 8,458 8,458
DO Concentration, mg/L 6 6 6 6 6 6 6 6 6 6

Air Supply Rate, ft3/min 943 943 940 970 970 839 839 832 874 874

Membrane Flux, gpd/ft2 15.31 15.31 15.31 15.31 15.31 7.65 7.65 7.65 7.65 7.65
Chemical Addition
Alum Dosage, gpd 115 150 150 115 150 150
Magnesium Hydroxide Dosage, gpd 20 30 30 20 30 30
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Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
(same as 
Obj. C) Obj. F

Existing 
MBR 
Plant

Obj. A 
(same as 
existing) Obj. B Ojb. C Obj. D

Obj. E 
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Obj. C) Obj. F

TABLE 8‐16.

Upgraded Plant Upgraded Plant

MEMBRANE BIOREACTOR PLANT BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL
DRY SEASON ‐ ADW FLOWS PROCESS DESIGN ‐ MMDW

Magnesium Hydroxide Conc., meq/L 14,500 14,500 14,500
Aerobic Digester
Solids % from Clarifier 0.84% 0.84% 0.85% 0.85% 0.85% 0.84% 0.84% 0.86% 0.84% 0.84%
Solids % from Thickener 6.00% 6.00% 6.10% 6.00% 6.00% 6.00% 6.00% 6.10% 6.00% 6.00%
Combined Solids % to Aerobic Digester 3.90% 3.90% 4.00% 4.00% 4.00% 3.90% 3.90% 4.02% 3.90% 3.90%
VSS loading to Digester, ppd 676 676 701 706 706 677 677 702 699 699
Total loading to Digester, ppd 1,279 1,279 1,578 1,653 1,653 1,293 1,293 1,587 1,645 1,645
Volume, MG 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Hydraulic Residence Time, hrs 1,531 1,531 1,266 1,200 1,200 1,530 1,530 1,265 1,198 1,198
Digester Sludge Age, days 63.79 63.79 52.75 50.00 50.00 63.75 63.75 52.71 49.92 49.92
Total Sludge Age, days 86.81 86.81 71.75 68.00 68.00 86.76 86.76 71.73 67.94 67.94
Digester Airflow rate ft3/min 102 102 120 125 125 101 101 119 123 123
VSS destruction % 22.73% 22.73% 22.73% 25.67% 25.67% 22.74% 22.74% 24.98% 25.58% 25.58%
SOUR, mg/L of O2/hr/g TSS (< = 1.5) 0.172 0.172 0.190 0.197 0.197 0.171 0.171 0.188 0.195 0.195
Methanol addition, gpd 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0
Sludge Production
Daily Sludge production, ppd 936 936 1,177 1,238 1,238 938 938 1,180 1,233 1,233
Effluent
BOD, mg/L 0.76 0.76 0.76 0.88 0.88 0.71 0.71 0.72 0.84 0.84

/TSS, mg/L 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Phosphorous, mg/L 6.18 6.18 0.82 0.06 0.06 8.22 8.22 0.86 0.05 0.05
Ammonia N, mg/L 0.26 0.26 0.26 0.36 0.36 0.23 0.23 0.27 0.32 0.32
TIN, mg/L 1.66 1.66 1.74 1.85 1.85 2.05 2.05 2.11 2.27 2.27
pH 6.72 6.72 6.72 6.54 6.54 6.85 6.85 6.71 6.68 6.68
Recycle Loads
Total TN in thickener SSM  229.79 229.79 231.54 232.78 232.78 228.72 228.72 231.08 231.31 231.31
Total TN in aerobic digester SSM  220.35 220.35 221.72 222.69 222.69 219.17 219.17 221 221.21 221.21
TN in Influent 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29 200.29
TN recycled from thickener 9.44 9.44 9.82 10.09 10.09 9.55 9.55 10.08 10.1 10.1
TN recycled from Digester 20.06 20.06 21.43 22.4 22.4 18.88 18.88 20.71 20.92 20.92
% TN Recycled 14.7% 14.7% 15.6% 16.2% 16.2% 14.2% 14.2% 15.4% 15.5% 15.5%
Phosphorus Recycle from Thickener, ppd 4.35 4.35 9.19 9.8 9.8 5.42 5.42 9.67 9.77 9.77
Phosphorus Recycle from Digester, ppd 9.38 9.38 13.06 13.24 13.24 13.19 13.19 15.08 13.16 13.16
Total Phosphorus Recycled, ppd 13.73 13.73 22.25 23.04 23.04 18.61 18.61 24.75 22.93 22.93
% TP Recycled 28.9% 28.9% 46.8% 48.4% 48.4% 39.1% 39.1% 52.0% 48.2% 48.2%
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CHAPTER 9.
TECHNOLOGICAL EVALUATION FOR HIGH-PURITY OXYGEN

ACTIVATED SLUDGE PLANTS

9.1 BASE CASE/EXISTING SYSTEM
As there are few high-purity oxygen activated sludge (HPO) treatment plants in Washington, a base case
model was developed based on process design data for the West Point Treatment Plant, which has a
MMWWF of 215 mgd. The plant has six treatment trains, with a total mixed liquor tankage volume of
14.1 MG. Each train has four mixed liquor tank; under normal operating conditions the plant is operated
contact sludge reoxygenation process where three tanks are operated in series  as an oxygenated plug
flow contact reactor with the fourth tank used for re-oxygenation of return activated sludge. The design
recycle ratio for the plant is 0.3Q.

For a 1.0-mgd plant, the total mixed liquor tank volume would be 0.066 MG. Figure 9-1 depicts the
process flow schematic for a 1.0-mgd HPO plant with anaerobic digestion for solids treatment. The
system uses a series of well-mixed reactors employing concurrent gas-liquid contact in covered
oxygenated mixed liquor tanks. Oxygenation Tanks 1, 2 and 3 operate in series (75 percent contact) as
plug flow reactors and oxygenation Tank 4 is operated in line with the secondary clarifier. RAS from the
clarifier is conveyed to sludge re-oxygenation tank(i.e. Tank 4) to partially stabilize the biological solids
prior to combining the RAS with the primary clarifier effluent in oxygenation Tank 1. . The DO
concentration in the mixed liquor oxygenation tanks is maintained at 7.0 mg/L. Table 9-1 summarizes the
process design data for the 1.0-mgd base case HPO activated sludge treatment plant.

Figure 9-1. Process Flow Schematic for an Existing HPO Plant
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TABLE 9-1.
BASE CASE/EXISTING SYSTEM FOR HPO ACTIVATED

SLUDGE PLANT

Biowin Input Flow.............................................. 1.0 mgd
Temperature........................................................ 10ºC

Aeration Tank
No of Stages ....................................................... 4
Mode of Operation ............................................. 75%/25%
Total Oxygen Supply.......................................... 52 cfm
SRT..................................................................... 1.5 days
RAS Recycle Rate .............................................. 0.3Q

Stage #1
Operation ............................................................ ML Oxygenation
Volume ............................................................... 0.017 MG
HRT.................................................................... 0.40 hours
MLSS Concentration .......................................... 1,142 mg/L
Oxygen Supply ................................................... 16.1 cfm

Stage #2
Operation ............................................................ ML Oxygenation
Volume ............................................................... 0.017 MG
HRT.................................................................... 0.40 hours
MLSS Concentration .......................................... 1,151 mg/L
Oxygen Supply ................................................... 8.26 cfm

Stage #3
Operation ............................................................ ML Oxygenation
Volume ............................................................... 0.017 MG
HRT.................................................................... 0.40 hours
MLSS Concentration .......................................... 1,153 mg/L
Oxygen Supply ................................................... 6.5 cfm

Stage #4
Operation ............................................................ ML Oxygenation
Volume ............................................................... 0.017 MG
HRT.................................................................... 0.40 hours
MLSS Concentration .......................................... 4,899 mg/L
Oxygen Supply ................................................... 21 cfm
DO Concentration............................................... 7 mg/L

Sludge Production
Total Sludge Produced ....................................... 932 ppd

Effluent
BOD.................................................................... 14.83 mg/L
TSS ..................................................................... 18.8 mg/L
Phosphorous ....................................................... 4.26 mg/L
Ammonia N ........................................................ 15.95 mg/L
TIN ..................................................................... 19.61 mg/L
pH ....................................................................... 6.45
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9.2 YEAR-ROUND NUTRIENT REMOVAL
Improvements required to provide year-round nutrient removal to achieve Objectives A and B are
described below. The other treatment objectives were not evaluated for the HPO plant model. Process
design data for year-round treatment to achieve these two objectives are included in Table 9-2, which is
attached at the end of this chapter.

9.2.1 Objective A
Process Description
The upgrade evaluated for achieving Objective A (TIN <8 mg/L) included converting the existing HPO
system to an oxygen activated MLE process coupled with a MBR (MLE-MBR). The upgraded system
would consist of a 0.12-MG anoxic tank for denitrification, followed by three 0.04-MG aeration tanks in
series for nitrification. The existing clarifier would be replaced with a 0.02-MG MBR tank. The existing
mix liquor tank volume of 0.066 MG would be increased to 0.26 MG; this represents approximately a
300% increase in tankage that would need to be constructed.

The SRT of the upgraded system would be 16.3 days. Magnesium hydroxide would be added to the
influent to maintain pH in the effluent at or above 6.5. Figure 9-2 shows the upgraded process flow
schematic. Table 9-2 summarizes process design data. Detailed Biowin model reports are in Appendix A.

Figure 9-2. Process Schematic of HPO Plant Upgraded for Objective A Year-Round

Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. Table 9-3 summarizes the results.
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TABLE 9-3.
NUTRIENT RECYCLING COMPARISON FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE A YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 27.4% 28.1% 45.6% 50.2%
Objective A Year-Round 16.9% 16.1% 30.4% 31.1%

Sludge Production
The quantity sludge produced with the Objective A upgrades would be 938 ppd (171 dry tons per year),
1.6 percent higher than the existing plant average of 923 ppd (168 dry tons per year).

Energy Consumption
Upgrading a 20 mgd (MM) HPO plant to achieve Objective A year-round would increase the plant energy
requirements by 2,726,991 kW-hours/year, or about 63 percent, as shown in Table 9-4. None of this
increase in energy demand would be attributable to the operation of solids processes associated with
achieving Objective A. The annual energy consumption for the upgraded plant would increase by about
598 kW-hours per million gallons of influent wastewater treated.

TABLE 9-4.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING HPO

PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing HPO Plant................................ 5,080,000 kW-hours/year
Objective A Year-Round ....................... 7,807,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 2,727,000 kW-hours/year
Percent ................................................... 54%
Increase per Volume of Plant Flow ....... 598 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective A year-round would require approximately 18,250 gallons of
magnesium hydroxide per year for pH control. This equates to 79 gallons of magnesium hydroxide per
million gallons of wastewater treated.

Footprint Requirements
Table 9-5 presents the additional site area that would be required for the two generic plant capacities. The
additional footprint required for plant upgrades to achieve Objective A would be for containment tanks
for magnesium hydroxide. Refer to detailed storage tank calculations in Appendix B.
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TABLE 9-5.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING HPO PLANTS TO

ACHIEVE OBJECTIVE A YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

20 50,000
220 473,000

9.2.2 Objective B
Process Description
The upgrade evaluated for achieving Objective B (TIN <3 mg/L) is to convert the HPO system to a
oxygen activated sludge system using a 4BDP-MBR process. The upgraded system would consist of a
0.12-MG anoxic tank for denitrification, followed by three 0.04-MG aeration tanks in series for
nitrification and a 0.1-MG post-anoxic tank for post-denitrification. The existing clarifier would be
replaced with a 0.02-MG MBR. The existing mixed liquor oxygenation tank volume of 0.066 MG would
be increased to 0.36 MG; this represents approximately a 450% increase in the mixed-liquor tankage
relative to the existing plant.

The SRT of the upgraded system would be 22.15 days. Magnesium hydroxide would be added to the
influent to maintain pH in the effluent at or above 6.5. Methanol would be added to the post-anoxic tank
to drive the denitrification process. Figure 9-3 shows the upgraded process flow schematic. Table 9-2
summarizes process design data. Detailed Biowin model reports are in Appendix A.

Figure 9-3. Process Schematic of HPO Plant Upgraded for Objective B Year-Round
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Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. Table 9-6 summarizes the results.

TABLE 9-6.
NUTRIENT RECYCLING COMPARISON FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE B YEAR-ROUND NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

AWWF ADWF AWWF ADWF

Existing Plant 27.4% 28.1% 45.6% 50.2%
Objective B Year-Round 16.3% 15.6% 51.6% 47.2%

Sludge Production
The average sludge produced with the Objective B upgrades would be 971 ppd (177 dry tons per year),
5.2 percent higher than the existing plant average of 923 ppd (168 dry tons per year).

Energy Consumption
Upgrading the HPO plant to achieve Objective B year-round would increase the 20 mgd-plant energy
requirements by 6,637,000 kW-hours/year, or about 133 percent, as shown in Table 9-7. None of this
increase in energy would be attributable to the operation of solids processes associated with achieving
Objective B. The annual energy consumption for the upgraded plant would increase by about 1,455 kW-
hours per million gallons of influent wastewater treated.

TABLE 9-7.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING HPO

PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

Yearly Energy Required
Existing HPO Plant................................ 5,080,000 kW-hours/year
Objective B Year-Round ....................... 11,717,000.kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 6,637,000 kW-hours/year
Percent ................................................... 133%
Increase per Volume of Plant Flow ....... 1,455 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective B year-round would require approximately 5,475 gallons of
methanol per year for nitrogen removal and 14,600 gallons of magnesium hydroxide per year for pH
control. This equates to 24 gallons of methanol and 63 gallons of magnesium hydroxide per million
gallons of wastewater treated.
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Footprint Requirements
Table 9-8 presents the additional site area that would be required for the two generic plant capacities. The
additional footprint required for plant upgrades to achieve Objective B would be for containment tanks
for methanol and magnesium hydroxide. Refer to detailed storage tank calculations in Appendix B.

TABLE 9-8.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING HPO PLANTS TO

ACHIEVE OBJECTIVE B YEAR-ROUND

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

20 114,100
220 1,161,700

9.3 SEASONAL NUTRIENT REMOVAL
Improvements required to provide seasonal nutrient removal to achieve Objectives A and B are described
below. Process design data for the two objectives are included in Table 9-9, which is attached at the end
of this chapter.

9.3.1 Objective A
Process Description
The upgrade evaluated for achieving seasonal treatment for Objective A (TIN <8 mg/L) seasonally is to
convert the HPO system to an oxygen activated sludge system using the MLE process using the existing
clarifiers. The mix liquor tankage would be the same as that described for the year around system to
achieve objective A. The SRT of the upgraded system would be 13.5 days. Magnesium hydroxide would
be added to the influent to maintain the pH in the effluent at or above 6.5. Figure 9-4 shows the upgraded
process flow schematic. Table 9-9 summarizes the process design data. Detailed Biowin model reports are
in Appendix A.

Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. Table 9-10 summarizes the results.

Sludge Production
The annual average sludge produced with the Objective A seasonal upgrades would be 912 ppd (166 dry
tons per year), 1 percent less than the existing plant average of 922 ppd (168 dry tons per year).

Energy Consumption
Upgrading the HPO plant to achieve Objective A seasonally would increase the plant energy requirements
by 210,000 kW-hours/year, or about 4 percent, as shown in Table 9-11. The annual energy consumption
for the upgraded plant would increase only 46 kW-hours per million gallons of influent wastewater
treated. By comparison the energy required to achieve Objective A on a seasonal basis would be about 8
percent of the incremental energy requirements to achieve Objective A year around.
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Figure 9-4. Process Schematic of HPO Plant Upgraded for Objective A Seasonal

TABLE 9-10.
NUTRIENT RECYCLING COMPARISON FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE A SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

ADWF ADWF

Existing Plant 28.1% 50.2%
Objective A, Seasonal 16.6% 38.4%

TABLE 9-11.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING HPO

PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing HPO Plant................................ 5,080,000 kW-hours/year
Objective A Seasonal............................. 5,290,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 210,000 kW-hours/year
Percent ................................................... 4%
Increase per Volume of Plant Flow ....... 46 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective A seasonally would require chemical dosages during the dry
season of 70 gpd of magnesium hydroxide for pH control. This equates to 12,775 gallons of magnesium
hydroxide per year (56 gallons per million gallons of wastewater treated).
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Footprint Requirements
Table 9-12 presents the additional site area that would be required for the two generic plant capacities.
The additional footprint required for plant upgrades to achieve Objective A would be for containment
tanks for magnesium hydroxide. Refer to detailed storage tank calculations in Appendix B.

TABLE 9-12.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING HPO PLANTS TO

ACHIEVE OBJECTIVE A SEASONALLY

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

20 88,900
220 971,400

9.3.2 Objective B
Process Description
The upgrade evaluated for achieving seasonal treatment for Objective B (TIN <3 mg/L) seasonally is to
convert the HPO system to an oxygen activated sludge system using 4BDP using the existing clarifiers.
An additional 0.224 MG of mixed liquor tankage would need to be constructed per mgd of maximum
month plant capacity. The SRT of the upgraded system would be 13.5 days. Magnesium hydroxide would
be added to the influent to maintain the pH in the effluent at or above 6.5. Methanol would be added as a
carbon source to the post-anoxic tank to drive the denitrification process. Figure 9-5 shows the upgraded
process flow schematic. Table 9-9 summarizes the process design data. Detailed Biowin model reports are
in Appendix A.

Figure 9-5. Process Schematic of HPO Plant Upgraded for Objective B Seasonal

Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. Table 9-13 summarizes the results.
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TABLE 9-13.
NUTRIENT RECYCLING COMPARISON FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE

SYSTEMS, OBJECTIVE B SEASONAL NUTRIENT REMOVAL

% of TN Recycled % of TP Recycled

ADWF ADWF

Existing Plant 28.1% 50.2%
Objective B 17.2% 50.1%

Sludge Production
The annual average sludge produced with the Objective B seasonal upgrades would be 918 ppd (168 dry
tons per year), a negligible difference from the existing plant average of 922 ppd (168 dry tons per year).

Energy Consumption
Upgrading the HPO plant to achieve Objective B seasonally would increase the plant energy requirements
by 1,425,000 kW-hours/year, or about 28 percent, as shown in Table 9-14. The annual energy
consumption for the upgraded plant would increase by about 312 kW-hours per million gallons of influent
wastewater treated. By comparison the energy required to achieve Objective B on a seasonal basis would
be about 21 percent of the incremental energy requirements to achieve Objective B year around.

TABLE 9-14.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING HPO

PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing HPO Plant................................ 5.080,000 kW-hours/year
Objective B Seasonal ............................. 11,717,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 1,425,000 kW-hours/year
Percent ................................................... 28%
Increase per Volume of Plant Flow ....... 312 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective B seasonally would require chemical dosages during the dry
season of 60 gpd of magnesium hydroxide for pH control and 10 gpd of methanol for nitrogen reduction.
This equates to 10,950 gallons of magnesium hydroxide per year (48 gallons per million gallons of
wastewater treated) and 1,825 gallons of methanol per year (8 gallons per million gallons of wastewater
treated)

Footprint Requirements
Table 9-15 presents the additional site area that would be required for the two generic plant capacities.
The additional footprint required for plant upgrades to achieve Objective B would be for containment
tanks for methanol and magnesium hydroxide. Refer to detailed storage tank calculations in Appendix B.
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TABLE 9-15.
ADDITIONAL FOOTPRINT REQUIRED FOR UPGRADING HPO PLANTS TO

ACHIEVE OBJECTIVE B SEASONALLY

Plant Design Capacity (mgd) Additional Area Required for Upgrade (square feet)

20 149,000
220 1,624,800





Existing Existing Existing
Description HPO Plant Obj. A Obj. B HPO Plant Obj. A Obj. B HPO Plant Obj. A Obj. B

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) — — — — — —
Plant Size, Average Temperature
Influent Flow, mgd 1.0 1.0 1.0 0.75 0.75 0.75 0.5 0.5 0.75

Temp, oC 10 10 10 10 10 10 15 15 10
Influent
BOD 165 165 165 221 221 221 331 331 331
TSS 188 188 188 251 251 251 376 376 376
VSS 132 132 132 176 176 176 263 263 263
TKN 24 24 24 32 32 32 48 48 48
TP 5.7 5.7 5.7 7.6 7.6 7.6 11.4 11.4 11.4
Alkalinity 2.01 2.01 2.01 2.68 2.68 2.68 4 4 4
pH 6.8 6.8 6.8 6.8 6.8 6.8 7 7 7
Aeration Tank
No of Stages 4 4 4 4 4 4 4 4 4
Mode of Operation 75% / 25% Complete Mix Complete Mix 75% / 25% Complete Mix Complete Mix 75% / 25% Complete Mix Complete Mix
Stage #1
Operation Aeration Anoxic Anoxic Aeration Anoxic Anoxic Aeration Anoxic Anoxic
Volume 0.017 0.12 0.12 0.02 0.12 0.12 0.02 0.12 0.12
HRT 0.40 2.88 2.88 0.53 3.84 3.84 0.79 5.76 3.84
MLSS 1,142 4,216 4,539 1,262 4,254 4,413 1,301 4,093 4,193

Oxygen Supply, ft3/min 16.1 16.1 21.9
Stage #2
Operation Aeration Aeration Aeration Aeration Aeration Aeration Aeration Aeration Aeration
Volume 0.017 0.04 0.04 0.017 0.04 0.04 0.017 0.04 0.04
HRT 0.40 0.96 0.96 0.53 1.28 1.28 0.79 1.92 1.28
MLSS 1,151 4,215 4,539 1,272 4,252 4,414 1,311 4,090 4,194

Oxygen Supply, ft3/min 8.26 66.21 54.00 8.26 60.03 56.00 11.63 71.00 66.00
Stage #3
Operation Aeration Aeration Aeration Aeration Aeration Aeration Aeration Aeration Aeration
Volume 0.017 0.04 0.04 0.017 0.04 0.04 0.017 0.04 0.04
HRT 0.40 0.96 0.96 0.53 1.28 1.28 0.79 1.92 1.28
MLSS 1,153 4,214 4,063 1,273 4,250 4,413 1,308 4,087 4,193

Oxygen Supply, ft3/min 6.5 29.2 25.5 6.5 31.1 26.0 7.9 42.0 37.0

DRY SEASON ‐ ADW FLOWS 

TABLE 9‐2.
HIGH PURITY OXYGEN PLANTS BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

Upgraded Plant Upgraded Plant Upgraded Plant
PROCESS DESIGN ‐ MMWW WET SEASON ‐ AWW FLOWS 

Oxygen Supply, ft /min
Stage #4
Operation Aeration Aeration Aeration Aeration Aeration Aeration Aeration Aeration Aeration
Volume 0.017 0.04 0.04 0.017 0.04 0.04 0.017 0.04 0.04
HRT 0.40 0.96 0.96 0.53 1.28 1.28 0.79 1.92 1.28
MLSS 4,899 4,212 4,061 5,415 4,248 4,413 5,540 4,084 4,193

Oxygen Supply, ft3/min 21 27.4 23.5 20.7 29.0 24.0 31.0 34.0 31.4

Total Oxygen Supply, ft3/min 52 123 103 52 120 106 72 147 134
DO Concentration, mg/L 7 7 7 7 7 7 7 7 7
BioWin SRT, days 1.5 16.28 22.15 1.5 16.29 22.19 1.5 16.31 22.15
RAS Recyle Rate 0.3Q 1Q 1Q 0.3Q 1Q 1Q 0.3Q 1Q 1Q
Preanoxic Internal Recycle Rate 4Q 4Q 4Q 4Q 4Q 4Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.10 0.10 0.10
HRT, hrs 2.40 3.20 3.20
Methanol, gpd 20 15 15
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Existing Existing Existing
Description HPO Plant Obj. A Obj. B HPO Plant Obj. A Obj. B HPO Plant Obj. A Obj. B

DRY SEASON ‐ ADW FLOWS 

TABLE 9‐2.
HIGH PURITY OXYGEN PLANTS BIOWIN RESULTS FOR YEAR‐ROUND NUTRIENT REMOVAL

Upgraded Plant Upgraded Plant Upgraded Plant
PROCESS DESIGN ‐ MMWW WET SEASON ‐ AWW FLOWS 

Clarifier

Area, ft2 1,000 1,000 1,000

Surface Overflow Rate, gal/ft2 1,000 750 500
Membrane Bioreactor
Tank Volume, MG 0.02 0.02 0.02 0.02 0.02 0.02
No. of Cassettes 4.0 4.0 4.0 4.0 4.0 4.0

Area of each Cassette, ft2 16,320 16,320 16,320 16,320 16,320 16,320
HRT, hrs 0.48 0.48 0.64 0.64 0.96 0.64
MLSS Conc., mg/L 8,416 9,073 8,485 8,795 8,151 8,347
DO Concentration, mg/L 6 6 6 6 6 6

Air Supply Rate, ft3/min 415 668 420 606 390 546
Membrane Flux, gpd/ft2 15.31 15.31 11.48 11.48 7.65 7.65
Tank Volumes
Total Tankage Volume, MG 0.066 0.260 0.360 0.066 0.260 0.260 0.066 0.260 0.360
Total Additional Volume, MG 0.194 0.294 0.194 0.194 0.194 0.294
Available onsite volume, MG 0.130 0.130 0.130 0.130 0.130 0.130
Additional Volume needed, MG 0.064 0.164 0.064 0.064 0.064 0.164
Chemical Addition
Magnesium Hydroxide Dosage, gpd 65 50 50 40
Magnesium Hydroxide Conc., meq/L 14,500 14,500 14,500 14,500
Anaerobic Digester
TSS wasted from Aerobic Tank, ppd 765 597 643 845 602 624 865 578 580
Total loading to Digester, ppd 1,891 1,729 1,779 1,974 1,733 1,757 1,989 1,703 1,712
Volume, MG 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Hydraulic Residence Time, hrs 19.7 19.9 19.9 26.1 26.4 26.4 39.1 39.4 26.4
Sludge Production
Total Sludge Produced, ppd 932 984 1,005 938 959 973 907 916 969
Effluent
BOD, mg/L 14.83 0.86 0.87 10.13 0.86 0.83 6.23 0.86 0.75
TSS, mg/L 18.8 0.0 0.0 12.9 0.0 0.0 7.8 0.0 0.0
Phosphorous, mg/L 4.26 4.25 3.85 5.7 5.77 5.44 4.26 4.25 8.51
Ammonia N, mg/L 15.95 0.39 0.98 22.05 0.34 0.9 33.79 0.39 0.22
TIN, mg/L 15.95 6.59 2.49 22.05 6.29 2.87 33.84 6.59 1.97
pH 6.45 6.51 6.61 6.48 6.59 6.67 6.63 6.5 6.63
Recycle LoadsRecycle Loads
TN in the influent 200.29 200.29 202.33 200.29 200.29 200.29 200.29 200.29 200.29
TN from Thickener and Digester 219.1 203.46 219.1 224.84 204.52 202.95 227.03 203.24 201.86
% TN Recycled to Aeration Tank 9% 2% 8% 12% 2% 1% 13% 1% 1%
TP from Thickener and Digester 53.55 48.23 62.66 56.24 49.06 58.93 58.51 49.51 56.98
TN from Thickener 10.57 6.1 6.12 12.58 6.13 5.99 14.97 5.79 5.61
TN from Digester 38.5 26.91 26.26 42.21 27.75 26.62 41.3 26.45 25.71
% TN Recycled 24.5% 16.5% 16.0% 27.4% 16.9% 16.3% 28.1% 16.1% 15.6%
Phosphorus Recycle from Thickener, ppd 3.11 2.22 4.85 3.68 2.35 4.12 4.37 2.5 3.82
Phosphorus Recycle from Digester, ppd 15.89 11.48 23.64 17.99 12.1 20.42 19.5 12.3 18.61
Total Phosphorus Recycled, ppd 19 13.7 28.49 21.67 14.45 24.54 23.87 14.8 22.43
% TP Recycled 39.9% 28.8% 59.9% 45.6% 30.4% 51.6% 50.2% 31.1% 47.2%
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Existing Existing
Description HPO Plant Obj. A Obj. B HPO Plant Obj. A Obj. B

Nutrient Removal Goals
TIN (mg/L)
TP (mg/L)
Plant Size, Average Temperature
Influent Flow, mgd 0.7 0.7 0.7 0.5 0.5 0.5

Temp, oC 15 15 15 15 15 15
Influent
BOD 241 241 241 331 331 331
TSS 273 273 273 376 376 376
VSS 191 191 191 263 263 263
TKN 35 35 35 48 48 48
TP 8.3 8.3 8.3 11.4 11.4 11.4
Alkalinity 2.92 2.92 2.92 4 4 4
pH 7 7 7 7 7 7
Aeration Tank
No of Stages 4 4 4 4 4 4
Mode of Operation 75% / 25% Complete Mix Complete Mix 75% / 25% Complete Mix Complete Mix
Stage #1
Operation Aeration Anoxic Anoxic Aeration Anoxic Anoxic
Volume 0.017 0.12 0.12 0.02 0.12 0.12
HRT 0.57 4.17 4.17 0.79 5.76 5.76
MLSS 1,259 3,588 3,030 1,301 3,880 3,597

Oxygen Supply, ft3/min 22.0 21.9
S #2

Upgraded Plant Upgraded Plant
PROCESS DESIGN ‐ MMDW DRY SEASON ‐ ADW FLOWS 

TABLE 9‐9.
HIGH PURITY OXYGEN PLANTS BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL

Stage #2
Operation Aeration Aeration Aeration Aeration Aeration Aeration
Volume 0.017 0.04 0.04 0.017 0.04 0.04
HRT 0.57 1.39 1.39 0.79 1.92 1.92
MLSS 1,268 3,586 3,027 1,311 3,878 3,597

Oxygen Supply, ft3/min 11.44 78.00 74.00 11.63 77.00 72.00
Stage #3
Operation Aeration Aeration Aeration Aeration Aeration Aeration
Volume 0.017 0.04 0.04 0.017 0.04 0.04
HRT 0.57 1.39 1.39 0.79 1.92 1.92
MLSS 1,266 3,584 3,024 1,308 3,875 3,598

Oxygen Supply, ft3/min 7.9 43.0 39.0 7.9 46.0 43.0
Stage #4
Operation Aeration Aeration Aeration Aeration Aeration Aeration
Volume 0.017 0.04 0.04 0.017 0.04 0.04
HRT 0.57 1.39 1.39 0.79 1.92 1.92
MLSS 5,379 3,581 3,020 5,540 3,872 3,596

Oxygen Supply, ft3/min 30.5 34.0 35.0 31.0 33.0 35.0

Total Oxygen Supply, ft3/min 72 155 148 72 156 150
DO Concentration, mg/L 7 7 7 7 7 7
BioWin SRT, days 1.5 13.5 14.26 1.5 13.5 14.26
RAS Recyle Rate 0.3Q 0.5Q 0.5Q 0.3Q 0.5Q 0.5Q
Preanoxic Internal Recycle Rate 4Q 4Q 4Q 4Q
Post ‐ Anoxic Tank
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Existing Existing
Description HPO Plant Obj. A Obj. B HPO Plant Obj. A Obj. B

Upgraded Plant Upgraded Plant
PROCESS DESIGN ‐ MMDW DRY SEASON ‐ ADW FLOWS 

TABLE 9‐9.
HIGH PURITY OXYGEN PLANTS BIOWIN RESULTS FOR SEASONAL NUTRIENT REMOVAL

Tank Volume, MG 0.05 0.05
HRT, hrs 1.74 2.40
Methanol, gpd 15 10
Clarifier

Area, ft2 1,000 1,000 1,000 1,000 1,000 1,000

Surface Overflow Rate, gal/ft2 690 690 690 500 500 500
Tank Volumes
Total Tankage Volume, MG 0.066 0.240 0.290 0.066 0.240 0.290
Total Additional Volume, MG 0.174 0.224 0.174 0.224
Available Volume onsite, MG 0.0 0.0 0.0 0.0
Additional Volume needed, MG 0.174 0.224 0.174 0.224
Chemical Addition
Magnesium Hydroxide Dosage, gpd 95 90 70 60
Magnesium Hydroxide Conc., meq/L 14,500 14,500 14,500 14,500
Anaerobic Digester
TSS wasted from Aerobic Tank, ppd 839 576 582 865 576 610
Total loading to Digester, ppd 1,968 1,700 1,707 1,989 1,698 1,734
Volume, MG 0.15 0.15 0.15 0.15 0.15 0.15
Hydraulic Residence Time, hrs 28.3 28.8 28.7 39.1 39.4 39.4
Sludge Production
Sludge Produced, ppd
Effluent
BOD, mg/L 8.29 5.28 8.29 6.23 3.55 4.37

/TSS, mg/L 11.5 14.8 14.6 7.8 9.4 9.8
Phosphorous, mg/L 6.24 6.5 6.17 4.26 8.86 8.58
Ammonia N, mg/L 24.3 0.48 1.13 33.79 0.35 0.97
TIN, mg/L 24.33 5.07 1.38 33.84 6.85 2.01
pH 6.56 6.51 6.55 6.63 6.51 6.51
Recycle Loads
Nitrogen Recycle from Thickener, ppd 13.2 5.51 5.87 14.97 5.79 6.11
Nitrogen Recycle from Digester, ppd 42.66 27.28 28.2 41.3 27.47 28.35
Total Nitrogen Recycled, ppd 55.86 32.79 34.07 56.27 33.26 34.46
% TN Recycled 27.9% 16.4% 17.0% 28.1% 16.6% 17.2%
Phosphorus Recycle from Thickener, ppd 3.86 2.06 3.71 4.37 2.83 3.86
Phosphorus Recycle from Digester, ppd 18.38 12.1 19.71 19.5 15.43 19.98
Total Phosphorus Recycled, ppd 22.24 14.16 23.42 23.87 18.26 23.84
% TP Recycled 46.8% 29.8% 49.2% 50.2% 38.4% 50.1%

S:\Active\135‐20352‐09001 ECY Nutrient Removal WWTP\reports\Final Report May 2011\Tables 9‐2 and 9‐9_formatted.xls 6/2/2011
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CHAPTER 10.
TECHNOLOGICAL EVALUATION FOR AERATED OR

FACULTATIVE LAGOON PLANTS

10.1 BASE CASE/EXISTING SYSTEM
Biowin cannot model lagoon plants, so CapdetWorks was used to develop the following lagoon models
for base case cost estimating:

• A 1.0-mgd facultative lagoon system consisting of a bar screen for preliminary treatment
followed by 68-acres facultative lagoons

• A 1.0-mgd aerated lagoon and facultative lagoon system consisting of a bar screen for
preliminary treatment followed by 2-acres of complete mix aerated lagoon(s) and 34 acres of
facultative lagoons.

Table 10-1 summarizes the concentrations assumed for the lagoon effluent.

TABLE 10-1.
LAGOON EFFLUENT CONCENTRATIONS

AWWF ADWF

BOD (mg/L) 30 30
TSS (mg/L) 30 45
VSS (mg/L) 21 32
TKN (mg/L) 13.3 20
TP (mg/L) 5.3 8
Alkalinity (meq/L) 3.35 5
pH 7 8.5

The evaluation assumed that aerated lagoons would be dredged every 10 years of operation and the
facultative lagoons would be dredged every 20 years. The dredged solids from the lagoons was assumed
to meet the Class B biosolids requirements. Sludge production for facultative lagoon treatment plants and
treatment plants using aerated lagoons in conjunction with facultative lagoons were assumed to have a
sludge production rate of 0.42 pounds of dry sludge solids per pound of BOD5 applied or 0.46 tons dry
solids per million gallons of wastewater treated.

10.2 YEAR-ROUND NUTRIENT REMOVAL
To achieve year-round nitrogen-removal Objectives for A, B, E and F, the existing lagoon plant would
need to be replaced with a new mechanical plant.. The elements included in the replacement plant would
depend on the size of the original plant:

• For plants up to 5 mgd, the replacement plant would be the same as the upgraded plant for
existing extended aeration treatment plants, as described in Chapter 4; process design data for
these plants are presented in Table 4-2.
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• For plants larger than 5 mgd, the proposed new plant is similar to, though not exactly the
same as, the upgraded plant for existing CAS treatment plants, as described in Chapter 5.
Process design data for these plants are presented in Table 10-2. In order to provide a
consistent comparison with other upgrades discussed in this report, the modeled size of these
plants is 1.0-mgd; tank sizes would be scaled linearly to obtain sizes for plants rated up to
50 mgd.

The phosphorus removal objectives associated with Objectives C and D can be achieved by upgrading the
lagoon plant . Process design data for these plants are presented in Table 10-3.

10.2.1 Objective A
Process Description
To achieve Objective A (TIN <8 mg/L) year-round for lagoons rated up to 5.0 mgd, the existing lagoons
would be decommissioned and new liquid and solids treatment facilities would be constructed on-site.
The new plant would include the same process elements as the year-round Objective A upgrade for
extended aeration plants. The process flow schematic for this new plant would be as shown in Figure 4-3.
Table 4-2 summarizes the process design data.

To achieve Objective A year-round for lagoons rated greater than 5.0 mgd, the existing lagoons would be
decommissioned and replace with new liquid and solids treatment facilities. The new treatment plant
process elements would consist of the same process elements that are included in the upgraded
conventional activated sludge plant upgrade to achieve this Objective on a dry season basis presented in
Chapter 5. The new process elements would include, a new influent pump station, a headworks with a
fine screen system, primary clarifiers a conventional MLE activated sludge process with secondary
clarifiers,. The new plant would also include solids handling facility to thicken the waste activated sludge
prior to digestion, an anaerobic digester, and digested solids dewatering system with a belt filter press.
The process flow schematic for this objective is similar to the CAS seasonal process flow schematic
shown in Figure 5-6. Table 10-2 summarizes the process design data; detailed Biowin model reports are
in Appendix A.

Recycled Loads
Table 10-4 summarizes the recycled-load modeling results for the upgrades to achieve Objective A year-
round at existing lagoon plants.

TABLE 10-4.
NUTRIENT RECYCLING ESTIMATES FOR LAGOON PLANTS UPGRADED TO ACHIEVE

OBJECTIVE A YEAR-ROUND

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Plants Up to 5.0 mgd 16.3% 15.5% 48.7% 64.1%
Plants > 5.0 mgd 15.9% 15.5% 47.3% 42.4%

Sludge Production
The sludge produced from a 1-mgd plant with the Objective A year-round upgrades would be as follows:
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• With upgrades proposed for plants up to 5.0 mgd:

– Annual average of 939 ppd

– 171 dry tons per year

– 0.75 dry tons per million gallons of wastewater treated

– This represents 63% increase in the quantity of biosolids by the plant

• With upgrades proposed for plants greater than 5.0 mgd

– Annual average of 916 ppd

– 167 dry tons per year

– 0.73 dry tons per million gallons of wastewater treated

– This represents a 59% increase in the quantity of biosolids generated by the plant

Energy Consumption
Upgrading an existing 1-mgd( MM) aerated or facultative lagoon plant to achieve Objective A year-round
would change the plant energy requirements as shown in Table 10-5 or 10-6, respectively. These rates can
be extrapolated and applied to plants up to a rated maximum month capacity of 5 mgd.

TABLE 10-5.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING A

1-MGD AERATED LAGOON PLANT TO ACHIEVE
OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing Aerated Lagoon Plant .............. 972,000 kW-hours/year
Objective A Year-Round ....................... 1,010,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 38,000 kW-hours/year
Percent ................................................... 4%
Increase per Volume of Plant Flow........ 167 kW-hours/MG

TABLE 10-6.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING A

1- MGD FACULTATIVE LAGOON PLANT TO ACHIEVE
OBJECTIVE A YEAR-ROUND

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective A Year-Round........................ 1,010,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 874,000 kW-hours/year
Percent.................................................... 642%
Increase per Volume of Plant Flow........ 3831 kW-hours/MG
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Chemical Usage
For plants up to 5.0 mgd, the chemical usage for an upgraded plant to achieve Objective A year-round
would be the same as for extended aeration plants upgraded to achieve Objective A year-round, as
described in Section 4.2.1.

For plants larger than 5.0 mgd, no additional use of chemicals would be required the upgraded plant to
achieve Objective A year-round.

Footprint Requirements
Table 10-7 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective A for the three generic plant capacities. For plants up to 5 mgd in capacity, the upgrade
footprint includes preliminary treatment, an influent pump station, an aeration tank, an anoxic tank,
secondary clarifiers, an aerobic digester and a belt filer press. For plants larger than 5 mgd, the upgrade
footprint includes preliminary treatment, an influent pump station, primary clarifiers, an aeration tank, an
anoxic tank, secondary clarifiers, an anaerobic digester and a belt filer press. Refer to Appendix C for
detailed footprint areas of the existing system and the proposed system.

TABLE 10-7.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE A
YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (304,900) (348,500)
5 (6,708,200) (7,143,800)

50 (72,004,700) (76,360,700)

10.2.2 Objective B
Process Description
To achieve Objective B (TIN <3 mg/L) year-round for lagoons rated up to 5.0 mgd, the existing lagoons
would be abandoned in place and new liquid and solids treatment facilities would be constructed the same
as for the year-round Objective B upgrade for extended aeration plants. The process flow schematic for
this upgrade is shown in Figure 4-4, and Table 4-2 summarizes the process design data.

To achieve Objective B year-round for lagoons rated greater than 5.0 mgd, the existing lagoons would be
abandoned in place and new liquids and solids handling treatment facilities would be constructed. A new
influent pump station, a headworks with a fine screen system and a new 1,020-square-foot primary
clarifier should be constructed. The new liquids treatment system would use the 4-stage Bardenpho
activated sludge process and secondary clarifiers, requiring the construction of a new 0.25-MG aeration
tank, a 0.10-MG pre-anoxic tank, a 0.05-MG post-anoxic tank and a 2,200-square-foot secondary
clarifier. Methanol would be added as an additional carbon source to the post-anoxic tank to increase the
denitrification process, requiring a methanol storage and dosing system. The process flow schematic for
this objective is similar to the CAS seasonal process flow schematic shown in Figure 5-7. Table 10-2
summarizes the process design data. Detailed Biowin model reports are in Appendix A.
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Recycled Loads
Table 10-8 summarizes the recycled-load modeling results for the upgrades to achieve Objective B year-
round at lagoon plants. For lagoon plants with capacities up to 5.0 mgd, the recycled loads are the same as
those calculated for the year-round Objective B upgrade for extended aeration systems.

TABLE 10-8.
NUTRIENT RECYCLING ESTIMATES FOR LAGOON PLANTS UPGRADED TO ACHIEVE

OBJECTIVE B YEAR-ROUND

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Plants Up to 5.0 mgd 17.2% 15.9% 55.7% 61.7%
Plants > 5.0 mgd 14.5% 15.5% 33.5% 29.7%

Sludge Production
The sludge produced from a 1-mgd plant with the Objective B year-round upgrades would be as follows:

• With upgrades proposed for plants up to 5.0 mgd:

– Annual average of 951 ppd

– 174 dry tons per year

– 0.75 dry tons per million gallons of wastewater treated

– This represents 63% increase in the quantity of biosolids by the plant

• With upgrades proposed for plants greater than 5.0 mgd

– Annual average of 924 ppd

– 169 dry tons per year

– 0.73 dry tons per million gallons of wastewater treated

– This represents 59% increase in the quantity of biosolids by the plant

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective B year-round would change the
plant energy requirements as shown in Table 10-9 or 10-10, respectively.

Chemical Usage
For plants up to 5.0 mgd, the chemical usage for an upgraded plant to achieve Objective B year-round
would be the same as for extended aeration plants upgraded to achieve Objective B year-round, as
described in Section 4.2.2.

For plants larger than 5.0 mgd, the upgraded plant to achieve Objective B year-round would require
4,563 gallons of methanol per year for carbon supplementation to drive the denitrification process, or
20 gallons of methanol per million gallons of wastewater treated.
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TABLE 10-9.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
AERATED LAGOON PLANT TO ACHIEVE OBJECTIVE B

YEAR-ROUND

Yearly Energy Required
Existing Aerated Lagoon Plant .............. 972,000 kW-hours/year
Objective B Year-Round........................ 1,292,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 320,000 kW-hours/year
Percent ................................................... 33%
Increase per Volume of Plant Flow........ 1403 kW-hours/MG

TABLE 10-10.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
FACULTATIVE LAGOON PLANT TO ACHIEVE OBJECTIVE

B YEAR-ROUND

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective B Year-Round........................ 1,292,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 1,156,000 kW-hours/year
Percent.................................................... 850%
Increase per Volume of Plant Flow........ 5068 kW-hours/MG

Footprint Requirements
Table 10-11 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective B for the three generic plant capacities. For plants up to 5 mgd in capacity, the upgrade
footprint includes preliminary treatment, an influent pump station, an aeration tank, pre- and post-anoxic
tanks, methanol containment, secondary clarifiers, an aerobic digester and a belt filer press. For plants
larger than 5 mgd, the upgrade footprint includes preliminary treatment, an influent pump station, primary
clarifiers, an aeration tank, pre- and post-anoxic tanks, methanol containment, secondary clarifiers, an
anaerobic digester and a belt filer press. Refer to Appendix C for detailed footprint areas of the existing
system and the proposed system.

TABLE 10-11.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED LAGOON
AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE B YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (304,900) (348,500)
5 (6,708,200) (7,143,800)

50 (72,004,700) (76,360,700)
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10.2.3 Objective C
Process Description
Objective C (TP <1.0 mg/L) can be achieved year-round by adding a new chemical clarifier to the
existing lagoon system. The effluent from the lagoon would be sent to the clarifier, where alum would be
added for precipitation of phosphorus. The clarifier would be designed for an overflow rate of 500
gpd/ft2, so the required clarifier area for a MMWWF of 1.0 mgd would be 2,000 square feet. A simple
Biowin model was developed consisting of an influent equal to the lagoon effluent and a chemical
clarifier as shown in Figure 10-1. Table 10-3 summarizes the process design data. Detailed Biowin model
reports are in Appendix A.

Figure 10-1. Process Schematic of Clarifier Used to Upgrade Lagoon Plant for Objective C Year-Round

Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. Table 10-12 summarizes the results.

TABLE 10-12.
NUTRIENT RECYCLING FOR AERATED OR FACULTATIVE LAGOON SYSTEMS,

OBJECTIVE C YEAR-ROUND NUTRIENT REMOVAL

AWWF ADWF

% of TN Recycled 4.4% 4.4%
% of TP Recycled 1.1% 1.3%

Sludge Production
Addition of alum will result in higher sludge production rates which will increase the quantity of sludge
that would need to be dredged from the lagoons. The additional sludge produced would be equivalent to
0.15 tons per million gallons of wastewater treated.. This represent approximately a 33% increase in the
sludge production by the treatment plant.
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Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective C year-round would change the
plant energy requirements as shown in Table 10-13 or 10-14, respectively.

TABLE 10-13.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

Yearly Energy Required
Existing Aerated Lagoon Plant .............. 972,000 kW-hours/year
Objective C Year-Round........................ 1,038,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... 66,000 kW-hours/year
Percent.................................................... 7%
Increase per Volume of Plant Flow........ 105,600 kW-hours/MG

TABLE 10-14.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING

FACULTATIVE LAGOON PLANT TO ACHIEVE OBJECTIVE C YEAR-
ROUND

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective C Year-Round ....................... 202,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 66,000 kW-hours/year
Percent ................................................... 49%
Increase per Volume of Plant Flow ....... 105,600 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective C year-round would require 22,995 gallons of alum per year for
phosphorus removal, or 100 gallons of alum per million gallons of wastewater treated.

Footprint Requirements
Table 10-15 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective C for the three generic plant capacities. The upgraded footprint area includes a new chemical
clarifier, a chemical containment tank and a pump station. Refer to Appendix C for detailed footprint
areas of the existing system and the proposed system.
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TABLE 10-15.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE C
YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 3,900 3,900
5 30,000 30,000

50 233,000 233,000

10.2.4 Objective D
Process Description
Objective D (TP <0.1 mg/L) can be achieved year-round by adding a new chemical clarifier and tertiary
filters to the existing lagoon system. The effluent from the lagoon would be sent to the clarifier, where
alum would be added for precipitation of phosphorus. The clarifier would be designed for an overflow
rate of 500 gpd/ft2, so the required clarifier area for an MMWWF of 1.0 mgd would be 2,000 square feet.
A process schematic for this upgrade is shown in Figure 10-2. Table 10-3 summarizes the process design
data. Detailed Biowin model reports are in Appendix A.

Figure 10-2. Process Schematic of Upgraded Lagoon Plant for Objective D Year-Round

The sludge produced from the chemical clarifier and the backwash from the filters would be sent back to
the existing lagoon. Part of the lagoon would be partitioned to store the sludge from the chemical clarifier
by constructing a 10-foot earthen berm with 3:1 side slopes. The size of this lagoon cell is assumed to be
1.0 acre for a 1.0-mgd lagoon plant. Sludge from the chemical clarifier will be accumulated in this lagoon
cell and decanted. The accumulated sludge will be dredged out every 5 to 7 years. A new pump station
should be constructed to transfer the lagoon effluent to the physical/chemical treatment process.
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Recycled Loads
The percentage of TN and TP returning from the sludge treatment processes was calculated using Biowin
model outputs. Table 10-16 summarizes the results.

TABLE 10-16.
NUTRIENT RECYCLING FOR AERATED OR FACULTATIVE LAGOON SYSTEMS,

OBJECTIVE D YEAR-ROUND NUTRIENT REMOVAL

AWWF ADWF

% of TN Recycled 9.5% 8.7%
% of TP Recycled 5.9% 3.4%

Sludge Production
Addition of alum will result in higher sludge production rates which will increase the quantity of sludge
that would need to be dredged from the lagoons. The additional sludge produced would be equivalent to
0.19 tons per million gallons of wastewater treated.. This represent approximately a 41% increase in the
sludge production by the treatment plant.

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective D year-round would change the
plant energy requirements as shown in Table 10-17 or 10-18, respectively.

Chemical Usage
The upgraded plant to achieve Objective D year-round would require 51,100 gallons of alum per year for
phosphorus removal, or 222 gallons of alum per million gallons of wastewater treated.

Footprint Requirements
Table 10-19 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective D for the three generic plant capacities. The upgraded footprint area includes a new chemical
clarifier, a chemical containment tank, tertiary filters, and a pump station. Refer to Appendix C for
detailed footprint areas of the existing system and the proposed system.

TABLE 10-17.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
AERATED LAGOON PLANT TO ACHIEVE OBJECTIVE D

YEAR-ROUND

Yearly Energy Required
Existing Aerated Lagoon Plant .............. 972,000 kW-hours/year
Objective D Year-Round ....................... 1,042,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 71,000 kW-hours/year
Percent ................................................... 7%
Increase per Volume of Plant Flow........ 113,600 kW-hours/MG
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TABLE 10-18.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
FACULTATIVE LAGOON PLANT TO ACHIEVE OBJECTIVE

D YEAR-ROUND

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective D Year-Round........................ 207,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 71,000 kW-hours/year
Percent.................................................... 52%
Increase per Volume of Plant Flow........ 113,600 kW-hours/MG

TABLE 10-19.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE D
YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 4,800 4,800
5 37,000 37,000

50 285,800 285,800

10.2.5 Objective E
Process Description
To achieve Objective E (TIN <8 mg/L and TP <1.0 mg/L) year-round for lagoons rated up to 5.0 mgd, the
existing lagoons would be abandoned in place and new liquid and solids treatment facilities would be
constructed the same as for the year-round Objective E upgrade for extended aeration plants. Table 4-2
summarizes the process design data.

To achieve Objective E year-round for lagoons rated greater than 5.0 mgd, the existing lagoon plant
would be upgraded as described for Objective A, with the additional upgrades of constructing an alum
tank for precipitation of phosphorus and a magnesium hydroxide tank for pH control. Tanks would be
sized based on maximum chemical usage during MMWWF, AWWF or ADWF (whichever is higher).
The process flow schematics are similar to those for Objective A, with the addition of alum and
magnesium hydroxide to the secondary process. A mechanical dewatering system would be constructed to
concentrate biosolids to a minimum of 16 percent dry solids content. Table 10-2 summarizes the process
design data. Detailed Biowin model reports are in Appendix A.

Recycled Loads
Table 10-20 summarizes the recycled-load modeling results for the upgrades to achieve Objective E year-
round at lagoon plants. For lagoon plants with capacities up to 5.0 mgd, the recycled loads are the same as
those calculated for the year-round Objective E upgrade for extended aeration systems.
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TABLE 10-20.
NUTRIENT RECYCLING ESTIMATES FOR LAGOON PLANTS UPGRADED TO ACHIEVE

OBJECTIVE E YEAR-ROUND

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Plants Up to 5.0 mgd 18.0% 15.2% 35.9% 50.4%
Plants > 5.0 mgd 2.2% 15.4% 45.5% 46.4%

Sludge Production
The sludge produced from a 1-mgd plant with the Objective E year-round upgrades would be as follows:

• With upgrades proposed for plants up to 5.0 mgd:

– Annual average of 1,177 ppd

– 214 dry tons per year

– 0.93 dry tons per million gallons of wastewater treated

– Sludge production would therefore increase 102%

• With upgrades proposed for plants greater than 5.0 mgd

– Annual average of 1,175 ppd

– 214 dry tons per year

– 0.93 dry tons per million gallons of wastewater treated

– Sludge production would therefore increase 102%

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective E year-round would change the
plant energy requirements as shown in Table 10-21 or 10-22, respectively.

TABLE 10-21.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
AERATED LAGOON PLANT TO ACHIEVE OBJECTIVE E

YEAR-ROUND

Yearly Energy Required
Existing Aerated Lagoon Plant .............. 972,000 kW-hours/year
Objective E Year-Round........................ 1,022,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 50,000 kW-hours/year
Percent ................................................... 5%
Increase per Volume of Plant Flow........ 219 kW-hours/MG
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TABLE 10-22.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
FACULTATIVE LAGOON PLANT TO ACHIEVE OBJECTIVE

E YEAR-ROUND

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective E Year-Round ........................ 1,022,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 886,000 kW-hours/year
Percent.................................................... 651%
Increase per Volume of Plant Flow........ 3883 kW-hours/MG

Chemical Usage
For plants up to 5.0 mgd, the chemical usage for an upgraded plant to achieve Objective E year-round
would be the same as for extended aeration plants upgraded to achieve Objective E year-round, as
described in Section 4.2.5.

For plants larger than 5.0 mgd, the upgraded plant to achieve Objective E year-round would require
44,530 gallons of alum per year (194 gallons per million gallons of wastewater treated) for phosphorus
reduction and 32,850 gallons of magnesium hydroxide per year (143 gallons per million gallons of
wastewater treated) for pH control.

Footprint Requirements
Table 10-23 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective E for the three generic plant capacities. For plants up to 5 mgd in capacity, the upgrade
footprint includes preliminary treatment, an influent pump station, an aeration tank, an anoxic tank, alum
and magnesium hydroxide containment, secondary clarifiers, an aerobic digester and a belt filer press. For
plants larger than 5 mgd, the upgrade footprint includes preliminary treatment, an influent pump station,
primary clarifiers, an aeration tank, an anoxic tank, alum and magnesium hydroxide containment,
secondary clarifiers, an anaerobic digester and a belt filer press. Refer to Appendix C for detailed
footprint areas of the existing system and the proposed system.

TABLE 10-23.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE E
YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (304,900) (348,500)
5 (6,708,200) (7,143,800)

50 (72,004,700) (76,360,700)
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10.2.6 Objective F
Process Description
To achieve Objective F (TIN <3 mg/L and TP <0.1 mg/L) year-round for lagoons rated up to 5.0 mgd, the
existing lagoons would be abandoned in place and new liquid and solids treatment facilities would be
constructed the same as for the year-round Objective F upgrade for extended aeration plants. Table 4-2
summarizes the process design data.

To achieve Objective F year-round for lagoons rated greater than 5.0 mgd, the existing lagoon plant
would be upgraded as described for Objective B, with the additional upgrades of constructing an alum
tank for precipitation of phosphorus, a magnesium hydroxide tank for pH control, and new conventional
gravity filters. Tanks would be sized based on maximum chemical usage during MMWWF, AWWF or
ADWF (whichever is higher). The process flow schematics are similar to those for Objective B, with the
addition of alum and magnesium hydroxide to the secondary process. A mechanical dewatering system
would be constructed to concentrate biosolids to a minimum of 16 percent dry solids content. Table 10-2
summarizes the process design data. Detailed Biowin model reports are in Appendix A.

Recycled Loads
Table 10-24 summarizes the recycled-load modeling results for the upgrades to achieve Objective F year-
round at lagoon plants. For lagoon plants with capacities up to 5.0 mgd, the recycled loads are the same as
those calculated for the year-round Objective F upgrade for extended aeration systems.

TABLE 10-24.
NUTRIENT RECYCLING ESTIMATES FOR LAGOON PLANTS UPGRADED TO ACHIEVE

OBJECTIVE F YEAR-ROUND

% of TN Recycled % of TP Recycled
AWWF ADWF AWWF ADWF

Plants Up to 5.0 mgd 16.5% 15.3% 36.5% 36.6%
Plants > 5.0 mgd 16.1% 15.5% 24.5% 24.7%

Sludge Production
The sludge produced from a 1-mgd plant with the Objective F year-round upgrades would be as follows:

• With upgrades proposed for plants up to 5.0 mgd:

– Annual average of 1,228 ppd

– 224 dry tons per year

– 0.97 dry tons per million gallons of wastewater treated

– Sludge production would therefore increase 111%

• With upgrades proposed for plants greater than 5.0 mgd

– Annual average of 1,264 ppd

– 231 dry tons per year

– 1.00 dry tons per million gallons of wastewater treated
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– Sludge production would therefore increase 117%

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective F year-round would change the
plant energy requirements as shown in Table 10-25 or 10-26, respectively.

TABLE 10-25.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing Aerated Lagoon Plant............... 972,000 kW-hours/year
Objective F Year-Round ........................ 1,317,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... 345,500 kW-hours/year
Percent.................................................... 35.5%
Increase per Volume of Plant Flow........ 1515 kW-hours/MG

TABLE 10-26.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

Yearly Energy Required
Existing Facultative Lagoon Plant.......... 136,000 kW-hours/year
Objective F Year-Round......................... 1,317,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... 1,181,500 kW-hours/year
Percent .................................................... 869%
Increase per Volume of Plant Flow ........ 5179 kW-hours/MG

Chemical Usage
For plants up to 5.0 mgd, the chemical usage for an upgraded plant to achieve Objective F year-round
would be the same as for extended aeration plants upgraded to achieve Objective F year-round, as
described in Section 4.2.6.

For plants larger than 5.0 mgd, the upgraded plant to achieve Objective F year-round would require
63,875 gallons of alum per year (278 gallons per million gallons of wastewater treated) for phosphorus
reduction, 43,800 gallons of magnesium hydroxide per year (190 gallons per million gallons of
wastewater treated) for pH control, and 5,475 gallons of methanol per year (24 gallons per million gallons
of wastewater treated) for nitrogen removal.

Footprint Requirements
Table 10-27 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective F for the three generic plant capacities. For plants up to 5 mgd in capacity, the upgrade
footprint includes preliminary treatment; an influent pump station; an aeration tank; pre- and post-anoxic
tanks; alum, magnesium hydroxide and methanol containment; tertiary filters; secondary clarifiers; an
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aerobic digester; and a belt filer press. For plants larger than 5 mgd, the upgrade footprint includes
preliminary treatment; an influent pump station; primary clarifiers; an aeration tank; pre- and post-anoxic
tanks; alum, magnesium hydroxide and methanol containment; tertiary filters; secondary clarifiers; an
anaerobic digester; and a belt filer press. Refer to Appendix C for detailed footprint areas of the existing
system and the proposed system.

TABLE 10-27.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED LAGOON
AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE F YEAR-ROUND

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (304,900) (348,500)
5 (6,708,200) (7,143,800)

50 (72,004,700) (76,360,700)

10.3 SEASONAL NUTRIENT REMOVAL
To achieve seasonal nitrogen-removal objectives (A, B, E and F) a lagoon plant would need to be
abandoned and a new plant constructed in its place. The elements included in the replacement plant would
depend on the size of the original plant:

• For plants up to 5 mgd, the replacement plant would be the same as the upgraded plant for
existing extended aeration treatment plants, as described in Chapter 4; process design data for
these plants are presented in Table 4-31.

• For plants larger than 5 mgd, the proposed new plant is the same as the upgraded plant for
existing CAS treatment plants, as described in Chapter 5. Process design data for these plants
are presented in Table 5-21. In order to provide a consistent comparison with other upgrades
discussed in this report, the modeled size of these plants is 1.0-mgd; tank sizes would be
scaled linearly to obtain sizes for plants rated up to 50 mgd.

To achieve objectives to remove only phosphorus seasonally (Objectives C and D), a lagoon plant could
be upgraded rather than abandoned and replaced. Process design data for these plants are presented in
Table 10-3.

10.3.1 Objective A
Process Description
To achieve Objective A seasonally for lagoons rated up to 5.0 mgd, the existing lagoons would be
replaced by a new mechanical liquid and solids treatment plant. The new plant would be feature the same
processes as described for the upgraded extended aeration plant to achieve Objective A seasonally. Table
4-31 summarizes the process design data.

For existing lagoon plants greater than 5 mgd would require construction of a new mechanical liquid and
solids treatment plant conforming with the processes described for upgraded CAS plants that are to
achieve Objective A during the dry weather season. The process flow schematic for this upgrade is shown
in Figure 5-6, and Table 5-21 summarizes the process design data.
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Recycled Loads
For plants rated up to 5.0 mgd, recycled loads for upgrades to achieve Objective A seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.1. For plants rated greater than
5.0 mgd, recycled loads would be the same as given for upgraded CAS plants in Section 5.3.1.

Sludge Production
For plants rated up to 5.0 mgd, sludge production for upgrades to achieve Objective A seasonally would
be the same as given for upgraded extended aeration plants in Section 4.3.1. For plants rated greater than
5.0 mgd, sludge production would be the same as given for upgraded CAS plants in Section 5.3.1.

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective A seasonally would change the
plant energy requirements as shown in Table 10-28 or 10-29, respectively.

TABLE 10-28.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING 1 MGD

AERATED LAGOON PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

Yearly Energy Required
Existing Aerated Lagoon Plant ............... 972,000 kW-hours/year
Objective A, Seasonal............................. 938,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... (33,500), kW-hours/year
Percent .................................................... (3%)%
Increase per Volume of Plant Flow ........ (147) kW-hours/MG

TABLE 10-29.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING 1 MGD

FACULTATIVE LAGOON PLANT TO ACHIEVE OBJECTIVE A
SEASONALLY

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective A, Seasonal............................ 938,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 802,500 kW-hours/year
Percent ................................................... 590%
Increase per Volume of Plant Flow........ 3,518 kW-hours/MG

Chemical Usage
For plants rated up to 5.0 mgd, chemical usage for upgrades to achieve Objective A seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.1. For plants rated greater than
5.0 mgd, chemical usage would be the same as given for upgraded CAS plants in Section 5.3.1.
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Footprint Requirements
Table 10-30 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective A seasonally for the three generic plant capacities.

TABLE 10-30.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE A
SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (348,500) (392,000)
5 (6,795,400) (7,231,000)

50 (72,440,300) (76,796,300)

10.3.2 Objective B
Process Description
To achieve Objective B seasonally for lagoons rated up to 5.0 mgd, the existing lagoons would be
abandoned in place and new liquid and solids treatment facilities would be constructed the same as for the
seasonal Objective B upgrade for extended aeration plants. Table 4-31 summarizes the process design
data.

To achieve Objective B seasonally for lagoons rated greater than 5.0 mgd, the existing lagoons would be
abandoned in place and new liquid and solids treatment facilities would be constructed the same as for the
seasonal Objective B upgrade for CAS plants. The process flow schematic for this upgrade is shown in
Figure 5-7, and Table 5-21 summarizes the process design data.

Recycled Loads
For plants rated up to 5.0 mgd, recycled loads for upgrades to achieve Objective B seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.2. For plants rated greater than
5.0 mgd, recycled loads would be the same as given for upgraded CAS plants in Section 5.3.2.

Sludge Production
For plants rated up to 5.0 mgd, sludge production for upgrades to achieve Objective B seasonally would
be the same as given for upgraded extended aeration plants in Section 4.3.2. For plants rated greater than
5.0 mgd, sludge production would be the same as given for upgraded CAS plants in Section 5.3.2.

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective B seasonally would change the
plant energy requirements as shown in Table 10-31 or 10-32, respectively.
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TABLE 10-31.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing Aerated Lagoon Plant............... 972,000 kW-hours/year
Objective B, Seasonal............................. 1,042,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... 70,500 kW-hours/year
Percent .................................................... 7%
Increase per Volume of Plant Flow ........ 309 kW-hours/MG

TABLE 10-32.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective B, Seasonal ............................ 1,042,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 906,500 kW-hours/year
Percent.................................................... 767%
Increase per Volume of Plant Flow........ 3,974 kW-hours/MG

Chemical Usage
For plants rated up to 5.0 mgd, chemical usage for upgrades to achieve Objective B seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.2. For plants rated greater than
5.0 mgd, chemical usage would be the same as given for upgraded CAS plants in Section 5.3.2.

Footprint Requirements
Table 10-33 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective B seasonally for the three generic plant capacities.

TABLE 10-33.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE B
SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (348,500) (392,000)
5 (6,795,400) (7,231,000)

50 (72,440,300) (76,796,300)
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10.3.3 Objective C
Process Description
Objective C can be achieved seasonally with the same upgrades as described for the year-round Objective
C upgrade. Table 10-3 summarizes the process design data.

Recycled Loads
Average dry-weather recycled load percentages for upgrades to achieve Objective C seasonally would be
the same as for upgrades to achieve Objective C year-round.

Sludge Production
Addition of alum will result in higher sludge production rates which will increase the quantity of sludge
that would need to be dredged from the lagoons. The additional sludge produced would be equivalent to
0.084 tons per million gallons of wastewater treated.. This represent approximately a 18% increase in the
sludge production by the treatment plant.

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective C seasonally would change the
plant energy requirements as shown in Table 10-34 or 10-35, respectively.

TABLE 10-34.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing Aerated Lagoon Plant............... 972,000 kW-hours/year
Objective C, Seasonal............................. 853,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... 118,500 kW-hours/year
Percent .................................................... 12%
Increase per Volume of Plant Flow ........ 519 kW-hours/MG

TABLE 10-35.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective C, Seasonal ............................ 254,500 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 118,500 kW-hours/year
Percent.................................................... 87%
Increase per Volume of Plant Flow........ 3,145 kW-hours/MG
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Chemical Usage
The upgraded plant to achieve Objective C seasonally would require 12,775 gallons of alum per year for
phosphorus removal, or 56 gallons of alum per million gallons of wastewater treated.

Footprint Requirements
Table 10-36 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective C seasonally for the three generic plant capacities. Refer to Appendix C for detailed footprint
areas of the existing system and the proposed system.

TABLE 10-36.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE C
SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 4,400 4,400
5 30,500 30,500

50 230,900 230,900

10.3.4 Objective D
Process Description
Objective D can be achieved seasonally with the same upgrades as described for the year-round Objective
D upgrade. Table 10-3 summarizes the process design data.

Recycled Loads
Average dry-weather recycled load percentages for upgrades to achieve Objective D seasonally would be
the same as for upgrades to achieve Objective D year-round.

Sludge Production
Addition of alum will result in higher sludge production rates which will increase the quantity of sludge
that would need to be dredged from the lagoons. The additional sludge produced would be equivalent to
0.095 tons per million gallons of wastewater treated.. This represent approximately a 21% increase in the
sludge production by the treatment plant.

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective D seasonally would change the
plant energy requirements as shown in Table 10-37 or 10-38, respectively.
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TABLE 10-37.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING
AERATED LAGOON PLANT TO ACHIEVE OBJECTIVE D

SEASONALLY

Yearly Energy Required
Existing Aerated Lagoon Plant .............. 972,000 kW-hours/year
Objective D, Seasonal............................ 870,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... (102,000) kW-hours/year
Percent ................................................... (10)%
Increase per Volume of Plant Flow........ (447) kW-hours/MG

TABLE 10-38.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING

FACULTATIVE LAGOON PLANT TO ACHIEVE
OBJECTIVE D SEASONALLY

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective D, Seasonal ............................ 870,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 734,000 kW-hours/year
Percent.................................................... 539%
Increase per Volume of Plant Flow........ 3,217 kW-hours/MG

Chemical Usage
The upgraded plant to achieve Objective D year-round would require 25,550 gallons of alum per year for
phosphorus removal, or 111 gallons of alum per million gallons of wastewater treated.

Footprint Requirements
Table 10-39 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective D seasonally for the three generic plant capacities. Refer to Appendix C for detailed footprint
areas of the existing system and the proposed system.

TABLE 10-39.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE D
SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 4,400 4,400
5 39,200 39,200

50 270,100 270,100



…10. TECHNOLOGICAL EVALUATION FOR AERATED OR FACULTATIVE LAGOON PLANTS

10-23

10.3.5 Objective E
Process Description
To achieve Objective E seasonally for lagoons rated up to 5.0 mgd, the existing lagoons would be
abandoned in place and new liquid and solids treatment facilities would be constructed the same as for the
seasonal Objective E upgrade for extended aeration plants. Table 4-31 summarizes the process design
data.

To achieve Objective E seasonally for lagoons rated greater than 5.0 mgd, the existing lagoons would be
abandoned in place and new liquid and solids treatment facilities would be constructed the same as for the
seasonal Objective E upgrade for CAS plants. Table 5-21 summarizes the process design data.

Recycled Loads
For plants rated up to 5.0 mgd, recycled loads for upgrades to achieve Objective E seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.5. For plants rated greater than
5.0 mgd, recycled loads would be the same as given for upgraded CAS plants in Section 5.3.5.

Sludge Production
For plants rated up to 5.0 mgd, sludge production for upgrades to achieve Objective E seasonally would
be the same as given for upgraded extended aeration plants in Section 4.3.5. For plants rated greater than
5.0 mgd, sludge production would be the same as given for upgraded CAS plants in Section 5.3.5.

Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective E seasonally would change the
plant energy requirements as shown in Table 10-40 or 10-41, respectively.

Chemical Usage
For plants rated up to 5.0 mgd, chemical usage for upgrades to achieve Objective E seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.5. For plants rated greater than
5.0 mgd, chemical usage would be the same as given for upgraded CAS plants in Section 5.3.5.

Footprint Requirements
Table 10-42 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective E seasonally for the three generic plant capacities.

TABLE 10-40.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing Aerated Lagoon Plant............... 972,000 kW-hours/year
Objective E, Seasonal............................. 940,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... (32,000) kW-hours/year
Percent .................................................... (3)%
Increase per Volume of Plant Flow ........ (140) kW-hours/MG
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TABLE 10-41.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective E, Seasonal ............................ 940,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 804,000 kW-hours/year
Percent ................................................... 591%
Increase per Volume of Plant Flow........ 3,524 kW-hours/MG

TABLE 10-42.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE E
SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (348,500) (392,000)
5 (6,791,000) (7,226,600)

50 (72,435,900) (76,791,900)

10.3.6 Objective F
Process Description
To achieve Objective F seasonally for lagoons rated up to 5.0 mgd, the existing lagoons would be
abandoned in place and new liquid and solids treatment facilities would be constructed the same as for the
seasonal Objective F upgrade for extended aeration plants. Table 4-31 summarizes the process design
data.

To achieve Objective F seasonally for lagoons rated greater than 5.0 mgd, the existing lagoons would be
abandoned in place and new liquid and solids treatment facilities would be constructed the same as for the
seasonal Objective F upgrade for CAS plants. Table 5-21 summarizes the process design data.

Recycled Loads
For plants rated up to 5.0 mgd, recycled loads for upgrades to achieve Objective F seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.6. For plants rated greater than
5.0 mgd, recycled loads would be the same as given for upgraded CAS plants in Section 5.3.6.

Sludge Production
For plants rated up to 5.0 mgd, sludge production for upgrades to achieve Objective F seasonally would
be the same as given for upgraded extended aeration plants in Section 4.3.6. For plants rated greater than
5.0 mgd, sludge production would be the same as given for upgraded CAS plants in Section 5.3.6.
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Energy Consumption
Upgrading an aerated or facultative lagoon plant to achieve Objective B seasonally would change the
plant energy requirements as shown in Table 10-43 or 10-44, respectively.

TABLE 10-43.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing Aerated Lagoon Plant............... 972,000 kW-hours/year
Objective F, Seasonal ............................. 1,045,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity ..................................... 73,000 kW-hours/year
Percent.................................................... 8%
Increase per Volume of Plant Flow ........ 320 kW-hours/MG

TABLE 10-44.
ADDITIONAL ENERGY CONSUMPTION FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

Yearly Energy Required
Existing Facultative Lagoon Plant ......... 136,000 kW-hours/year
Objective F, Seasonal............................. 1,045,000 kW-hours/year

Energy Increase for Upgrade
Annual Quantity..................................... 909,000 kW-hours/year
Percent.................................................... 668%
Increase per Volume of Plant Flow........ 3,984 kW-hours/MG

Chemical Usage
For plants rated up to 5.0 mgd, chemical usage for upgrades to achieve Objective F seasonally would be
the same as given for upgraded extended aeration plants in Section 4.3.6. For plants rated greater than
5.0 mgd, chemical usage would be the same as given for upgraded CAS plants in Section 5.3.6.

Footprint Requirements
Table 10-45 compares the additional footprint area for upgrading existing lagoon plants to achieve
Objective B seasonally for the three generic plant capacities.
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TABLE 10-45.
ADDITIONAL FOOTPRINT REQUIREMENTS FOR UPGRADING AERATED

LAGOON AND FACULTATIVE LAGOON PLANTS TO ACHIEVE OBJECTIVE F
SEASONALLY

Additional Area Required for Upgrade (square feet)
Plant Design Capacity (mgd) Aerated Lagoon Plants Facultative Lagoon Plants

0.5 (348,500) (392,000)
5 (6,786,600) (7,222,200)

50 (72,435,000) (76,791,000)



Description Obj. A Obj. B Obj. E Obj. F Obj. A Obj. B Obj. E Obj. F Obj. A Obj. B Obj. E Obj. F

Nutrient Removal Goals
TIN (mg/L) < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3 < 8 < 3
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 1.0 1.0 1.0 1.0 0.75 0.75 0.75 0.75 0.50 0.50 0.50 0.50

Temp, oC 10 10 10 10 10 10 10 10 15 15 15 15
Influent
BOD 165 165 165 165 221 221 221 221 331 331 331 331
TSS 188 188 188 188 251 251 251 251 376 376 376 376
VSS 132 132 132 132 176 176 176 176 263 263 263 263
TKN 24 24 24 24 32 32 32 32 48 48 48 48
TP 5.7 5.7 5.7 5.7 7.6 7.6 7.6 7.6 11.4 11.4 11.4 11.4
Alkalinity 2.01 2.01 2.01 2.01 2.68 2.68 2.68 2.68 4 4 4 4
pH 6.8 6.8 6.8 6.8 6.8 6.8 6.8 6.8 7 7 7 7
Aerobic Tank
Tank Volume, MG 0.25 0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25 0.2 0.25 0.2
HRT, hrs 6.0 4.8 6.0 4.8 8.0 6.4 8.0 6.4 12 9.6 12 9.6
MLSS Conc., mg/L 3,182 3,372 3,602 3,989 3,334 3,372 3,869 3,339 3,264 3,334 3,889 4,117
DO Concentration, mg/L 2, 0.5 2, 0.5, 2 2, 0.5 2, 0.5, 2 2, 0.5 2, 0.5, 2 2, 0.5 2, 0.5, 2 2, 0.5 2, 0.5, 2 2, 0.5 2, 0.5, 2

Air Supply Rate, ft3/min 592 672 617 684 618 672 628 724 680 720 689 733
BioWin SRT, days 18.45 20.14 17.6 19.13 18.45 20.14 18.45 15.32 18.47 20.19 18.81 19.16
RAS Recyle Rate 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q 0.5Q

PROCESS DESIGN ‐ MMWW ADWAWW

TABLE 10‐2.
BIOWIN RESULTS FOR AERATED OR FACULTATIVE LAGOONS > 5.0 MGD, FOR OBJECTIVES A, B, E AND F YEAR‐ROUND

Pre ‐ Anoxic Tank
Tank Volume, MG 0.15 0.1 0.15 0.1 0.15 0.1 0.15 0.1 0.15 0.1 0.15 0.1
HRT, hrs 3.6 2.4 3.6 2.4 4.8 3.2 4.8 3.2 7.2 4.8 7.2 4.8
Internal Recycle Rate 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q 5Q
Post ‐ Anoxic Tank
Tank Volume, MG 0.05 0.05 0.05 0.05 0.05 0.05
HRT, hrs 1.2 1.2 1.6 1.6 2.4 2.4
Methanol, gpd 15 15 15 15 10 15
Clarifier

Area, ft2 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200 2,200

Surface Overflow Rate, gal/ft2 454 454 454 454 341 341 341 357 227 227 227 227



Description Obj. A Obj. B Obj. E Obj. F Obj. A Obj. B Obj. E Obj. F Obj. A Obj. B Obj. E Obj. F
PROCESS DESIGN ‐ MMWW ADWAWW

TABLE 10‐2.
BIOWIN RESULTS FOR AERATED OR FACULTATIVE LAGOONS > 5.0 MGD, FOR OBJECTIVES A, B, E AND F YEAR‐ROUND

Tertiary Filters
Filter Area (ft2) 552 552 552
Chemical Addition
Alum Dosage, gpd 90 200 105 175 130 175
Magnesium Hydroxide Dosage, gpd 100 170 120 120 60 120
Magnesium Hydroxide Conc., meq/L 14,500 14,500
Anaerobic Digester
TSS wasted from Aerobic Tank, ppd 540 536 612 682 567 536 658 698 555 557 661 687
Total loading to Digester, ppd 1,668 1,663 1,898 2,073 1,695 1,663 1,972 2,082 1,678 1,682 1,990 2,054
Volume, MG 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Hydraulic Residence Time, hrs 19.8 19.8 19.8 19.8 26.5 26.5 26.5 26.5 39.5 39.5 39.5 37.5
Sludge Production
Sludge Production, ppd 934 937 1,137 1,325 931 937 1,176 1,282 902 911 1,173 1,246
Effluent
BOD, mg/L 2.96 3 2.78 1.53 2.31 3 2.13 1.36 1.66 1.61 1.57 1.12
TSS, mg/L 8.0 8.1 8.2 4.5 5.7 8.1 5.8 4.4 3.6 3,6 3.6 5.5
Phosphorous, mg/L 4.11 4.27 0.48 0.06 5.6 4.27 0.68 0.05 8.7 8.8 0.45 0.03
Ammonia N, mg/L 1.41 0.54 0.86 0.64 1.26 0.54 0.9 0.17 0.34 0.09 0.37 0.09
TIN, mg/L 4.06 2.08 5.51 2.17 5.03 2.08 4.68 2.09 6.4 1.44 4.8 1.4
pH 6.31 6.33 6.58 6.52 6.27 6.33 6.6 6.54 6.4 6.53 6.55 6.57
Recycle Loads
Nitrogen Recycle from Thickener, ppd 5.29 5.35 5.36 5.57 5.54 5.35 5.51 6.04 5.35 5.51 5.39 5.73
Nitrogen Recycle from Digester, ppd 23.7 23.73 23.77 25.39 26.33 23.7 23.79 26.22 25.66 25.51 25.35 25.35
Total Nitrogen Recycled, ppd 28.99 29.08 29.13 30.96 31.87 29.05 4.33 32.26 31.01 31.02 30.74 31.08
Phosphorus Recycle from Thickener, ppd 3.06 2.45 4.14 3.18 3 2.45 3.52 3.32 2.67 2.24 4.25 3.39
Phosphorus Recycle from Digester, ppd 19.78 13.5 17.48 8.13 19.49 13.5 18.13 8.34 17.5 11.9 17.84 8.37
Total Phosphorus Recycled, ppd 22.84 15.95 21.62 11.31 22.49 15.95 21.65 11.66 20.17 14.14 22.09 11.76
% TN Recycled 14.5% 14.5% 14.6% 15.5% 15.9% 14.5% 2.2% 16.1% 15.5% 15.5% 15.4% 15.5%
% TP Recycled 48.0% 33.5% 45.4% 23.8% 47.3% 33.5% 45.5% 24.5% 42.4% 29.7% 46.4% 24.7%



Description Obj. C Obj. D Obj. C Obj. D Obj. C Obj. D Obj. C Obj. D Obj. C Obj. D

Nutrient Removal Goals
TIN (mg/L) — — — — — — — — — —
TP (mg/L) < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1 < 1 < 0.1
Plant Size, Average Temperature
Influent Flow, mgd 1.00 1.00 0.75 0.75 0.50 0.50 0.69 0.69 0.50 0.50

Temp, oC 10 10 10 10 15 15 15 15 15 15
Influent
BOD 22.5 22.5 30 30 45 45 32.6 32.6 45 45
TSS 22.5 22.5 30 30 45 45 32.6 32.6 45 45
VSS 16 16 21 21 32 32 23 23 32 32
TKN 10 10 13.3 13.3 20 20 14.5 14.5 20 20
TP 4 4 5.3 5.3 8 8 5.8 5.8 8 8
Alkalinity 2.5 2.5 3.35 3.35 5 5 3.6 3.6 5 5
pH 7 7 7 7 8.5 8.5 8.5 8.5 8.5 8.5
Existing Lagoon Partition
Area of the partition 43,560 43,560 43,560 43,560 43,560
Volume 1.3 1.3 1.3 1.3 1.3
Clarifier

Area, ft2 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000

Surface Overflow Rate, gal/ft2 525 525 375 375 250 250 345 345 250 250
Thickener / Dewatering Unit
% Removal Efficiency 99% 99% 99% 99% 99% 99% 99% 99% 99% 99%
Tertiary Filters
Filter Area (ft2)  555 555 555 380 380
Ch i l Additi

MMDW ADW
Seasonal Nutrient Removal

TABLE 10‐3.
BIOWIN RESULTS FOR AERATED OR FACULTATIVE LAGOONS FOR OBJECTIVES C AND D

AWW ADWMMWW
Year‐Round Nutrient Removal

Chemical Addition
Alum Dosage, gpd 55 160 55 140 70 140 70 140 70 140
Effluent
BOD, mg/L 13.47 9.07 17.43 4.16 25.24 2.38 18.58 3.11 25.24 2.38
TSS, mg/L 5.1 1.2 4.0 0.9 2.8 0.6 3.8 0.9 2.8 0.6
Phosphorous, mg/L 0.63 0.09 0.52 0.07 0.67 0.05 0.65 0.07 0.67 0.05
Ammonia N, mg/L 6.6 6.34 8.78 8.48 13.2 12.34 9.57 9.16 13.2 12.34
TIN, mg/L 6.6 6.35 8.78 8.48 13.2 13.08 9.57 13.08 13.2 13.08
pH 6.81 6.66 6.81 6.78 7.29 6.79 7.29 6.79 7.29 6.79
TN returned from thickener, ppd 87.04 91.2 86.83 91.1 87.05 90.62 87.09 91.08 87.05 90.62
TP Returned from Thickener, ppd 33.71 36.48 33.51 35.12 33.78 34.48 33.78 35.13 33.78 34.48
% TN Recycled 4.36% 9.35% 4.37% 9.51% 4.38% 8.66% 4.37% 9.15% 4.38% 8.66%
% TP Recycled 1.05% 9.35% 1.08% 5.94% 1.26% 3.36% 1.21% 5.25% 1.26% 3.36%
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CHAPTER 11.
COST EVALUATION, OBJECTIVE A

11.1 YEAR-ROUND NUTRIENT REMOVAL
11.1.1 Extended Aeration Plants
Table 11-1 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A year-round for an extended aeration plant using mechanical aeration.
Figures 11-1 and 11-2 show graphs of the capital and O&M costs, respectively. The estimates are given in
dollars per gallon per day of plant capacity. Table 11-2 and Figures 11-3 and 11-4 summarize these costs
for an extended aeration plant using diffuser aeration. Tables 11-3 and 11-4 present the annualized unit
costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants, respectively.

TABLE 11-1.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $4.78 $2.26 $2.20
Incremental Annual O&M Cost per gpd of Plant Capacity $0.21 $0.01 ($0.02)

TABLE 11-2.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.07 $0.75 $0.31
Incremental Annual O&M Cost per gpd of Plant Capacity $0.02 ($0.05) ($0.05)



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

11-2

Figure 11-1. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective A Year-Round

Figure 11-2. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective A Year-Round
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Figure 11-3. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective A Year-Round

Figure 11-4. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective A Year-Round



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

11-4

TABLE 11-3.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED
AERATION (MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $351,414 $1,656,556 $16,134,708
2014 Incremental O&M Cost $234,218 $142,715 -$2,068,685

Total Annual Cost $585,632 $1,799,270 $14,066,023
Annual TIN Load Reduction (lb/yr) 35,259 352,590 3,525,900
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $16.61 $5.10 $3.99

Equation:a ................................................................................................................................. y = 363.87x-0.31

R-Square Value: ........................................................................................................................ 0.8746

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-4.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED

AERATION (DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $78,303 $554,242 $2,298,201
2014 Incremental O&M Cost $19,584 -$526,175 -$5,747,411

Total Annual Cost $97,887 $28,066 -$3,449,210
Annual TIN Load Reduction (lb/yr) 35,223 352,225 3,522,250
Estimated Cost for TIN Reduction ($/lb TIN removed) $2.78 $0.08 -$0.98

Equation and R-Square Valuea —

a. Equation and R-square value not determined because annual cost estimates are below the level of precision that
can be achieved using the CapdetWorks cost model.
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11.1.2 Conventional Activated Sludge Plants
Table 11-5 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A year-round for a conventional activated sludge plant. Figures 11-5 and
11-6 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 11-6 presents the annualized unit costs for reducing nutrient loads.

TABLE 11-5.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $6.63 $4.55 $3.32
Incremental Annual O&M Cost per gpd of Plant Capacity $0.23 $0.13 $0.08

Figure 11-5. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective A Year-Round
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Figure 11-6. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective A Year-Round

TABLE 11-6.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $487,073 $3,341,694 $36,630,838
2014 O&M Cost $262,642 $1,451,579 $13,597.004

Total Annual Cost $749,715 $4,793,273 $50,209,841
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Estimated Cost for TIN Reduction ($/lb TIN removed) $21.09 $13.48 $9.42

Equation:a ................................................................................................................................ y = 109.71x-0.16

R-Square Value: ........................................................................................................................ R² = 0.9878

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.1.3 Sequencing Batch Reactor Plants
Table 11-7 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A year-round for an SBR plant. Figures 11-7 and 11-8 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 11-8 presents the annualized unit costs for reducing nutrient loads.

TABLE 11-7.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE A YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $0.45 $0.24 $0.18
Incremental Annual O&M Cost per gpd of Plant Capacity $0.01 $0.01 $0.004

Figure 11-7. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective A Year-Round
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Figure 11-8. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective A Year-Round

TABLE 11-8.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING SBR PLANT TO

ACHIEVE OBJECTIVE A YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $16,607 $34,807 $132,134
2014 O&M Cost $4,615 $11,368 $43,332

Total Annual Cost $21,221 $46,175 $175,466
Annual TIN Load Reduction (lb/yr) 2,245 8,979 44,895
Estimated Cost for TIN Reduction ($/lb TIN removed) $9.45 $5.14 $3.91

Equation:a .................................................................................................................................y = 83.25x-0.291

R-Square Value:.........................................................................................................................R² = 0.9344

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.1.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 11-9 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A year-round for a trickling filter plant. Figures 11-9 and 11-10 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 11-10 and Figures 11-11 and 11-12 summarize these costs for a trickling
filter/solids contact plant. Table 11-11 and Figures 11-13 and 11-14 summarize these costs for an RBC
plant. Tables 11-12, 11-13 and 11-14 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 11-9.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $8.19 $5.83 $3.82
Incremental Annual O&M Cost per gpd of Plant Capacity $0.29 $0.15 $0.08

TABLE 11-10.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $6.91 $5.27 $3.50
Incremental Annual O&M Cost per gpd of Plant Capacity $0.18 $0.13 $0.07

TABLE 11-11.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $8.19 $5.85 $3.87
Incremental Annual O&M Cost per gpd of Plant Capacity $0.35 $0.16 $0.09
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Figure 11-9. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective A Year-
Round

Figure 11-10. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective A Year-
Round
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Figure 11-11. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective A Year-Round

Figure 11-12. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective A Year-Round
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Figure 11-13. Capital Cost per Plant Capacity for RBC Upgraded for Objective A Year-Round

Figure 11-14. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective A Year-Round



…11. COST EVALUATION, OBJECTIVE A

11-13

TABLE 11-12.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $601,194 $4,278,563 $42,098,874
2014 O&M Cost $328,594 $1,672,797 $13,518,789

Total Annual Cost $929,791 $5,951,361 $55,617,663
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Estimated Cost for TIN Reduction ($/lb TIN removed) $26.15 $16.74 $10.43

Equation:a .................................................................................................................................y = 176.78x-0.183

R-Square Value:.........................................................................................................................0.9991

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-13.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER/SOLIDS CONTACT PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $507,744 $3,870,296 $38,592,858
2014 O&M Cost $203,721 $1,409,147 $11,856,412

Total Annual Cost $711,465 $5,279,443 $50,449,270
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Estimated Cost for TIN Reduction ($/lb TIN removed) $20.01 $14.85 $9.46

Equation:a .................................................................................................................................y = 97.972x-0.15

R-Square Value:.........................................................................................................................0.995

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-14.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT

TO ACHIEVE OBJECTIVE A YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $601,523 $4,298,964 $42,622,884
2014 O&M Cost $389,616 $1,824,178 $14,526,119

Total Annual Cost $991,139 $6,123,143 $57,149,004
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Estimated Cost for TIN Reduction ($/lb TIN removed) $27.88 $17.22 $10.72

Equation:a .................................................................................................................................y = 201.67x-0.19

R-Square Value:.........................................................................................................................0.9974

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.1.5 Membrane Biological Reactor Plants
No new facilities or activities are required to achieve Objective A for MBR plants, so there are no
associated capital or O&M costs.

11.1.6 High-Purity Oxygen Activated Sludge Plants
Table 11-15 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A year-round for an HPO activated sludge plant. Figures 11-15 and 11-16
show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per
day of plant capacity. Table 11-16 presents the annualized unit costs for reducing nutrient loads.

TABLE 11-15.
ESTIMATED COST PER CAPACITY FOR UPGRADING HPO PLANT TO ACHIEVE

OBJECTIVE A YEAR-ROUND

20-mgd Plant 220-mgd Plant

Capital Cost per gpd of Plant Capacity $3.91 $3.03
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.14

Figure 11-15. Capital Cost per Plant Capacity for HPO Plant Upgraded for Objective A Year-Round
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Figure 11-16. O&M Cost per Plant Capacity for HPO Plant Upgraded for Objective A Year-Round

TABLE 11-16.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING HPO PLANT

TO ACHIEVE OBJECTIVE A YEAR-ROUND

20-mgd Plant 220-mgd Plant

Annualized Capital Cost $5,745,000 $48,960,000
2014 O&M Cost $4,172,000 $35,520,000

Total Annual Cost $9,917,000 $87,480,000
Annual TIN Load Reduction (lb/yr) 761,390 8,375,290
Estimated Cost for TIN Reduction ($/lb TIN removed) $13.00 $10.10

Equation:a .................................................................................................................................y = 54.946x-0.106

R-Square Value:.........................................................................................................................1

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.1.7 Aerated or Facultative Lagoon Plants
Table 11-17 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A year-round for an aerated lagoon plant. Figures 11-17 and 11-18 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 11-18 and Figures 11-19 and 11-20 summarize these costs for a facultative
lagoon plant. Tables 11-19 and 11-20 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 11-17.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE A YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $22.33 $17.04 $11.18 $6.58
Incremental Annual O&M Cost per gpd of Plant Capacity $0.91 $0.53 $0.23 $0.11

TABLE 11-18.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE A YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $22.19 $16.92 $11.09 $6.53
Incremental Annual O&M Cost per gpd of Plant Capacity $1.18 $0.77 $0.40 $0.14



…11. COST EVALUATION, OBJECTIVE A

11-17

Figure 11-17. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective A Year-
Round

Figure 11-18. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective A Year-
Round
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Figure 11-19. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective A
Year-Round

Figure 11-20. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective A Year-
Round



…11. COST EVALUATION, OBJECTIVE A

11-19

TABLE 11-19.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $82,0052 $1,251,455 $4,106,942 $24,168,643
2014 O&M Cost $512,439 $598,073 $1,321,179 $6,109,993

Total Annual Cost $1,332,490 $1,849,528 $5,428,120 $30,278,636
Annual TIN Load Reduction (lb/yr) 17,593 35,186 175,930 1,755,650
Estimated Cost for TIN Reduction ($/lb TIN removed) $75.74 $52.26 $30.85 $17.25

Equation:a .................................................................................................................................y = 1458.7x-0.312

R-Square Value:.........................................................................................................................0.982

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-20.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE A YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $815,034 $1,242,982 $4,073,790 $23,994,247
2014 O&M Cost $665,608 $861,751 $2,224,005 $7,997,263

Total Annual Cost $1,480,641 $2,104,734 $6,297,796 $31,991,510
Annual TIN Load Reduction (lb/yr) 17,593 35,186 175,930 1,755,650
Estimated Cost for TIN Reduction ($/lb TIN removed) $63.89 $44.77 $35.80 $18.22

Equation:a .................................................................................................................................y = 725.24x-0.255

R-Square Value:.........................................................................................................................0.9728

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.2 SEASONAL NUTRIENT REMOVAL
11.2.1 Extended Aeration Plants
Table 11-21 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A seasonally for an extended aeration plant using mechanical aeration.
Figures 11-21 and 11-22 show graphs of the capital and O&M costs, respectively. The estimates are given
in dollars per gallon per day of plant capacity. Table 11-22 and Figures 11-23 and 11-24 summarize these
costs for an extended aeration plant using diffuser aeration. Tables 11-23 and 11-24 present the
annualized unit costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants,
respectively.

TABLE 11-21.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $4.37 $2.28 $2.27
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.04 $0.01

TABLE 11-22.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $0.64 $0.79 $0.40
Incremental Annual O&M Cost per gpd of Plant Capacity $0.03 ($0.02) ($0.02)
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Figure 11-21. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant
Upgraded for Objective A Seasonally

Figure 11-22. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective A Seasonal
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Figure 11-23. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded
for Objective A Seasonally

Figure 11-24. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective A Seasonal
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TABLE 11-23.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

(MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $320,823 $1,674,036 $16,642,677
2014 O&M Cost $243,560 $433,659 $901,533

Total Annual Cost $564,383 $2,107,695 $17,544,210
Annual TIN Load Reduction (lb/yr) 19,418 194,180 1,941,800
Estimated Cost for TIN Reduction ($/lb TIN removed) $29.06 $10.85 $9.04

Equation:a ................................................................................................................................. y = 310.83x-0.254

R-Square Value: ......................................................................................................................... 0.8639

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-24.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

(DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $46,889 $579,949 $2,904,885
2014 O&M Cost $28,926 -$235,231 -$2,777,193

Total Annual Cost $75,815 $344,717 $127,692
Annual TIN Load Reduction (lb/yr) 19,400 193,998 1,939,975
Estimated Cost for TIN Reduction ($/lb TIN removed) $3.91 $1.78 $0.07

Equation:a ................................................................................................................................. y = 32735x-0.874

R-Square Value: ........................................................................................................................ 0.8901

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

11-24

11.2.2 Conventional Activated Sludge Plants
Table 11-25 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A seasonally for a conventional activated sludge plant. Figures 11-25 and
11-26 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 11-26 presents the annualized unit costs for reducing nutrient
loads.

TABLE 11-25.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $2.35 $1.18 $1.40
Incremental Annual O&M Cost per gpd of Plant Capacity $0.16 $0.04 $0.02

Figure 11-25. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective A Seasonally
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Figure 11-26. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective A Seasonal

TABLE 11-26.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $172,242 $864,178 $15,467,709
2014 O&M Cost $177,887 $486,220 $3,598,252

Total Annual Cost $350,129 $1,350,397 $19,065,961
Annual TIN Load Reduction (lb/yr) 19,455 194,545 2,918,175
Estimated Cost for TIN Reduction ($/lb TIN removed) $18.00 $6.94 $6.53

Equation:a ................................................................................................................................. y = 105.86x-0.197

R-Square Value: ........................................................................................................................ 0.7559

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.2.3 Sequencing Batch Reactor Plants
Table 11-27 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A seasonally for an SBR plant. Figures 11-27 and 11-28 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 11-28 presents the annualized unit costs for reducing nutrient loads.

TABLE 11-27.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE A SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $0.42 $0.22 $0.16
Incremental Annual O&M Cost per gpd of Plant Capacity $0.00 ($0.00) $0.0004

Figure 11-27. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective A Seasonally
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Figure 11-28. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective A Seasonal

TABLE 11-28.
UNIT NUTRIENT REMOVAL COSTS FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE A SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $15,578 $31,979 $117,738
2014 O&M Cost $1,576 -$563 $3,939

Total Annual Cost $17,154 $31,417 $121,677
Annual TIN Load Reduction (lb/yr) 246 986 4,928
Estimated Cost for TIN Reduction ($/lb TIN removed) $69.63 $31.88 $24.69

Equation:a ................................................................................................................................. y = 408.67x-0.341

R-Square Value: ........................................................................................................................ 0.8967

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.2.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 11-29 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A seasonally for a trickling filter plant. Figures 11-29 and 11-30 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 11-30 and Figures 11-31 and 11-32 summarize these costs for a trickling
filter/solids contact plant. Table 11-31 and Figures 11-33 and 11-34 summarize these costs for an RBC
plant. Tables 11-32, 11-33 and 11-34 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 11-29.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $4.68 $2.80 $2.18
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.06 $0.02

TABLE 11-30.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $2.94 $2.11 $1.77
Incremental Annual O&M Cost per gpd of Plant Capacity $0.11 $0.04 $0.01

TABLE 11-31.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $4.71 $2.83 $2.22
Incremental Annual O&M Cost per gpd of Plant Capacity $0.27 $0.08 $0.03
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Figure 11-29. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective A
Seasonally

Figure 11-30. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective A Seasonal
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Figure 11-31. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective A Seasonally

Figure 11-32. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective A Seasonal
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Figure 11-33. Capital Cost per Plant Capacity for RBC Plant Upgraded for Objective A Seasonally

Figure 11-34. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective A Seasonal
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TABLE 11-32.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF PLANT TO

ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $344,062 $2,059,887 $24,020,776
2014 O&M Cost $243,841 $707,439 $3,538,037

Total Annual Cost $587,903 $2,767,326 $27,558,813
Annual TIN Load Reduction (lb/yr) 19,455 194,545 2,918,175
Estimated Cost for TIN Reduction ($/lb TIN removed) $30.22 $14.22 $9.44

Equation:a ................................................................................................................................. y = 270.37x-0.23

R-Square Value: ........................................................................................................................ 0.9541

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-33.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF/SC PLANT

TO ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $216,251 $1,552,823 $19,453,578
2014 O&M Cost $118,966 $443,788 $1,875,660

Total Annual Cost $335,217 $1,996,611 $21,329,238
Annual TIN Load Reduction (lb/yr) 19,455 194,545 2,918,175
Estimated Cost for TIN Reduction ($/lb TIN removed) $17.23 $10.26 $7.31

Equation:a ................................................................................................................................. y = 88.118x-0.17

R-Square Value: ........................................................................................................................ 0.9724

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-34.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE A SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $345,625 $2,077,327 $24,474,041
2014 O&M Cost $304,861 $858,819 $4,545,367
Total Annual Cost $650,486 $2,936,146 $29,019,409
Annual TIN Load Reduction (lb/yr) 19,455 194,545 2,918,175
Estimated Cost for TIN Reduction ($/lb TIN removed) $33.44 $15.09 $9.94

Equation:a ................................................................................................................................. y = 327.02x-0.24

R-Square Value: ........................................................................................................................ 0.9503

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.2.5 Membrane Biological Reactor Plants
No new facilities or activities are required to achieve Objective A for MBR plants, so there are no
associated capital or O&M costs.

11.2.6 High-Purity Oxygen Activated Sludge Plants
Table 11-35 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A seasonally for an HPO plant. Figures 11-35 and 11-36 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 11-36 presents the annualized unit costs for reducing nutrient loads.

TABLE 11-35.
ESTIMATED COST PER CAPACITY FOR UPGRADING HPO PLANT TO ACHIEVE

OBJECTIVE A SEASONALLY

20-mgd Plant 220-mgd Plant

Capital Cost per gpd of Plant Capacity $1.22 $1.24
Incremental Annual O&M Cost per gpd of Plant Capacity $0.11 $0.09

Figure 11-35. Capital Cost per Plant Capacity for HPO Plant Upgraded for Objective A Seasonal
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Figure 11-36. O&M Cost per Plant Capacity for HPO Plant Upgraded for Objective A Seasonal

TABLE 11-36.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING HPO PLANT

TO ACHIEVE OBJECTIVE A SEASONALLY

20-mgd Plant 220-mgd Plant

Annualized Capital Cost $1,785,000 $19,957,000
2014 O&M Cost $2,381,000 $21,479,000

Total Annual Cost $4,166,000 $41,436,000
Annual TIN Load Reduction (lb/yr) 401,500 4,416,500
Estimated Cost for TIN Reduction ($/lb TIN removed) $10.40 $9.40

Equation:a ................................................................................................................................. y = 17.903x-0.042

R-Square Value:......................................................................................................................... 1

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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11.2.7 Aerated or Facultative Lagoon Plants
Table 11-37 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective A seasonally for an aerated lagoon plan. Figures 11-37 and 11-38 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 11-38 and Figures 11-39 and 11-40 summarize these costs for a facultative
lagoon plant. Tables 11-39 and 11-40 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 11-37.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE A SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $21.49 $16.16 $10.54 $6.78
Incremental Annual O&M Cost per gpd of Plant Capacity $0.87 $0.51 $0.22 $0.08

TABLE 11-38.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE A SEASONALLY

0.5-mgd
Plant

1-mgd
Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $21.35 $16.04 $10.45 $6.74
Incremental Annual O&M Cost per gpd of Plant Capacity $1.14 $0.74 $0.38 $0.11



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

11-36

Figure 11-37. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective A
Seasonally

Figure 11-38. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective A Seasonal
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Figure 11-39. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective A
Seasonally

Figure 11-40. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective A
Seasonal
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TABLE 11-39.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $789,070 $1,186,818 $3,870,397 $24,915,789
2014 O&M Cost $490,941 $570,779 $1,212,069 $4,519,475
Total Annual Cost $1,280,011 $1,757,597 $5,087,466 $29,465,265
Annual TIN Load Reduction (lb/yr) 10,476 20,951 104,755 972,725
Estimated Cost for TIN Reduction ($/lb TIN removed) $122.19 $83.89 $48.57 $30.29

Equation:a ................................................................................................................................ y = 1747.8x-0.299

R-Square Value: ........................................................................................................................ 0.9681

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 11-40.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE A SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $783,969 $1,178,345 $3,837,246 $24,741,394
2014 O&M Cost $644,111 $834,458 $2,119,896 $6,436,745
Total Annual Cost $1,428,080 $2,012,803 $5,957,141 $31,178,139
Annual TIN Load Reduction (lb/yr) 10,476 20,951 104,755 972,725
Estimated Cost for TIN Reduction ($/lb TIN removed) $136.33 $96.07 $56.87 $32.05

Equation:a ................................................................................................................................ y = 2251.9x-0.312

R-Square Value: ........................................................................................................................ 0.9857

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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CHAPTER 12.
COST EVALUATION, OBJECTIVE B

12.1 YEAR-ROUND NUTRIENT REMOVAL
12.1.1 Extended Aeration Plants
Table 12-1 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B year-round for an extended aeration plant using mechanical aeration.
Figures 12-1 and 12-2 show graphs of the capital and O&M costs, respectively. The estimates are given in
dollars per gallon per day of plant capacity. Table 12-2 and Figures 12-3 and 12-4 summarize these costs
for an extended aeration plant using diffuser aeration. Tables 12-3 and 12-4 present the annualized unit
costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants, respectively.

TABLE 12-1.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $5.57 $2.65 $2.38
Incremental Annual O&M Cost per gpd of Plant Capacity $0.34 $0.07 $0.02

TABLE 12-2.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.85 $1.15 $0.49
Incremental Annual O&M Cost per gpd of Plant Capacity $0.15 $0.02 ($0.01)
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Figure 12-1. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective B Year-Round

Figure 12-2. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective B Year-Round
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Figure 12-3. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective B Year-Round

Figure 12-4. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective B Year-Round
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TABLE 12-3.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED
AERATION (MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $408,762 $1,947,903 $17,463,507
2014 Incremental O&M Cost $382,230 $840,600 $2,183,065

Total Annual Cost $790,992 $2,788,504 $19,646,572
Annual TIN Load Reduction (lb/yr) 44,932 449,315 4,493,150
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $17.60 $6.21 $4.37

Equation:a ................................................................................................................................. y = 400.88x-0.303

R-Square Value: ........................................................................................................................ 0.9243

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-4.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED

AERATION (DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $135,652 $845,590 $3,627,000
2014 Incremental O&M Cost $167,595 $171,710 -$1,495,661

Total Annual Cost $303,247 $1,017,300 $2,131,340
Annual TIN Load Reduction (lb/yr) 44,932 449,315 4,493,150
Estimated Cost for TIN Reduction ($/lb TIN removed) $6.75 $2.26 $0.47

Equation:a ................................................................................................................................ y = 3595.5x-0.579

R-Square Value: ........................................................................................................................ 0.9895

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.1.2 Conventional Activated Sludge Plants
Table 12-5 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B year-round for a conventional activated sludge plant. Figures 12-5 and
12-6 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 12-6 presents the annualized unit costs for reducing nutrient loads.

TABLE 12-5.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $7.63 $5.15 $3.44
Incremental Annual O&M Cost per gpd of Plant Capacity $0.32 $0.16 $0.10

Figure 12-5. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective B Year-Round
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Figure 12-6. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective B Year-Round

TABLE 12-6.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $560,269 $3,785,071 $37,928,146
2014 O&M Cost $359,351 $1,824,403 $16,486,747

Total Annual Cost $919,620 $5,6094,74 $54,414,620
Annual TIN Load Reduction (lb/yr) 45,443 454,425 6,816,375
Estimated Cost for TIN Reduction ($/lb TIN removed) $20.24 $12.34 $7.98

Equation:a ................................................................................................................................ y = 143.71x-0.185

R-Square Value: ........................................................................................................................ 0.9931

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)



…12. COST EVALUATION, OBJECTIVE B

12-7

12.1.3 Sequencing Batch Reactor Plants
Table 12-7 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B year-round for an SBR plant. Figures 12-7 and 12-8 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 12-8 presents the annualized unit costs for reducing nutrient loads.

TABLE 12-7.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE B YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $1.98 $0.96 $0.59
Incremental Annual O&M Cost per gpd of Plant Capacity $0.70 $0.31 $0.14

Figure 12-7. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective B Year-Round
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Figure 12-8. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective B Year-Round

TABLE 12-8.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING SBR PLANT TO

ACHIEVE OBJECTIVE B YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $72,824 $140,735 $432,604
2014 O&M Cost $393,776 $688,910 $1,543,846

Total Annual Cost $466,600 $829,644 $1,976,450
Annual TIN Load Reduction (lb/yr) 2,537 10,147 50,735
Estimated Cost for TIN Reduction ($/lb TIN removed) $183.94 $81.76 $38.96

Equation:a .................................................................................................................................y = 10207x-0.517

R-Square Value:.........................................................................................................................R² = 0.9953

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.1.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 12-9 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B year-round for a trickling filter plant. Figures 12-9 and 12-10 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 12-10 and Figures 12-11 and 12-12 summarize these costs for a trickling
filter/solids contact plant. Table 12-11 and Figures 12-13 and 12-14 summarize these costs for an RBC
plant. Tables 12-12, 12-13 and 12-14 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 12-9.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $9.18 $6.43 $3.94
Incremental Annual O&M Cost per gpd of Plant Capacity $0.38 $0.18 $0.10

TABLE 12-10.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $7.91 $5.87 $3.62
Incremental Annual O&M Cost per gpd of Plant Capacity $0.27 $0.16 $0.09

TABLE 12-11.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $9.19 $6.46 $3.99
Incremental Annual O&M Cost per gpd of Plant Capacity $0.43 $0.20 $0.10
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Figure 12-9. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective B Year-
Round

Figure 12-10. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective B Year-
Round
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Figure 12-11. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective B Year-Round

Figure 12-12. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective B Year-Round
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Figure 12-13. Capital Cost per Plant Capacity for RBC Upgraded for Objective B Year-Round

Figure 12-14. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective B Year-Round
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TABLE 12-12.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $674,390 $4,721,940 $43,396,182
2014 O&M Cost $425,306 $2,045,622 $16,426,259

Total Annual Cost $1,099,696 $6,767,562 $59,822,441
Annual TIN Load Reduction (lb/yr) 45,443 454,425 6,816,375
Estimated Cost for TIN Reduction ($/lb TIN removed) $24.20 $14.89 $8.78

Equation:a .................................................................................................................................y = 209.97x-0.202

R-Square Value:.........................................................................................................................0.9995

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-13.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER/SOLIDS CONTACT PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost 580,940 4,313,673 39,890,166
2014 O&M Cost 300,431 1,781,972 14,763,883

Total Annual Cost 881,371 6,095,644 54,654,049
Annual TIN Load Reduction (lb/yr) 45,443 454,425 6,816,375
Estimated Cost for TIN Reduction ($/lb TIN removed) 19.40 13.41 8.02

Equation:a .................................................................................................................................y = 130.75x-0.177

R-Square Value:.........................................................................................................................0.9977

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-14.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT

TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $674,719 $4,742,341 $43,920,192
2014 O&M Cost $486,325 $2,197,003 $17,433,590

Total Annual Cost $1,161,044 $6,939,344 $61,353,782
Annual TIN Load Reduction (lb/yr) 45,443 454,425 6,816,375
Estimated Cost for TIN Reduction ($/lb TIN removed) $25.55 $15.27 $9.00

Equation:a .................................................................................................................................y = 234.42x-0.208

R-Square Value:.........................................................................................................................0.9985

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.1.5 Membrane Biological Reactor Plants
Table 12-15 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B year-round for an MBR plant. Figures 12-15 and 12-16 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 12-16 presents the annualized unit costs for reducing nutrient loads.

TABLE 12-15.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $0.031 $0.004 $0.002
Incremental Annual O&M Cost per gpd of Plant Capacity $0.016 $0.016 $0.016

Figure 12-15. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective B Year-Round
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Figure 12-16. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective B Year-Round

TABLE 12-16.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT

TO ACHIEVE OBJECTIVE B YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $2,284 $2,916 $17,745
2014 O&M Cost $17,973 $179,730 $1,797,297

Total Annual Cost $20,257 $182,646 $1,815,042
Annual TIN Load Reduction (lb/yr) 9,527 95,265 952,650
Estimated Cost for TIN Reduction ($/lb TIN removed) $2.13 $1.92 $1.91

Equation:a .................................................................................................................................y = 2.6028x-0.024

R-Square Value:.........................................................................................................................0.7858

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.1.6 High-Purity Oxygen Activated Sludge Plants
Table 12-17 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B year-round for an HPO activated sludge plant. Figures 12-17 and 12-18
show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per
day of plant capacity. Table 12-18 presents the annualized unit costs for reducing nutrient loads.

TABLE 12-17.
ESTIMATED COST PER CAPACITY FOR UPGRADING HPO PLANT TO ACHIEVE

OBJECTIVE B YEAR-ROUND

20-mgd Plant 220-mgd Plant

Capital Cost per gpd of Plant Capacity $4.60 $3.67
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.17

Figure 12-17. Capital Cost per Plant Capacity for HPO Plant Upgraded for Objective B Year-Round
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Figure 12-18. O&M Cost per Plant Capacity for HPO Upgraded for Objective B Year-Round

TABLE 12-18.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING HPO PLANT

TO ACHIEVE OBJECTIVE B YEAR-ROUND

20-mgd Plant 220-mgd Plant

Annualized Capital Cost $6,760,000 $59,304,000
2014 O&M Cost $4,991,000 $42,269,000
Total Annual Cost $11,751,000 $101,573,000
Annual TIN Load Reduction (lb/yr) 962,870 10,591,570
Estimated Cost for TIN Reduction ($/lb TIN removed) $12.20 $9.60

Equation:a ................................................................................................................................. y = 48.664x-0.100

R-Square Value:.........................................................................................................................1

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.1.7 Aerated or Facultative Lagoon Plants
Table 12-19 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B year-round for an aerated lagoon plant. Figures 12-19 and 12-20 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 12-20 and Figures 12-21 and 12-22 summarize these costs for a facultative
lagoon plant. Tables 12-21 and 12-22 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 12-19.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE B YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $23.46 $17.78 $11.93 $7.75
Incremental Annual O&M Cost per gpd of Plant Capacity $1.10 $0.67 $0.30 $0.14

TABLE 12-20.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE B YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $23.32 $17.67 $11.84 $7.70
Incremental Annual O&M Cost per gpd of Plant Capacity $1.37 $0.90 $0.46 $0.17
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Figure 12-19. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective B Year-
Round

Figure 12-20. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective B Year-
Round
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Figure 12-21. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective B
Year-Round

Figure 12-22. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective B Year-
Round
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TABLE 12-21.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $861,410 $1,306,182 $4,380,684 $28,454,843
2014 O&M Cost $616,861 $752,106 $1,685,034 $7,948,371

Total Annual Cost $1,478,272 $2,058,287 $6,065,718 $36,403,214
Annual TIN Load Reduction (lb/yr) 22,429 44,859 224,293 2,224,675
Estimated Cost for TIN Reduction ($/lb TIN removed) $65.91 $45.88 $27.04 $16.36

Equation:a .................................................................................................................................y = 1139.5x-0.295

R-Square Value:.........................................................................................................................0.9733

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-22.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE B YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $856,392 $1,297,709 $4,347,532 $28,280,447
2014 O&M Cost $770,030 $1,015,784 $2,587,861 $9,835,641

Total Annual Cost $1,626,423 $2,313,496 $6,935,394 $38,116,088
Annual TIN Load Reduction (lb/yr) 22,429 44,859 224,293 2,224,675
Estimated Cost for TIN Reduction ($/lb TIN removed) $72.51 $51.57 $30.92 $17.13

Equation:a .................................................................................................................................y = 1441.6x-0.306

R-Square Value:.........................................................................................................................0.9871

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.2 SEASONAL NUTRIENT REMOVAL
12.2.1 Extended Aeration Plants
Table 12-23 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B seasonally for an extended aeration plant using mechanical aeration.
Figures 12-23 and 12-24 show graphs of the capital and O&M costs, respectively. The estimates are given
in dollars per gallon per day of plant capacity. Table 12-24 and Figures 12-25 and 12-26 summarize these
costs for an extended aeration plant using diffuser aeration. Tables 12-25 and 12-26 present the
annualized unit costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants,
respectively.

TABLE 12-23.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $4.96 $2.54 $2.30
Incremental Annual O&M Cost per gpd of Plant Capacity $0.32 $0.07 $0.02

TABLE 12-24.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.23 $1.06 $0.43
Incremental Annual O&M Cost per gpd of Plant Capacity $0.13 $0.01 ($0.01)
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Figure 12-23. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant
Upgraded for Objective B Seasonally

Figure 12-24. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective B Seasonal
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Figure 12-25. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded
for Objective B Seasonally

Figure 12-26. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective B Seasonal
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TABLE 12-25.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

(MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $364,187 $1,869,240 $16,922,633
2014 O&M Cost $357,321 $835,184 $2,809,833

Total Annual Cost $721,508 $2,704,424 $19,732,466
Annual TIN Load Reduction (lb/yr) 23,305 233,053 2,330,525
Estimated Cost for TIN Reduction ($/lb TIN removed) $30.96 $11.60 $8.47

Equation:a ................................................................................................................................. y = 469.64x-0.281

R-Square Value: ......................................................................................................................... 0.9188

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-26.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA ((DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $90,253 $775,153 $3,184,841
2014 O&M Cost $142,686 $166,294 -$868,893

Total Annual Cost $232,940 $941,447 $2,315,948
Annual TIN Load Reduction (lb/yr) 23,287 232,870 2,328,700
Estimated Cost for TIN Reduction ($/lb TIN removed) $10.00 $4.04 $0.99

Equation:a ................................................................................................................................. y = 262.5x-0.331

R-Square Value:......................................................................................................................... 0.9957

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.2.2 Conventional Activated Sludge Plants
Table 12-27 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B seasonally for a conventional activated sludge plant. Figures 12-27 and
12-28 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 12-28 presents the annualized unit costs for reducing nutrient
loads.

TABLE 12-27.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $2.83 $1.62 $1.30
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.06 $0.03

Figure 12-27. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective B Seasonally
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Figure 12-28. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective B Seasonal

TABLE 12-28.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $207,608 $1,190,435 $14,350,478
2014 O&M Cost $245,065 $691,484 $4,846,582

Total Annual Cost $452,673 $1,881,920 $19,197,060
Annual TIN Load Reduction (lb/yr) 22,685 226,848 3,402,713
Estimated Cost for TIN Reduction ($/lb TIN removed) $19.95 $8.30 $5.64

Equation:a ................................................................................................................................. y = 217.78x-0.249

R-Square Value: ........................................................................................................................ 0.9303

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.2.3 Sequencing Batch Reactor Plants
Table 12-29 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B seasonally for an SBR plant. Figures 12-29 and 12-30 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 12-30 presents the annualized unit costs for reducing nutrient loads.

TABLE 12-29.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE B SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $1.81 $0.85 $0.50
Incremental Annual O&M Cost per gpd of Plant Capacity $0.59 $0.24 $0.10

Figure 12-29. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective B Seasonally
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Figure 12-30. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective B Seasonal

TABLE 12-30.
UNIT NUTRIENT REMOVAL COSTS FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE B SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $66,552 $125,538 $365,384
2014 O&M Cost $332,581 $545,450 $1,098,542

Total Annual Cost $399,132 $670,988 $1,460,926
Annual TIN Load Reduction (lb/yr) 475 1,898 9,490
Estimated Cost for TIN Reduction ($/lb TIN removed) $841.16 $353.52 $153.94

Equation:a ................................................................................................................................. y = 26701x-0.566

R-Square Value: ........................................................................................................................ 0.997

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.2.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 12-31 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B seasonally for a trickling filter plant. Figures 12-31 and 12-32 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 12-32 and Figures 12-33 and 12-34 summarize these costs for a trickling
filter/solids contact plant. Table 12-33 and Figures 12-35 and 12-36 summarize these costs for an RBC
plant. Tables 12-34, 12-35 and 12-36 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 12-31.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $5.17 $3.25 $2.08
Incremental Annual O&M Cost per gpd of Plant Capacity $0.28 $0.08 $0.03

TABLE 12-32.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $3.43 $2.56 $1.66
Incremental Annual O&M Cost per gpd of Plant Capacity $0.17 $0.06 $0.02

TABLE 12-33.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $5.19 $3.27 $2.12
Incremental Annual O&M Cost per gpd of Plant Capacity $0.33 $0.09 $0.03
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Figure 12-31. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective B
Seasonally

Figure 12-32. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective B Seasonal
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Figure 12-33. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective B Seasonally

Figure 12-34. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective B Seasonal
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Figure 12-35. Capital Cost per Plant Capacity for RBC Plant Upgraded for Objective B Seasonally

Figure 12-36. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective B Seasonal
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TABLE 12-34.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF PLANT TO

ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $379,427 $2,386,145 $22,903,545
2014 O&M Cost $311,020 $912,703 $4,786,367

Total Annual Cost $690,447 $3,298,848 $27,689,912
Annual TIN Load Reduction (lb/yr) 22,685 226,848 3,402,713
Estimated Cost for TIN Reduction ($/lb TIN removed) $30.44 $14.54 $8.14

Equation:a ................................................................................................................................. y = 400.95x-0.262

R-Square Value: ........................................................................................................................ 0.9866

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-35.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF/SC PLANT

TO ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $251,616 $1,879,081 $8,336,346
2014 O&M Cost $186,145 $649,053 $3,123,990

Total Annual Cost $437,761 $2,528,134 $21,460,337
Annual TIN Load Reduction (lb/yr) 22,685 226,848 3,402,713
Estimated Cost for TIN Reduction ($/lb TIN removed) $19.30 $11.14 $6.31

Equation:a ................................................................................................................................. y = 177.89x-0.223

R-Square Value: ........................................................................................................................ 0.9986

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-36.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $380,990 $2,403,585 $23,356,810
2014 O&M Cost $372,040 $1,064,084 $5,793,697

Total Annual Cost $753,030 $3,467,669 $29,150,507
Annual TIN Load Reduction (lb/yr) 22,685 226,848 3,402,713
Estimated Cost for TIN Reduction ($/lb TIN removed) $33.20 $15.29 $8.57

Equation:a ................................................................................................................................. y = 464.91x-0.269

R-Square Value: ........................................................................................................................ 0.9831

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.2.5 Membrane Biological Reactor Plants
Table 12-37 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B seasonally for an MBR plant. Figures 12-37 and 12-38 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 12-38 presents the annualized unit costs for reducing nutrient loads.

TABLE 12-37.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $0.029 $0.004 $0.002
Incremental Annual O&M Cost per gpd of Plant Capacity $0.013 $0.013 $0.013

Figure 12-37. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective B Seasonally
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Figure 12-38. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective B Seasonal

TABLE 12-38.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT

TO ACHIEVE OBJECTIVE B SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $2,512 $2,864 $15,211
2014 O&M Cost $14,378 $143,784 $1,437,838

Total Annual Cost $16,530 $146,648 $1,453,049
Annual TIN Load Reduction (lb/yr) 3,814 38,143 381,425
Estimated Cost for TIN Reduction ($/lb TIN removed) $4.33 $3.84 $3.81

Equation:a .................................................................................................................................y = 5.3439x-0.028

R-Square Value:.........................................................................................................................0.7958

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.2.6 High-Purity Oxygen Activated Sludge Plants
Table 12-39 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B seasonally for an HPO plant. Figures 12-39 and 12-40 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 12-40 presents the annualized unit costs for reducing nutrient loads.

TABLE 12-39.
ESTIMATED COST PER CAPACITY FOR UPGRADING HPO PLANT TO ACHIEVE

OBJECTIVE B SEASONALLY

20-mgd Plant 220-mgd Plant

Capital Cost per gpd of Plant Capacity $1.71 $1.60
Incremental Annual O&M Cost per gpd of Plant Capacity $0.13 $0.10

Figure 12-39. Capital Cost per Plant Capacity for HPO Plant Upgraded for Objective B Seasonal
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Figure 12-40. O&M Cost per Plant Capacity for HPO Upgraded for Objective B Seasonal

TABLE 12-40.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING HPO PLANT

TO ACHIEVE OBJECTIVE B SEASONALLY

20-mgd Plant 220-mgd Plant

Annualized Capital Cost $2,508,000 $25,791,880
2014 O&M Cost $3,002,000 $25,942,000
Total Annual Cost $5,510,185 $51,734,000
Annual TIN Load Reduction (lb/yr) 479,975 5,279,725
Estimated Cost for TIN Reduction ($/lb TIN removed) $11.50 $9.80

Equation:a ................................................................................................................................. y = 27.215x-0.066

R-Square Value:......................................................................................................................... 1

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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12.2.7 Aerated or Facultative Lagoon Plants
Table 12-41 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective B seasonally for an aerated lagoon plan. Figures 12-41 and 12-42 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 12-42 and Figures 12-43 and 12-44 summarize these costs for a facultative
lagoon plant. Tables 12-43 and 12-44 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 12-41.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE B SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $22.30 $16.67 $11.02 $6.65
Incremental Annual O&M Cost per gpd of Plant Capacity $1.02 $0.61 $0.26 $0.11

TABLE 12-42.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE B SEASONALLY

0.5-mgd
Plant

1-mgd
Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $22.16 $16.55 $10.93 $6.60
Incremental Annual O&M Cost per gpd of Plant Capacity $1.29 $0.84 $0.42 $0.14
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Figure 12-41. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective B
Seasonally

Figure 12-42. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective B Seasonal
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Figure 12-43. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective B
Seasonally

Figure 12-44. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective B
Seasonal
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TABLE 12-43.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $819,066 $1,224,063 $4,047,995 $24,419,256
2014 O&M Cost $573,765 $687,016 $1,437,528 $6,243,366

Total Annual Cost $1,392,831 $1,991,080 $5,485,523 $30,662,622
Annual TIN Load Reduction (lb/yr) 11,534 23,068 115,340 1,134,238
Estimated Cost for TIN Reduction ($/lb TIN removed) $120.76 $82.85 $47.56 $27.03

Equation:a ................................................................................................................................ y = 2132.1x-0.318

R-Square Value: ........................................................................................................................ 0.979

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)

TABLE 12-44.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE B SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $813,966 $1,215,590 $4,014,843 $24,244,860
2014 O&M Cost $726,934 $950,695 $2,340,355 $8,130,636

Total Annual Cost $1,540,900 $2,166,285 $6,355,198 $32,375,496
Annual TIN Load Reduction (lb/yr) 11,534 23,068 115,340 1,134,238
Estimated Cost for TIN Reduction ($/lb TIN removed) $133.60 $93.91 $55.10 $28.54

Equation:a ................................................................................................................................ y = 2798.3x-0.332

R-Square Value: ........................................................................................................................ 0.9928

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
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CHAPTER 13.
COST EVALUATION, OBJECTIVE C

13.1 YEAR-ROUND NUTRIENT REMOVAL
13.1.1 Extended Aeration Plants
Table 13-1 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C year-round for an extended aeration plant using mechanical aeration.
Figures 13-1 and 13-2 show graphs of the capital and O&M costs, respectively. The estimates are given in
dollars per gallon per day of plant capacity. Table 13-2 and Figures 13-3 and 12-4 summarize these costs
for an extended aeration plant using diffuser aeration. Tables 13-3 and 13-4 present the annualized unit
costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants, respectively.

TABLE 13-1.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $0.78 $0.23 $0.24
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.14 $0.13

TABLE 13-2.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.00 $0.46 $0.29
Incremental Annual O&M Cost per gpd of Plant Capacity $0.14 $0.10 $0.09
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Figure 13-1. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective C Year-Round

Figure 13-2. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective C Year-Round
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Figure 13-3. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective C Year-Round

Figure 13-4. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective C Year-Round
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TABLE 13-3.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED
AERATION (MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $57,213 $166,499 $1,778,664
2014 Incremental O&M Cost $212,440 $1,594,852 $14,156,762

Total Annual Cost $269,653 $1,761,350 $15,935,426
Annual TP Load Reduction (lb/yr) 11,060 110,595 1,105,950
Estimated Unit Cost for TP Reduction ($/lb TP removed) $24.38 $15.93 $14.41

Equation:a ................................................................................................................................. y = 66.869x-0.114

R-Square Value: ........................................................................................................................ 0.8869

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-4.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED

AERATION (DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $73,409 $340,278 $2,119,024
2014 Incremental O&M Cost $161,961 $1,157,141 $9,837,060

Total Annual Cost $235,369 $1,497,419 $11,956,083
Annual TP Load Reduction (lb/yr) 11,023 110,230 1,102,300
Estimated Cost for TP Reduction ($/lb TP removed) $21.35 $13.58 $10.85

Equation:a ................................................................................................................................ y = 80.732x-0.147

R-Square Value: ........................................................................................................................ R² = 0.9636

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.1.2 Conventional Activated Sludge Plants
Table 13-5 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C year-round for a conventional activated sludge plant. Figures 13-5 and
13-6 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 13-6 presents the annualized unit costs for reducing nutrient loads.

TABLE 13-5.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.22 $0.25 $0.27
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.14 $0.12

Figure 13-5. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective C Year-Round
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Figure 13-6. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective C Year-Round

TABLE 13-6.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $89,810 $184,134 $2,946,787
2014 O&M Cost $251,872 $1,558,830 $20,042,160

Total Annual Cost $341,682 $1,742,963 $22,988,948
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Cost for TP Reduction ($/lb TP removed) $29.91 $15.26 $13.41

Equation:a ................................................................................................................................ y = 116.06x-0.157

R-Square Value: ........................................................................................................................ 0.834

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.1.3 Sequencing Batch Reactor Plants
Table 13-7 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C year-round for an SBR plant. Figures 13-7 and 13-8 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 13-8 presents the annualized unit costs for reducing nutrient loads.

TABLE 13-7.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE C YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $1.44 $0.47 $0.20
Incremental Annual O&M Cost per gpd of Plant Capacity $0.10 $0.02 $0.01

Figure 13-7. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective C Year-Round
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Figure 13-8. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective C Year-Round

TABLE 13-8.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING SBR PLANT TO

ACHIEVE OBJECTIVE C YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $52,792 $68,370 $143,846
2014 O&M Cost $55,144 $43,585 $77,885

Total Annual Cost $107,936 $1,11,956 $221,731
Annual TP Load Reduction (lb/yr) 2,099 8,395 41,975
Estimated Cost for TP Reduction ($/lb TP removed) $51.43 $13.34 $5.28

Equation:a .................................................................................................................................y = 14903x-0.755

R-Square Value:.........................................................................................................................0.9777

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.1.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 13-9 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C year-round for a trickling filter plant. Figures 13-9 and 13-10 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 13-10 and Figures 13-11 and 13-12 summarize these costs for a trickling
filter/solids contact plant. Table 13-11 and Figures 13-13 and 13-14 summarize these costs for an RBC
plant. Tables 13-12, 13-13 and 13-14 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 13-9.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.22 $0.25 $0.27
Incremental Annual O&M Cost per gpd of Plant Capacity $0.21 $0.13 $0.11

TABLE 13-10.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.22 $0.25 $0.27
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.13 $0.11

TABLE 13-11.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.22 $0.25 $0.27
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.13 $0.11
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Figure 13-9. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective C Year-
Round

Figure 13-10. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective C Year-
Round
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Figure 13-11. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective C Year-Round

Figure 13-12. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective C Year-Round
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Figure 13-13. Capital Cost per Plant Capacity for RBC Upgraded for Objective C Year-Round

Figure 13-14. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective C Year-Round
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TABLE 13-12.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $89,810 $184,134 $2,946,787
2014 O&M Cost $240,206 $1,489,273 $18,823,234

Total Annual Cost $330,016 $1,673,407 $21,770,022
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Cost for TP Reduction ($/lb TP removed) $28.89 $14.65 $12.70

Equation:a .................................................................................................................................y = 62.964x-0.116

R-Square Value:.........................................................................................................................0.9558

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-13.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER/SOLIDS CONTACT PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $89,810 $184,134 $2,946,787
2014 O&M Cost $243,470 $1,497,940 $18,738,821

Total Annual Cost $333,280 $1,682,073 $21,685,609
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Cost for TP Reduction ($/lb TP removed) $29.17 $14.72 $12.65

Equation:a .................................................................................................................................y = 120.68x-0.164

R-Square Value:.........................................................................................................................0.8489

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-14.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT

TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $89,810 $184,134 $2,946,787
2014 O&M Cost $246,053 $1,490,793 $18,841,805

Total Annual Cost $335,863 $1,674,926 $21,788,593
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Cost for TP Reduction ($/lb TP removed) $29.40 $14.66 $12.71

Equation:a .................................................................................................................................y = 65.083x-0.119

R-Square Value:.........................................................................................................................0.9543

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.1.5 Membrane Biological Reactor Plants
Table 13-15 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C year-round for an MBR plant. Figures 13-15 and 13-16 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 13-16 presents the annualized unit costs for reducing nutrient loads.

TABLE 13-15.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.32 $0.33 $0.23
Incremental Annual O&M Cost per gpd of Plant Capacity $0.16 $0.08 $0.06

Figure 13-15. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective C Year-Round
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Figure 13-16. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective C Year-Round

TABLE 13-16.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT

TO ACHIEVE OBJECTIVE C YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $97,008 $242,560 $1,707,918
2014 O&M Cost $180,864 $889,546 $6,960,248

Total Annual Cost $277,871 $1,132,106 $8,668,166
Annual TP Load Reduction (lb/yr) 10,768 107,675 1,076,750
Estimated Cost for TP Reduction ($/lb TP removed) $25.81 $10.51 $8.05

Equation:a .................................................................................................................................y = 243.32x-0.253

R-Square Value:.........................................................................................................................0.9107

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

13.1.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective C were developed for these plants.
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13.1.7 Aerated or Facultative Lagoon Plants
Table 13-17 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C year-round for an aerated lagoon plant. Figures 13-17 and 13-18 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 13-18 and Figures 13-19 and 13-20 summarize these costs for a facultative
lagoon plant. Tables 13-19 and 13-20 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 13-17.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE C YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $4.76 $3.87 $2.22 $2.45
Incremental Annual O&M Cost per gpd of Plant Capacity $0.34 $0.20 $0.08 $0.04

TABLE 13-18.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE C YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $4.76 $3.87 $2.22 $2.45
Incremental Annual O&M Cost per gpd of Plant Capacity $0.34 $0.20 $0.08 $0.04
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Figure 13-17. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective C Year-
Round

Figure 13-18. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective C Year-
Round
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Figure 13-19. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective C
Year-Round

Figure 13-20. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective C Year-
Round
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TABLE 13-19.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $174,807 $284,062 $814,602 $9,002,573
2014 O&M Cost $188,787 $226,632 $476,934 $2,370,547

Total Annual Cost $363,594 $510,694 $1,291,536 $11,373,119
Annual TP Load Reduction (lb/yr) 5,712 11,425 57,123 571,225
Estimated Cost for TP Reduction ($/lb TP removed) $63.65 $44.70 $22.61 $19.91

Equation:a .................................................................................................................................y = 469.06x-0.25

R-Square Value:.........................................................................................................................0.8503

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-20.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE C YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $174,807 $284,062 $814,602 $9,002,573
2014 O&M Cost $190,143 $227,358 $475,753 $2,419,844

Total Annual Cost $364,951 $511,420 $1,290,354 $11,422,417
Annual TP Load Reduction (lb/yr) 5,712 11,425 57,123 571,225
Estimated Cost for TP Reduction ($/lb TP removed) $63.89 $44.77 $22.59 $20.00

Equation:a .................................................................................................................................y = 469x-0.25

R-Square Value:.........................................................................................................................0.8472

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.2 SEASONAL NUTRIENT REMOVAL
13.2.1 Extended Aeration Plants
Table 13-21 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C seasonally for an extended aeration plant using mechanical aeration.
Figures 13-21 and 13-22 show graphs of the capital and O&M costs, respectively. The estimates are given
in dollars per gallon per day of plant capacity. Table 13-22 and Figures 13-23 and 13-24 summarize these
costs for an extended aeration plant using diffuser aeration. Tables 13-23 and 13-24 present the
annualized unit costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants,
respectively.

TABLE 13-21.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $0.77 $0.20 $0.21
Incremental Annual O&M Cost per gpd of Plant Capacity $0.12 $0.08 $0.07

TABLE 13-22.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.01 $0.47 $0.30
Incremental Annual O&M Cost per gpd of Plant Capacity $0.11 $0.06 $0.05
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Figure 13-21. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant
Upgraded for Objective C Seasonally

Figure 13-22. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective C Seasonal
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Figure 13-23. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded
for Objective C Seasonally

Figure 13-24. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective C Seasonal
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TABLE 13-23.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

(MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $56,339 $148,668 $1,544,576
2014 O&M Cost $136,074 $894,341 $7,326,837

Total Annual Cost $192,416 $1,043,009 $8,871,413
Annual TP Load Reduction (lb/yr) 5,694 56940 569,400
Estimated Cost for TP Reduction ($/lb TP removed) $33.79 $18.32 $15.58

Equation:a ................................................................................................................................. y = 134.13x-0.168

R-Square Value: ......................................................................................................................... 0.8987

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-24.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

((DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $74,334 $348,154 $2,175,939
2014 O&M Cost $121,105 $730,579 $5,478,189

Total Annual Cost $195,439 $1,078,733 $7,654,128
Annual TP Load Reduction (lb/yr) 5,694 56940 569400
Estimated Cost for TP Reduction ($/lb TP removed) $34.32 $18.95 $13.44

Equation:a ................................................................................................................................. y = 191.4x-0.204

R-Square Value: ........................................................................................................................ 0.9768

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.2.2 Conventional Activated Sludge Plants
Table 13-25 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C seasonally for a conventional activated sludge plant. Figures 13-25 and
13-26 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 13-26 presents the annualized unit costs for reducing nutrient
loads.

TABLE 13-25.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.28 $0.32 $0.42
Incremental Annual O&M Cost per gpd of Plant Capacity $0.20 $0.10 $0.08

Figure 13-25. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective C Seasonally
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Figure 13-26. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective C Seasonal

TABLE 13-26.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $93,871 $233,501 $4,587,148
2014 O&M Cost $223,605 $1,181,638 $13,681,122

Total Annual Cost $317,476 $1,415,139 $18,268,270
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Cost for TP Reduction ($/lb TP removed) $53.86 $24.01 $20.66

Equation:a ................................................................................................................................. y = 239.89x-0.187

R-Square Value: ........................................................................................................................ 0.8308

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.2.3 Sequencing Batch Reactor Plants
Table 13-27 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C seasonally for an SBR plant. Figures 13-27 and 13-28 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 13-28 presents the annualized unit costs for reducing nutrient loads.

TABLE 13-27.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE C SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $1.41 $0.45 $0.18
Incremental Annual O&M Cost per gpd of Plant Capacity $0.09 $0.03 $0.01

Figure 13-27. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective C Seasonally
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Figure 13-28. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective C Seasonal

TABLE 13-28.
UNIT NUTRIENT REMOVAL COSTS FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE C SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $51,764 $65,542 $129,450
2014 O&M Cost $52,477 $60,384 $141,251

Total Annual Cost $104,240 $125,926 $270,701
Annual TP Load Reduction (lb/yr) 1,141 4,563 22,813
Estimated Cost for TP Reduction ($/lb TP removed) $91.39 $27.60 $11.87

Equation:a ................................................................................................................................. y = 9820.1x-0.677

R-Square Value: ........................................................................................................................ 0.9798

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

13-28

13.2.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 13-29 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C seasonally for a trickling filter plant. Figures 13-29 and 13-30 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 13-30 and Figures 13-31 and 13-32 summarize these costs for a trickling
filter/solids contact plant. Table 13-31 and Figures 13-33 and 13-34 summarize these costs for an RBC
plant. Tables 13-32, 13-33 and 13-34 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 13-29.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.28 $0.32 $0.42
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.10 $0.07

TABLE 13-30.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.28 $0.32 $0.42
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.10 $0.07

TABLE 13-31.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $1.28 $0.32 $0.42
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.10 $0.07
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Figure 13-29. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective C
Seasonally

Figure 13-30. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective C Seasonal
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Figure 13-31. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective C Seasonally

Figure 13-32. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective C Seasonal
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Figure 13-33. Capital Cost per Plant Capacity for RBC Plant Upgraded for Objective C Seasonally

Figure 13-34. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective C Seasonal
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TABLE 13-32.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF PLANT TO

ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $93,871 $233,501 $4,587,148
2014 O&M Cost $210,217 $1,118,216 $12,659,160

Total Annual Cost $304,088 $1,351,717 $17,246,308
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Cost for TP Reduction ($/lb TP removed) $51.59 $22.93 $19.50

Equation:a ................................................................................................................................. y = 236.13x-0.19

R-Square Value: ........................................................................................................................ 0.838

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-33.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF/SC PLANT

TO ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $93,871 $233,501 $4,587,148
2014 O&M Cost $215,237 $1,137,743 $12,568,557

Total Annual Cost $309,108 $1,371,244 $17,1557,04
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Cost for TP Reduction ($/lb TP removed) $43.06 $23.26 $19.40

Equation:a ................................................................................................................................. y = 153.11x-0.156

R-Square Value: ........................................................................................................................ 0.8815

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-34.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $93,871 $233,501 $4,587,148
2014 O&M Cost $215,614 $1,112,475 $12,562,367

Total Annual Cost $309,485 $1,345,977 $17,149,514
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Cost for TP Reduction ($/lb TP removed) $52.50 $22.83 $19.40

Equation:a ................................................................................................................................. y = 225.71x-0.187

R-Square Value: ........................................................................................................................ 0.8407

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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13.2.5 Membrane Biological Reactor Plants
Table 13-35 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C seasonally for an MBR plant. Figures 13-35 and 13-36 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 13-36 presents the annualized unit costs for reducing nutrient loads.

TABLE 13-35.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.19 $0.27 $0.07
Incremental Annual O&M Cost per gpd of Plant Capacity $0.15 $0.07 $0.04

Figure 13-35. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective C Seasonally
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Figure 13-36. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective C Seasonal

TABLE 13-36.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT

TO ACHIEVE OBJECTIVE C SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $87,393 $198,159 $498,252
2014 O&M Cost $164,904 $771,109 $5,026,973

Total Annual Cost $252,297 $969,268 $5,525,225
Annual TP Load Reduction (lb/yr) 5,493 54,933 549,325
Estimated Cost for TP Reduction ($/lb TP removed) $45.93 $17.64 $10.06

Equation:a .................................................................................................................................y = 735.65x-0.33

R-Square Value:.........................................................................................................................0.9779

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

13.2.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective C were developed for these plants.
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13.2.7 Aerated or Facultative Lagoon Plants
Table 13-37 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective C seasonally for an aerated lagoon plan. Figures 13-37 and 13-38 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 13-38 and Figures 13-39 and 13-40 summarize these costs for a facultative
lagoon plant. Tables 13-39 and 13-40 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 13-37.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE C SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $4.55 $3.50 $1.83 $1.84
Incremental Annual O&M Cost per gpd of Plant Capacity $0.35 $0.22 $0.10 $0.04

TABLE 13-38.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE C SEASONALLY

0.5-mgd
Plant

1-mgd
Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $4.55 $3.50 $1.83 $1.84
Incremental Annual O&M Cost per gpd of Plant Capacity $0.32 $0.19 $0.07 $0.03
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Figure 13-37. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective C
Seasonally

Figure 13-38. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective C Seasonal
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Figure 13-39. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective C
Seasonally

Figure 13-40. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective C
Seasonal
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TABLE 13-39.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $166,941 $256,967 $672,134 $6,756,300
2014 O&M Cost $195,653 $242,885 $559,828 $2,441,060

Total Annual Cost $362,594 $499,851 $1,231,962 $9,197,359
Annual TP Load Reduction (lb/yr) 2,947 5,895 29,474 294,738
Estimated Cost for TP Reduction ($/lb TP removed) $123.02 $84.80 $41.80 $32.21

Equation:a ................................................................................................................................. y = 1053.4x-0.288

R-Square Value: ........................................................................................................................ 0.9023

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 13-40.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE C SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $166,941 $256,967 $672,134 $6,756,300
2014 O&M Cost $179,868 $212,603 $419,196 $1,792,767

Total Annual Cost $346,808 $469,570 $1,091,330 $8,549,066
Annual TP Load Reduction (lb/yr) 2,947 5,895 29,474 294,738
Estimated Cost for TP Reduction ($/lb TP removed) $117.67 $79.66 $37.03 $29.01

Equation:a ................................................................................................................................. y = 1109.9x-0.301

R-Square Value:......................................................................................................................... 0.8912

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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CHAPTER 14.
COST EVALUATION, OBJECTIVE D

14.1 YEAR-ROUND NUTRIENT REMOVAL
14.1.1 Extended Aeration Plants
Table 14-1 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D year-round for an extended aeration plant using mechanical aeration.
Figures 14-1 and 14-2 show graphs of the capital and O&M costs, respectively. The estimates are given in
dollars per gallon per day of plant capacity. Table 14-2 and Figures 14-3 and 14-4 summarize these costs
for an extended aeration plant using diffuser aeration. Tables 14-3 and 14-4 present the annualized unit
costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants, respectively.

TABLE 14-1.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $3.14 $1.40 $1.01
Incremental Annual O&M Cost per gpd of Plant Capacity $0.29 $0.21 $0.19

TABLE 14-2.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $3.38 $1.65 $1.07
Incremental Annual O&M Cost per gpd of Plant Capacity $0.24 $0.18 $0.15
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Figure 14-1. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective D Year-Round

Figure 14-2. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective D Year-Round
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Figure 14-3. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective D Year-Round

Figure 14-4. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective D Year-Round
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TABLE 14-3.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED
AERATION (MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $230,273 $1,028,735 $7,420,567
2014 Incremental O&M Cost $321,614 $2,402,989 $21,274,480

Total Annual Cost $551,887 $3,431,725 $28,695,047
Annual TP Load Reduction (lb/yr) 12,775 127,750 1,277,500
Estimated Unit Cost for TP Reduction ($/lb TP removed) $43.20 $26.86 $22.46

Equation:a ................................................................................................................................. y = 157.5x-0.142

R-Square Value: ........................................................................................................................ 0.936

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-4.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED

AERATION (DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $248,216 $1,211,255 $7,830,850
2014 Incremental O&M Cost $272,598 $1,971,976 $17,039,753

Total Annual Cost $520,814 $3,183,231 $24,870,603
Annual TP Load Reduction (lb/yr) 12,739 127,385 1,273,850
Estimated Cost for TP Reduction ($/lb TP removed) $40.89 $24.99 $19.52

Equation:a ................................................................................................................................ y = 179.07x-0.161

R-Square Value: ........................................................................................................................ 0.9646

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.1.2 Conventional Activated Sludge Plants
Table 14-5 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D year-round for a conventional activated sludge plant. Figures 14-5 and
14-6 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 14-6 presents the annualized unit costs for reducing nutrient loads.

TABLE 14-5.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $3.60 $1.42 $0.96
Incremental Annual O&M Cost per gpd of Plant Capacity $0.28 $0.18 $0.15

Figure 14-5. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective D Year-Round
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Figure 14-6. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective D Year-Round

TABLE 14-6.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $264,517 $1,043,049 $10,550,902
2014 O&M Cost $315,750 $1,997,694 $25,088,042

Total Annual Cost $580,367 3,040,743 $35,638,944
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Cost for TP Reduction ($/lb TP removed) $44.17 $23.14 $18.08

Equation:a ................................................................................................................................ y = 214.81x-0.176

R-Square Value: ........................................................................................................................ 0.9129

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.1.3 Sequencing Batch Reactor Plants
Table 14-7 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D year-round for an SBR plant. Figures 14-7 and 14-8 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 14-8 presents the annualized unit costs for reducing nutrient loads.

TABLE 14-7.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE D YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $3.27 $2.21 $1.36
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.12 $0.09

Figure 14-7. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective D Year-Round
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Figure 14-8. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective D Year-Round

TABLE 14-8.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING SBR PLANT TO

ACHIEVE OBJECTIVE D YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $120,093 $325,337 $999,877
2014 O&M Cost $104,836 $259,036 $996,931

Total Annual Cost $224,928 $584,373 $1,996,808
Annual TP Load Reduction (lb/yr) 2,957 11,826 59,130
Estimated Cost for TP Reduction ($/lb TP removed) $76.08 $49.41 $33.77

Equation:a .................................................................................................................................y = 646.37x-0.27

R-Square Value:.........................................................................................................................0.9937

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.1.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 14-9 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D year-round for a trickling filter plant. Figures 14-9 and 14-10 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 14-10 and Figurse 14-11 and 14-12 summarize these costs for a trickling
filter/solids contact plant. Table 14-11 and Figures 14-13 and 14-14 summarize these costs for an RBC
plant. Tables 14-12, 14-13 and 14-14 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 14-9.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $3.60 $1.42 $0.96
Incremental Annual O&M Cost per gpd of Plant Capacity $0.26 $0.17 $0.14

TABLE 14-10.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $3.60 $1.42 $0.96
Incremental Annual O&M Cost per gpd of Plant Capacity $0.27 $0.17 $0.14

TABLE 14-11.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $3.60 $1.42 $0.96
Incremental Annual O&M Cost per gpd of Plant Capacity $0.27 $0.17 $0.14
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Figure 14-9. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective D Year-
Round

Figure 14-10. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective D Year-
Round
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Figure 14-11. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective D Year-Round

Figure 14-12. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective D Year-Round
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Figure 14-13. Capital Cost per Plant Capacity for RBC Upgraded for Objective D Year-Round

Figure 14-14. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective D Year-Round
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TABLE 14-12.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $264,617 $1,043,049 $10,550,902
2014 O&M Cost $297,872 $1,864,659 $23,490,382

Total Annual Cost $562,489 $2,907,708 $34,041,284
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Cost for TP Reduction ($/lb TP removed) $42.81 $22.13 $17.27

Equation:a .................................................................................................................................y = 213.36x-0.179

R-Square Value:.........................................................................................................................0.911

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-13.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER/SOLIDS CONTACT PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $264,617 $1,043,049 $10,550,902
2014 O&M Cost $301,209 $1,891,108 $23,384,021

Total Annual Cost $565,826 $2,934,157 $33,934,923
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Cost for TP Reduction ($/lb TP removed) $43.06 $22.33 $17.22

Equation:a .................................................................................................................................y = 218.9x-0.18

R-Square Value:.........................................................................................................................0.9173

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-14.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT

TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $264,617 $1,043,049 $10,550,902
2014 O&M Cost $301,383 $1,878,840 $23,420,038

Total Annual Cost $566,000 $2,921,889 $33,970,940
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Cost for TP Reduction ($/lb TP removed) $43.07 $22.24 $17.24

Equation:a .................................................................................................................................y = 218.09x-0.18

R-Square Value:.........................................................................................................................0.9141

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.1.5 Membrane Biological Reactor Plants
Table 14-15 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D year-round for an MBR plant. Figures 14-15 and 14-16 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 14-16 presents the annualized unit costs for reducing nutrient loads.

TABLE 14-15.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.32 $0.34 $0.28
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.11 $0.09

Figure 14-15. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective D Year-Round



…14. COST EVALUATION, OBJECTIVE D

14-15

Figure 14-16. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective D Year-Round

TABLE 14-16.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT

TO ACHIEVE OBJECTIVE D YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $97,008 $253,136 $20,51,414
2014 O&M Cost $212,293 $1,213,732 $9,578,080

Total Annual Cost $309,301 $1,466,868 $11,629,494
Annual TP Load Reduction (lb/yr) 12,483 124,830 1,248,300
Estimated Cost for TP Reduction ($/lb TP removed) $24.78 $11.75 $9.32

Equation:a .................................................................................................................................y = 168.53x-0.212

R-Square Value:.........................................................................................................................0.9155

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

14.1.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective D were developed for these plants.



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

14-16

14.1.7 Aerated or Facultative Lagoon Plants
Table 14-17 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D year-round for an aerated lagoon plant. Figures 14-17 and 14-18 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 14-18 and Figures 14-19 and 14-20 summarize these costs for a facultative
lagoon plant. Tables 14-19 and 14-20 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 14-17.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE D YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $6.85 $6.37 $3.72 $3.41
Incremental Annual O&M Cost per gpd of Plant Capacity $0.39 $0.25 $0.12 $0.07

TABLE 14-18.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE D YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $6.85 $6.37 $3.72 $3.41
Incremental Annual O&M Cost per gpd of Plant Capacity $0.39 $0.25 $0.12 $0.07
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Figure 14-17. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective D Year-
Round

Figure 14-18. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective D Year-
Round
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Figure 14-19. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective D
Year-Round

Figure 14-20. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective D Year-
Round
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TABLE 14-19.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $251,627 $467,514 $1,367,389 $12,537,645
2014 O&M Cost $217,989 $279,379 $672,379 $4,047,892

Total Annual Cost $469,615 $746,893 $2,039,768 $16,585,537
Annual TP Load Reduction (lb/yr) 6,570 13,140 65,700 657,000
Estimated Cost for TP Reduction ($/lb TP removed) $71.48 $56.84 $31.05 $25.24

Equation:a .................................................................................................................................y = 489.23x-0.229

R-Square Value:.........................................................................................................................0.9088

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-20.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE D YEAR-ROUND

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $251,627 $467,514 $1,367,389 $12,537,645
2014 O&M Cost $217,144 $278,985 $666,583 $4,106,982

Total Annual Cost $468,771 $746,499 $2,033,972 $16,644,627
Annual TP Load Reduction (lb/yr) 6,570 13,140 65,700 657,000
Estimated Cost for TP Reduction ($/lb TP removed) $71.35 $56.81 $30.96 $25.33

Equation:a .................................................................................................................................y = 483.82x-0.228

R-Square Value:.........................................................................................................................0.906

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.2 SEASONAL NUTRIENT REMOVAL
14.2.1 Extended Aeration Plants
Table 14-21 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D seasonally for an extended aeration plant using mechanical aeration.
Figures 14-21 and 14-22 show graphs of the capital and O&M costs, respectively. The estimates are given
in dollars per gallon per day of plant capacity. Table 14-22 and Figures 14-23 and 14-24 summarize these
costs for an extended aeration plant using diffuser aeration. Tables 14-23 and 14-24 present the
annualized unit costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants,
respectively.

TABLE 14-21.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.80 $1.11 $0.81
Incremental Annual O&M Cost per gpd of Plant Capacity $0.18 $0.12 $0.10

TABLE 14-22.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $2.06 $1.38 $0.89
Incremental Annual O&M Cost per gpd of Plant Capacity $0.17 $0.11 $0.08
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Figure 14-21. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant
Upgraded for Objective D Seasonally

Figure 14-22. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective D Seasonal
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Figure 14-23. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded
for Objective D Seasonally

Figure 14-24. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective D Seasonal
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TABLE 14-23.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

(MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $132,380 $814,509 $5,961,955
2014 O&M Cost $203,379 $1,349,147 $11,047,094

Total Annual Cost $335,760 $2,163,657 $17,009,049
Annual TP Load Reduction (lb/yr) 6,388 63,875 638,750
Estimated Cost for TP Reduction ($/lb TP removed) $52.57 $33.87 $26.63

Equation:a ................................................................................................................................. y = 185.49x-0.148

R-Square Value: ......................................................................................................................... 0.9722

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-24.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

((DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $151,249 $1,013,995 $6,558,356
2014 O&M Cost $188,692 $1,194,728 $9,241,215

Total Annual Cost $339,941 $2,208,723 $15,799,571
Annual TP Load Reduction (lb/yr) 6,388 63,875 638,750
Estimated Cost for TP Reduction ($/lb TP removed) $53.22 $34.58 $24.74

Equation:a ................................................................................................................................. y = 224.95x-0.166

R-Square Value: ........................................................................................................................ 0.9948

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.2.2 Conventional Activated Sludge Plants
Table 14-25 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D seasonally for a conventional activated sludge plant. Figures 14-25 and
14-26 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 14-26 presents the annualized unit costs for reducing nutrient
loads.

TABLE 14-25.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE

OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $2.27 $1.15 $0.80
Incremental Annual O&M Cost per gpd of Plant Capacity $0.23 $0.13 $0.10

Figure 14-25. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective D Seasonally



…14. COST EVALUATION, OBJECTIVE D

14-25

Figure 14-26. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective D Seasonal

TABLE 14-26.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $166,416 $845,327 $8,782,521
2014 O&M Cost $260,128 $1,442,643 $16,418,247

Total Annual Cost $426,544 $2,287,970 $25,200,768
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Cost for TP Reduction ($/lb TP removed) $64.74 $34.73 $25.50

Equation:a ................................................................................................................................. y = 304x-0.184

R-Square Value: ........................................................................................................................ 0.9441

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.2.3 Sequencing Batch Reactor Plants
Table 14-27 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D seasonally for an SBR plant. Figures 14-27 and 14-28 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 14-28 presents the annualized unit costs for reducing nutrient loads.

TABLE 14-27.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE D SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $2.98 $1.81 $1.05
Incremental Annual O&M Cost per gpd of Plant Capacity $0.15 $0.07 $0.05

Figure 14-27. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective D Seasonally
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Figure 14-28. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective D Seasonal

TABLE 14-28.
UNIT NUTRIENT REMOVAL COSTS FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE D SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $109,450 $266,571 $773,265
2014 O&M Cost $82,489 $167,701 $566,221

Total Annual Cost $191,938 $434,272 $1,339,486
Annual TP Load Reduction (lb/yr) 1,487 5,950 29,748
Estimated Cost for TP Reduction ($/lb TP removed) $129.05 $72.99 $45.03

Equation:a ................................................................................................................................. y = 1616x-0.35

R-Square Value: ........................................................................................................................ 0.9918

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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14.2.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 14-29 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D seasonally for a trickling filter plant. Figures 14-29 and 14-30 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 14-30 and Figures 14-31 and 14-32 summarize these costs for a trickling
filter/solids contact plant. Table 14-31 and Figures 14-33 and 14-34 summarize these costs for an RBC
plant. Tables 14-32, 14-33 and 14-34 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 14-29.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $2.27 $1.15 $0.80
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.12 $0.09

TABLE 14-30.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $2.27 $1.15 $0.80
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.12 $0.09

TABLE 14-31.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $2.27 $1.15 $0.80
Incremental Annual O&M Cost per gpd of Plant Capacity $0.22 $0.12 $0.09
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Figure 14-29. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective D
Seasonally

Figure 14-30. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective D Seasonal
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Figure 14-31. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective D Seasonally

Figure 14-32. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective D Seasonal
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Figure 14-33. Capital Cost per Plant Capacity for RBC Plant Upgraded for Objective D Seasonally

Figure 14-34. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective D Seasonal
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TABLE 14-32.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF PLANT TO

ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $166,416 $845,327 $8,782,521
2014 O&M Cost $246,014 $1,346,356 $15,331,006

Total Annual Cost $412,430 $2,191,683 $24,113,527
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Cost for TP Reduction ($/lb TP removed) $62.60 $33.27 $24.40

Equation:a ................................................................................................................................. y = 298.79x-0.186

R-Square Value: ........................................................................................................................ 0.9428

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-33.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF/SC PLANT

TO ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost 166,416 845,327 8,782,521
2014 O&M Cost $249,902 $1,374,438 $15,356,892

Total Annual Cost $416,319 $2,2197,64 $24,139,414
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Cost for TP Reduction ($/lb TP removed) $63.19 $33.69 $24.43

Equation:a ................................................................................................................................. y = 306.92x-0.188

R-Square Value: ........................................................................................................................ 0.9474

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-34.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $166,416 $845,327 $8,782,521
2014 O&M Cost $249,188 $1,355,248 $15,128,977

Total Annual Cost $415,604 $2,200,574 $23,911,498
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Cost for TP Reduction ($/lb TP removed) $63.08 $33.40 $24.20

Equation:a ................................................................................................................................. y = 310.09x-0.189

R-Square Value: ........................................................................................................................ 0.9465

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)



…14. COST EVALUATION, OBJECTIVE D

14-33

14.2.5 Membrane Biological Reactor Plants
Table 14-35 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D seasonally for an MBR plant. Figures 14-35 and 14-36 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 14-36 presents the annualized unit costs for reducing nutrient loads.

TABLE 14-35.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.19 $0.27 $0.03
Incremental Annual O&M Cost per gpd of Plant Capacity $0.15 $0.07 $0.05

Figure 14-35. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective D Seasonally
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Figure 14-36. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective D Seasonal

TABLE 14-36.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT

TO ACHIEVE OBJECTIVE D SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $87,393 $198,859 $231,671
2014 O&M Cost $171,139 $749,983 $5,229,902

Total Annual Cost $258,533 $948,841 $5,461,573
Annual TP Load Reduction (lb/yr) 6,169 61,685 616,850
Estimated Cost for TP Reduction ($/lb TP removed) $41.91 $15.38 $8.85

Equation:a .................................................................................................................................y = 740.77x-0.338

R-Square Value:.........................................................................................................................0.9729

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

14.2.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective D were developed for these plants.
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14.2.7 Aerated or Facultative Lagoon Plants
Table 14-37 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective D seasonally for an aerated lagoon plan. Figures 14-37 and 14-38 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 14-38 and Figures 14-39 and 14-40 summarize these costs for a facultative
lagoon plant. Tables 14-39 and 14-40 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 14-37.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE D SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $6.40 $4.66 $3.01 $2.60
Incremental Annual O&M Cost per gpd of Plant Capacity $0.40 $0.25 $0.13 $0.06

TABLE 14-38.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE D SEASONALLY

0.5-mgd
Plant

1-mgd
Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $6.40 $4.66 $3.01 $2.60
Incremental Annual O&M Cost per gpd of Plant Capacity $0.37 $0.23 $0.10 $0.05
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Figure 14-37. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective D
Seasonally

Figure 14-38. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective D Seasonal
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Figure 14-39. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective D
Seasonally

Figure 14-40. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective D
Seasonal
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TABLE 14-39.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $235,020 $342,527 $1,105,178 $9,565,922
2014 O&M Cost $223,166 $284,253 $719,425 $3,500,332

Total Annual Cost $458,186 $626,780 $1,824,604 $13,066,254
Annual TP Load Reduction (lb/yr) 3,294 6,588 32,941 329,413
Estimated Cost for TP Reduction ($/lb TP removed) $139.09 $95.14 $55.39 $39.67

Equation:a ................................................................................................................................ y = 1023.5x-0.263

R-Square Value: ........................................................................................................................ 0.9326

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 14-40.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE D SEASONALLY

0.5-mgd Plant 1-mgd Plant 5-mgd Plant 50-mgd Plant

Annualized Capital Cost $235,020 $342,527 $1,105,178 $9,562,922
2014 O&M Cost $207,268 $253,864 $578,568 $2,851,477

Total Annual Cost $442,288 $596,391 $1,683,746 $12,417,399
Annual TP Load Reduction (lb/yr) 3,294 6,588 32,941 329,413
Estimated Cost for TP Reduction ($/lb TP removed) $134.27 $90.52 $51.11 $37.70

Equation:a ................................................................................................................................ y = 1003.4x-0.267

R-Square Value: ........................................................................................................................ 0.9193

a. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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CHAPTER 15.
COST EVALUATION, OBJECTIVE E

15.1 YEAR-ROUND NUTRIENT REMOVAL
15.1.1 Extended Aeration Plants
Table 15-1 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E year-round for an extended aeration plant using mechanical aeration.
Figures 15-1 and 15-2 show graphs of the capital and O&M costs, respectively. The estimates are given in
dollars per gallon per day of plant capacity. Table 15-2 and Figures 15-3 and 15-4 summarize these costs
for an extended aeration plant using diffuser aeration. Tables 15-3 and 15-4 present the annualized unit
costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants, respectively.

TABLE 15-1.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $5.28 $2.34 $2.33
Incremental Annual O&M Cost per gpd of Plant Capacity $0.39 $0.14 $0.09

TABLE 15-2.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.56 $0.84 $0.44
Incremental Annual O&M Cost per gpd of Plant Capacity $0.20 $0.08 $0.05
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Figure 15-1. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective E Year-Round

Figure 15-2. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective E Year-Round
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Figure 15-3. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective E Year-Round

Figure 15-4. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective E Year-Round
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TABLE 15-3.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED
AERATION (MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $387,599 $1,720,185 $17,097,022
2014 Incremental O&M Cost $444,351 $1,534,699 $9,678,363

Total Annual Cost $831,950 $3,254,884 $26,775,385
Annual TIN Load Reduction (lb/yr) 35,442 35,4415 3,544,150
Annual TP Load Reduction (lb/yr) 11,060 110,595 1,105,950
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $15.87 $4.21 $3.06
Estimated Unit Cost for TP Reduction ($/lb TP removed) $24.38 $15.93 $14.41

TIN Cost Equation:a ................................................................................................................. y = 567.22x-0.357

TIN Cost R-Square Value:......................................................................................................... 0.8889

TP Cost Equation:b .................................................................................................................... y = 66.869x-0.114

TP Cost R-Square Value: .......................................................................................................... 0.8869

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 15-4.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED

AERATION (DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $114,488 $617,872 $3,260,515
2014 Incremental O&M Cost $228,309 $861,307 $5,979,378

Total Annual Cost $342,798 $1,479,178 $9,239,893
Annual TIN Load Reduction (lb/yr) 35,442 354,415 3,544,150
Annual TP Load Reduction (lb/yr) 11,023 110,230 1,102,300
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $3.03 -$0.05 -$0.77
Estimated Unit Cost for TP Reduction ($/lb TP removed) $21.35 $13.58 $10.85

TIN Cost Equation and R-Square Valuea

TP Cost Equation:b .................................................................................................................... y = 80.732x-0.147

TP Cost R-Square Value: .......................................................................................................... 0.9636

a. Equation and R-square value for TIN not determined because annual cost estimates are below the level of
precision that can be achieved using the CapdetWorks cost model.

b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.1.2 Conventional Activated Sludge Plants
Table 15-5 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E year-round for a conventional activated sludge plant. Figures 15-5 and
15-6 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 15-6 presents the annualized unit costs for reducing nutrient loads.

TABLE 15-5.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE OBJECTIVE E

YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $7.69 $4.73 $3.45
Incremental Annual O&M Cost per gpd of Plant Capacity $0.44 $0.25 $0.17

Figure 15-5. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective E Year-Round
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Figure 15-6. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective E Year-Round

TABLE 15-6.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $565,047 $3,472,850 $38,005,203
2014 Incremental O&M Cost $489,775 $2,796,089 $29,003,426

Total Annual Cost $1,054,822 $6,268,939 $67,008,629
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $20.06 $12.73 $8.25
Estimated Unit Cost for TP Reduction ($/lb TP removed) $29.91 $15.26 $13.41

TIN Cost Equation:a ................................................................................................................. y = 125.83x-0.177

TIN Cost R-Square Value:......................................................................................................... 0.9964

TP Cost Equation:b .................................................................................................................... y = 116.06x-0.157

TP Cost R-Square Value: .......................................................................................................... 0.834

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.1.3 Sequencing Batch Reactor Plants
Table 15-7 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E year-round for an SBR plant. Figures 15-7 and 15-8 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 15-8 presents the annualized unit costs for reducing nutrient loads.

TABLE 16-7.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE E YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $1.49 $0.50 $0.23
Incremental Annual O&M Cost per gpd of Plant Capacity $0.10 $0.01 ($0.00)

Figure 15-7. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective E Year-Round
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Figure 15-8. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective E Year-Round

TABLE 15-8.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING SBR PLANT TO

ACHIEVE OBJECTIVE E YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $54,540 $72,740 $170,067
2014 Incremental O&M Cost $53,878 $30,417 -$28,813

Total Annual Cost $1,08,418 $103,157 $141,254
Annual TIN Load Reduction (lb/yr) 2,245 8,979 44,895
Annual TP Load Reduction (lb/yr) 2,099 8,395 41,975
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $0.21 -$0.98 -$1.79
Estimated Unit Cost for TP Reduction ($/lb TP removed) $51.43 $13.34 $5.28

TIN Cost Equation and R-Square Valuea

TP Cost Equation:b .................................................................................................................... y = 14903x-0.755

TP Cost R-Square Value: .......................................................................................................... 0.9777

a. Equation and R-square value for TIN not determined because annual cost estimates are below the level of
precision that can be achieved using the CapdetWorks cost model.

b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.1.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 15-9 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E year-round for a trickling filter plant. Figures 15-9 and 15-10 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 15-10 and Figures 15-11 and 15-12 summarize these costs for a trickling
filter/solids contact plant. Table 15-11 and Figures 15-13 and 15-14 summarize these costs for an RBC
plant. Tables 15-12, 15-13 and 15-14 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 15-9.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $9.09 $5.86 $3.69
Incremental Annual O&M Cost per gpd of Plant Capacity $0.50 $0.27 $0.18

TABLE 15-10.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $7.82 $5.31 $3.37
Incremental Annual O&M Cost per gpd of Plant Capacity $0.37 $0.23 $0.15

TABLE 15-11.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $9.10 $5.89 $3.74
Incremental Annual O&M Cost per gpd of Plant Capacity $0.56 $0.29 $0.19
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Figure 15-9. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective E Year-
Round

Figure 15-10. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective E Year-
Round
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Figure 15-11. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective E Year-Round

Figure 15-12. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective E Year-Round
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Figure 15-13. Capital Cost per Plant Capacity for RBC Upgraded for Objective E Year-Round

Figure 15-14. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective E Year-Round
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TABLE 15-12.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $667,805 $4,305,835 $40,676,323
2014 Incremental O&M Cost $561,622 $3,087,483 $29,924,655

Total Annual Cost $1,229,427 $7,392,318 $70,600,979
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $25.30 $16.09 $9.16
Estimated Unit Cost for TP Reduction ($/lb TP removed) $28.89 $14.65 $12.70

TIN Cost Equation:a ................................................................................................................. y = 213.2x-0.203

TIN Cost R-Square Value:......................................................................................................... 0.9997

TP Cost Equation:b .................................................................................................................... y = 62.964x-0.116

TP Cost R-Square Value: .......................................................................................................... 0.9558

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 15-13.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER/SOLIDS CONTACT PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $574,356 $3,896,568 $37,170,307
2014 Incremental O&M Cost $238,822 $1,881,688 $17,690,375

Total Annual Cost $903,177 $5,888,255 $54,860,682
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $15.82 $11.89 $6.24
Estimated Unit Cost for TP Reduction ($/lb TP removed) $29.83 $14.56 $12.61

TIN Cost Equation:a ................................................................................................................. y = 118.37x-0.187

TIN Cost R-Square Value:......................................................................................................... 0.9705

TP Cost Equation:b .................................................................................................................... y = 128.15x-0.168

TP Cost R-Square Value: .......................................................................................................... 0.8383

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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TABLE 15-14.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $668,134 $4325,236 $41,200,334
2014 Incremental O&M Cost $633,323 $3,301,949 $31,839,709

Total Annual Cost $1,301,457 $7,627,185 $73,040,042
Annual TIN Load Reduction (lb/yr) 35,551 355,510 5,332,650
Annual TP Load Reduction (lb/yr) 11,425 114,245 1,713,675
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $27.16 $16.74 $9.61
Estimated Unit Cost for TP Reduction ($/lb TP removed) $29.40 $14.66 $12.71

TIN Cost Equation:a ................................................................................................................. y = 237.79x-0.207

TIN Cost R-Square Value:......................................................................................................... 0.9999

TP Cost Equation:b .................................................................................................................... y = 65.083x-0.119

TP Cost R-Square Value: .......................................................................................................... 0.9543

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.1.5 Membrane Biological Reactor Plants
Table 15-15 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E year-round for an MBR plant. Figures 15-15 and 15-16 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 15-16 presents the annualized unit costs for reducing nutrient loads.

TABLE 15-15.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.32 $0.33 $0.23
Incremental Annual O&M Cost per gpd of Plant Capacity $0.16 $0.08 $0.06

15-15. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective E Year-Round
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Figure 15-16. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective E Year-Round

TABLE 15-16.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT TO

ACHIEVE OBJECTIVE E YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $97,008 $242,560 $1,707,918
2014 Incremental O&M Cost $180,864 $889,546 $6,960,248

Total Annual Cost $277,871 $1,132,106 $8,668,166
Annual TIN Load Reduction (lb/yr) 0 0 0
Annual TP Load Reduction (lb/yr) 10,768 107,675 1,076,750
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) 0 0 0
Estimated Unit Cost for TP Reduction ($/lb TP removed) $25.81 $10.51 $8.05

TIN Cost Equation:a ................................................................................................................. —
TIN Cost R-Square Value:......................................................................................................... —

TP Cost Equation:b .................................................................................................................... y = 243.32x-0.253

TP Cost R-Square Value: .......................................................................................................... 0.9107

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.1.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective E were developed for these plants.

15.1.7 Aerated or Facultative Lagoon Plants
Table 15-17 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E year-round for an aerated lagoon plant. Figures 15-17 and 15-18 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 15-18 and Figures 15-19 and 15-20 summarize these costs for a facultative
lagoon plant. Tables 15-19 and 15-20 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 15-17.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE E YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $24.70 $18.27 $11.64 $7.27
Incremental Annual O&M Cost per gpd of Plant Capacity $1.21 $0.75 $0.38 $0.24

TABLE 15-18.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE E YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $24.56 $18.15 $11.55 $7.22
Incremental Annual O&M Cost per gpd of Plant Capacity $1.49 $0.98 $0.54 $0.28
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Figure 15-17. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective E Year-
Round

Figure 15-18. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective E Year-
Round
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Figure 15-19. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective E
Year-Round

Figure 15-20. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective E Year-
Round
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TABLE 15-19.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $906,931 $1,341,831 $4,275,806 $26,699,852
2014 Incremental O&M Cost $682,841 $841,183 $2,149,969 $13,773,921

Total Annual Cost $1,589,771 $2,183,013 $6,425,775 $40,473,772
Annual TIN Load Reduction (lb/yr) 17,684 35,369 176,843 1,759,300
Annual TP Load Reduction (lb/yr) 5,712 11,425 57,123 571,225
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $69.34 $47.28 $29.03 $16.54
Estimated Unit Cost for TP Reduction ($/lb TP removed) $63.65 $44.70 $22.61 $19.91

TIN Cost Equation:a ................................................................................................................. y = 1183.4x-0.3

TIN Cost R-Square Value:......................................................................................................... 0.9791

TP Cost Equation:b .................................................................................................................... y = 469.06x-0.25

TP Cost R-Square Value: .......................................................................................................... 0.8503

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 15-20.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE E YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $901,913 $1,333,358 $4,242,654 $26,525,456
2014 Incremental O&M Cost $836,010 $1,104,861 $3,052,796 $15,661,191

Total Annual Cost $1,737,923 $2,438,219 $7,295,450 $42,186,646
Annual TIN Load Reduction (lb/yr) 17,684 35,369 176,843 1,759,300
Annual TP Load Reduction (lb/yr) 5,712 11,425 57,123 571,225
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $77.64 $54.48 $33.96 $17.49
Estimated Unit Cost for TP Reduction ($/lb TP removed) $63.89 $44.77 $22.59 $20.00

TIN Cost Equation:a ................................................................................................................. y = 1560.9x-0.314

TIN Cost R-Square Value:......................................................................................................... 0.9911

TP Cost Equation:b .................................................................................................................... y = 469x-0.25

TP Cost R-Square Value: .......................................................................................................... 0.8472

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.2 SEASONAL NUTRIENT REMOVAL
15.2.1 Extended Aeration Plants
Table 15-21 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E seasonally for an extended aeration plant using mechanical aeration.
Figures 15-21 and 15-22 show graphs of the capital and O&M costs, respectively. The estimates are given
in dollars per gallon per day of plant capacity. Table 15-22 and Figures 15-23 and 15-24 summarize these
costs for an extended aeration plant using diffuser aeration. Tables 15-23 and 15-24 present the
annualized unit costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants,
respectively.

TABLE 15-21.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $5.41 $2.41 $2.37
Incremental Annual O&M Cost per gpd of Plant Capacity $0.38 $0.12 $0.07

TABLE 15-22.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.68 $0.92 $0.50
Incremental Annual O&M Cost per gpd of Plant Capacity $0.19 $0.06 $0.04
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Figure 15-21. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant
Upgraded for Objective E Seasonally

Figure 15-22. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective E Seasonal
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Figure 15-23. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded
for Objective E Seasonally

Figure 15-24. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective E Seasonal
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TABLE 15-23.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

(MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $387,213 $1,769,044 $17,407,459
2014 Incremental O&M Cost $429,157 $1,358,917 $7,782,443

Total Annual Cost $826,370 $3,127,961 $25,189,902
Annual TIN Load Reduction (lb/yr) 19,564 195,640 1,956,400
Annual TP Load Reduction (lb/yr) 5,694 56940 569,400
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $32.40 $10.66 $8.34
Estimated Unit Cost for TP Reduction ($/lb TP removed) $33.79 $18.32 $15.58

TIN Cost Equation:a ................................................................................................................. y = 515.81x-0.295

TIN Cost R-Square Value:......................................................................................................... 0.8804

TP Cost Equation:b .................................................................................................................... y = 134.13x-0.168

TP Cost R-Square Value: .......................................................................................................... 0.8987

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 15-24.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA ((DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $123,280 $674,956 $3,669,667
2014 Incremental O&M Cost $213,115 $685,525 $4,083,459

Total Annual Cost $336,395 $1,360,481 $7,753,125
Annual TIN Load Reduction (lb/yr) 19,546 195,458 1,954,575
Annual TP Load Reduction (lb/yr) 5,694 56940 569400
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $7.21 $1.44 $0.05
Estimated Unit Cost for TP Reduction ($/lb TP removed) $34.32 $18.95 $13.44

TIN Cost Equation:a ................................................................................................................. y = 412014x-1.079

TIN Cost R-Square Value:......................................................................................................... 0.9603

TP Cost Equation:b .................................................................................................................... y = 191.4x-0.204

TP Cost R-Square Value: .......................................................................................................... 0.9768

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.2.2 Conventional Activated Sludge Plants
Table 15-25 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E seasonally for a conventional activated sludge plant. Figures 15-25 and
15-26 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 15-26 presents the annualized unit costs for reducing nutrient
loads.

TABLE 15-25.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE OBJECTIVE E

SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $3.34 $1.35 $1.54
Incremental Annual O&M Cost per gpd of Plant Capacity $0.34 $0.14 $0.09

Figure 15-25. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective E Seasonally



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

15-26

Figure 15-26. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective E Seasonal

TABLE 15-26.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $245,137 $988,465 $16,923,854
2014 Incremental O&M Cost $381,947 $1,546,730 $15,914,019

Total Annual Cost $627,084 $2,535,196 $32,837,873
Annual TIN Load Reduction (lb/yr) 19,418 194,180 2,912,700
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $15.94 $5.77 $5.00
Estimated Unit Cost for TP Reduction ($/lb TP removed) $53.86 $24.01 $20.66

TIN Cost Equation:a ................................................................................................................. y = 125.02x-0.226

TIN Cost R-Square Value:......................................................................................................... 0.8055

TP Cost Equation:b .................................................................................................................... y = 239.89x-0.187

TP Cost R-Square Value: .......................................................................................................... 0.8308

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.2.3 Sequencing Batch Reactor Plants
Table 15-27 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E seasonally for an SBR plant. Figures 15-27 and 15-28 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 15-28 presents the annualized unit costs for reducing nutrient loads.

TABLE 15-27.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE E SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $1.46 $0.48 $0.21
Incremental Annual O&M Cost per gpd of Plant Capacity $0.09 $0.02 $0.01

Figure 15-27. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective E Seasonally
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Figure 15-28. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective E Seasonal

TABLE 15-28.
UNIT NUTRIENT REMOVAL COSTS FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE E SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $53,512 $69,913 $155,671
2014 Incremental O&M Cost $51,605 $43,163 $68,421

Total Annual Cost $105,116 $113,076 $224,102
Annual TIN Load Reduction (lb/yr) 246 986 4,928
Annual TP Load Reduction (lb/yr) 1,141 4,563 22,813
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $0.21 -$13.04 -$9.46
Estimated Unit Cost for TP Reduction ($/lb TP removed) $91.39 $27.60 $11.87

TIN Cost Equation and R-Square Valuea

TP Cost Equation:b .................................................................................................................... y = 9820.1x-0.677

TP Cost R-Square Value: .......................................................................................................... 0.9798

a. Equation and R-square value for TIN not determined because annual cost estimates are below the level of
precision that can be achieved using the CapdetWorks cost model.

b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.2.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 15-29 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E seasonally for a trickling filter plant. Figures 15-29 and 15-30 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 15-30 and Figures 15-31 and 15-32 summarize these costs for a trickling
filter/solids contact plant. Table 15-31 and Figures 15-33 and 15-34 summarize these costs for an RBC
plant. Tables 15-32, 15-33 and 15-34 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 15-29.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $5.39 $2.88 $2.03
Incremental Annual O&M Cost per gpd of Plant Capacity $0.40 $0.16 $0.10

TABLE 15-30.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $3.65 $2.19 $1.62
Incremental Annual O&M Cost per gpd of Plant Capacity $0.27 $0.12 $0.07

TABLE 15-31.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $5.41 $2.90 $2.08
Incremental Annual O&M Cost per gpd of Plant Capacity $0.47 $0.18 $0.11
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Figure 15-29. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective E
Seasonally

Figure 15-30. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective E Seasonal
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Figure 15-31. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective E Seasonally

Figure 15-32. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective E Seasonal
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Figure 15-33. Capital Cost per Plant Capacity for RBC Plant Upgraded for Objective E Seasonally

Figure 15-34. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective E Seasonal
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TABLE 15-32.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF PLANT TO

ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $395,980 $2,114,252 $22,417,794
2014 Incremental O&M Cost $453,794 $1,838,125 $16,835,248

Total Annual Cost $849,773 $3,952,377 $39,253,042
Annual TIN Load Reduction (lb/yr) 19,418 194,180 2,912,700
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $28.10 $13.39 $7.56
Estimated Unit Cost for TP Reduction ($/lb TP removed) $51.59 $22.93 $19.50

TIN Cost Equation:a ................................................................................................................. y = 350.28x-0.261

TIN Cost R-Square Value:......................................................................................................... 0.9854

TP Cost Equation:b .................................................................................................................... y = 236.13x-0.19

TP Cost R-Square Value: .......................................................................................................... 0.838

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 15-33.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF/SC PLANT

TO ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $268,169 $1,607,188 $17,850,595
2014 Incremental O&M Cost $304,715 $1,370,813 $12,075,471

Total Annual Cost $572,883 $2,978,001 $29,926,067
Annual TIN Load Reduction (lb/yr) 19,418 194,180 2,912,700
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $18.42 $8.27 $4.38
Estimated Unit Cost for TP Reduction ($/lb TP removed) $43.06 $23.26 $19.40

TIN Cost Equation:a ................................................................................................................. y = 292.5x-0.285

TIN Cost R-Square Value:......................................................................................................... 0.9873

TP Cost Equation:b .................................................................................................................... y = 153.11x-0.156

TP Cost R-Square Value: .......................................................................................................... 0.8815

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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TABLE 15-34.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $397,543 $2,131,692 $22,871,059
2014 Incremental O&M Cost $525,494 $2,052,590 $18,750,301

Total Annual Cost $923,037 $4,184,282 $41,621,360
Annual TIN Load Reduction (lb/yr) 19,418 194,180 2,912,700
Annual TP Load Reduction (lb/yr) 5,895 58,948 884,213
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $31.60 $14.62 $8.40
Estimated Unit Cost for TP Reduction ($/lb TP removed) $52.50 $22.83 $19.40

TIN Cost Equation:a ................................................................................................................. y = 398.88x-0.263

TIN Cost R-Square Value:......................................................................................................... 0.9803

TP Cost Equation:b .................................................................................................................... y = 225.71x-0.187

TP Cost R-Square Value: .......................................................................................................... 0.8407

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.2.5 Membrane Biological Reactor Plants
Table 15-35 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E seasonally for an MBR plant. Figures 15-35 and 15-36 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 15-36 presents the annualized unit costs for reducing nutrient loads.

TABLE 15-35.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.19 $0.27 $0.07
Incremental Annual O&M Cost per gpd of Plant Capacity $0.15 $0.07 $0.04

Figure 15-35. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective E Seasonally
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Figure 15-36. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective E Seasonal

TABLE 15-36.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT TO

ACHIEVE OBJECTIVE E SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost 87,393 198,159 498,252
2014 Incremental O&M Cost 164,904 771,109 5,026,973

Total Annual Cost 252,297 969,268 5,525,225
Annual TIN Load Reduction (lb/yr) 0 0 0
Annual TP Load Reduction (lb/yr) 5,493 54,933 549,325
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) 0 0 0
Estimated Unit Cost for TP Reduction ($/lb TP removed) $45.93 $17.64 $10.06

TIN Cost Equation and R-Square Valuea

TP Cost Equation:b .................................................................................................................... y = 735.65x-0.33

TP Cost R-Square Value: .......................................................................................................... 0.9779

a. Equation and R-square value for TIN not determined because annual cost estimates are below the level of
precision that can be achieved using the CapdetWorks cost model.

b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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15.2.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective E were developed for these plants.

15.2.7 Aerated or Facultative Lagoon Plants
Table 15-37 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective E seasonally for an aerated lagoon plan. Figures 15-37 and 15-38 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 15-38 and Figures 15-39 and 15-40 summarize these costs for a facultative
lagoon plant. Tables 15-39 and 15-40 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 15-37.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE E SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $23.90 $17.39 $11.05 $7.32
Incremental Annual O&M Cost per gpd of Plant Capacity $1.13 $0.67 $0.31 $0.15

TABLE 15-38.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE E SEASONALLY

0.5-mgd
Plant

1-mgd
Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $23.76 $17.27 $10.96 $7.27
Incremental Annual O&M Cost per gpd of Plant Capacity $1.40 $0.90 $0.47 $0.18
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Figure 15-37. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective E
Seasonally

Figure 15-38. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective E Seasonal
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Figure 15-39. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective E
Seasonally

Figure 15-40. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective E
Seasonal
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TABLE 15-39.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $877,697 $1,277,193 $4,056,916 $26,881,497
2014 Incremental O&M Cost $634,168 $754,125 $1,759,508 $8,327,583

Total Annual Cost $1,511,865 $2,031,318 $5,816,424 $35,209,080
Annual TIN Load Reduction (lb/yr) 9,663 19,327 96,634 970,900
Annual TP Load Reduction (lb/yr) 2,947 5,895 29,474 294,738
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $118.93 $79.24 $47.44 $26.79
Estimated Unit Cost for TP Reduction ($/lb TP removed) $123.02 $84.80 $41.80 $32.21

TIN Cost Equation:a ................................................................................................................. y = 1852.5x-0.311

TIN Cost R-Square Value:......................................................................................................... 0.976

TP Cost Equation:b .................................................................................................................... y = 1053.4x-0.288

TP Cost R-Square Value: .......................................................................................................... 0.9023

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 15-40.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE E SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $872,597 $1,268,720 $4,023,764 $26,707,101
2014 Incremental O&M Cost $787,337 $1,017,803 $2,662,335 $10,214,853

Total Annual Cost $1,659,934 $2,286,523 $6,686,099 $36,921,954
Annual TIN Load Reduction (lb/yr) 9,663 19,327 96,634 970,900
Annual TP Load Reduction (lb/yr) 2,947 5,895 29,474 294,738
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $135.89 $94.01 $57.90 $29.22
Estimated Unit Cost for TP Reduction ($/lb TP removed) $117.67 $79.66 $37.03 $29.01

TIN Cost Equation:a ................................................................................................................. y = 2439.5x-0.323

TIN Cost R-Square Value:......................................................................................................... 0.9907

TP Cost Equation:b .................................................................................................................... y = 1109.9x-0.301

TP Cost R-Square Value: .......................................................................................................... 0.8912

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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CHAPTER 16.
COST EVALUATION, OBJECTIVE F

16.1 YEAR-ROUND NUTRIENT REMOVAL
167.1.1 Extended Aeration Plants
Table 16-1 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F year-round for an extended aeration plant using mechanical aeration.
Figures 16-1 and 16-2 show graphs of the capital and O&M costs, respectively. The estimates are given in
dollars per gallon per day of plant capacity. Table 16-2 and Figures 16-3 a nd 16-4 summarize these costs
for an extended aeration plant using diffuser aeration. Tables 16-3 and 16-4 present the annualized unit
costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants, respectively.

TABLE 16-1.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $8.44 $3.92 $3.25
Incremental Annual O&M Cost per gpd of Plant Capacity $0.61 $0.26 $0.18

TABLE 16-2.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $4.72 $2.42 $1.36
Incremental Annual O&M Cost per gpd of Plant Capacity $0.42 $0.20 $0.15
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Figure 16-1. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective F Year-Round

Figure 16-2. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective F Year-Round
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Figure 16-3. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective F Year-Round

Figure 16-4. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective F Year-Round
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TABLE 16-3.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED
AERATION (MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $519,755 $2,879,976 $23,842,223
2014 Incremental O&M Cost $686,335 $2,942,508 $20,025,334

Total Annual Cost $1,306,090 $5,822,483 $43,867,557
Annual TIN Load Reduction (lb/yr) 45,406 454,060 4,540,600
Annual TP Load Reduction (lb/yr) 12,775 127,750 1,277,500
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $16.61 $5.27 $3.34
Estimated Unit Cost for TP Reduction ($/lb TP removed) $43.20 $26.86 $22.46

TIN Cost Equation:a ................................................................................................................. y = 620.03x-0.348

TIN Cost R-Square Value:......................................................................................................... 0.9416

TP Cost Equation:b .................................................................................................................... y = 157.5x-0.142

TP Cost R-Square Value: .......................................................................................................... 0.936

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 16-4.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EXTENDED

AERATION (DIFFUSER AERATION) PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $346,644 $1,777,662 $10,005,716
2014 Incremental O&M Cost $470,294 $2,269,116 $16,326,349

Total Annual Cost $816,938 $4,046,778 $26,332,066
Annual TIN Load Reduction (lb/yr) 45,370 453,695 4,536,950
Annual TP Load Reduction (lb/yr) 12,739 127,385 1,273,850
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $6.53 $1.90 $0.32
Estimated Unit Cost for TP Reduction ($/lb TP removed) $40.89 $24.99 $19.52

TIN Cost Equation:a ................................................................................................................. y = 8019.1x-0.655

TIN Cost R-Square Value:......................................................................................................... 0.9892

TP Cost Equation:b .................................................................................................................... y = 179.07x-0.161

TP Cost R-Square Value: .......................................................................................................... 0.9646

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.1.2 Conventional Activated Sludge Plants
Table 16-5 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F year-round for a conventional activated sludge plant. Figures 16-5 and
16-6 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 16-6 presents the annualized unit costs for reducing nutrient loads.

TABLE 16-5.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE OBJECTIVE F

YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $11.00 $6.45 $4.16
Incremental Annual O&M Cost per gpd of Plant Capacity $0.59 $0.33 $0.24

Figure 16-5. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective F Year-Round
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Figure 16-6. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective F Year-Round

TABLE 16-6.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $808,295 $4,735,944 $45,832,152
2014 Incremental O&M Cost $660,329 $3,707,577 $40,125,423

Total Annual Cost $1,468,624 $8,443,521 $85,957,575
Annual TIN Load Reduction (lb/yr) 45,479 454,790 6,821,850
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $19.53 $11.88 $7.38
Estimated Unit Cost for TP Reduction ($/lb TP removed) $44.17 $23.14 $18.08

TIN Cost Equation:a ................................................................................................................. y = 153.13x-0.194

TIN Cost R-Square Value:......................................................................................................... 0.9965

TP Cost Equation:b .................................................................................................................... y = 214.81x-0.176

TP Cost R-Square Value: .......................................................................................................... 0.9129

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.1.3 Sequencing Batch Reactor Plants
Table 16-7 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F year-round for an SBR plant. Figures 16-7 and 16-8 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 16-8 presents the annualized unit costs for reducing nutrient loads.

TABLE 16-7.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE F YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $4.85 $2.97 $1.80
Incremental Annual O&M Cost per gpd of Plant Capacity $0.86 $0.39 $0.19

Figure 16-7. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective F Year-Round
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Figure 16-8. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective F Year-Round

TABLE 16-8.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING SBR PLANT TO

ACHIEVE OBJECTIVE F YEAR-ROUND

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $178,058 $436,508 $1,322,023
2014 Incremental O&M Cost $483,732 $873,775 $2,184,463

Total Annual Cost $661,790 $1,310,283 $3,506,487
Annual TIN Load Reduction (lb/yr) 2,537 10,147 50,735
Annual TP Load Reduction (lb/yr) 2,957 11,826 59,130
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $172.21 $71.54 $29.76
Estimated Unit Cost for TP Reduction ($/lb TP removed) $76.08 $49.41 $33.77

TIN Cost Equation:a ................................................................................................................. y = 16486x-0.585

TIN Cost R-Square Value:......................................................................................................... 0.9981

TP Cost Equation:b .................................................................................................................... y = 646.37x-0.27

TP Cost R-Square Value: .......................................................................................................... 0.9937

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.1.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 16-9 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F year-round for a trickling filter plant. Figures 16-9 and 16-10 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 16-10 and Figures 16-1 and 16-12 summarize these costs for a trickling
filter/solids contact plant. Table 16-11 and Figures 16-13 and 16-14 summarize these costs for an RBC
plant. Tables 16-12, 16-13 and 16-14 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 16-9.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $12.44 $7.62 $4.53
Incremental Annual O&M Cost per gpd of Plant Capacity $0.65 $0.36 $0.24

TABLE 16-10.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $11.17 $7.06 $4.21
Incremental Annual O&M Cost per gpd of Plant Capacity $0.52 $0.31 $0.21

TABLE 16-11.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $12.44 $7.64 $4.58
Incremental Annual O&M Cost per gpd of Plant Capacity $0.71 $0.37 $0.25
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Figure 16-9. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective F Year-
Round

Figure 16-10. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective F Year-
Round
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Figure 16-11. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective F Year-Round

Figure 16-12. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective F Year-Round
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Figure 16-13. Capital Cost per Plant Capacity for RBC Upgraded for Objective F Year-Round

Figure 16-14. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective F Year-Round
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TABLE 16-12.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $913,676 $5,594,150 $49,901,730
2014 Incremental O&M Cost $732,176 $3,998,971 $41,046,652

Total Annual Cost $1,645,852 $9,593,121 $90,948,382
Annual TIN Load Reduction (lb/yr) 45,479 454,790 6,821,850
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $23.82 $14.70 $8.34
Estimated Unit Cost for TP Reduction ($/lb TP removed) $42.81 $22.13 $17.27

TIN Cost Equation:a ................................................................................................................. y = 225.12x-0.209

TIN Cost R-Square Value:......................................................................................................... 1

TP Cost Equation:b .................................................................................................................... y = 213.36x-0.179

TP Cost R-Square Value: .......................................................................................................... 0.911

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 16-13.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TRICKLING

FILTER/SOLIDS CONTACT PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $820,226 $5,185,883 $46,395,714
2014 Incremental O&M Cost $583,097 $3,531,660 $36,286,875

Total Annual Cost $1,403,323 $8,717,542 $82,682,589
Annual TIN Load Reduction (lb/yr) 45,479 454,790 6,821,850
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $18.42 $12.72 $7.15
Estimated Unit Cost for TP Reduction ($/lb TP removed) $43.06 $22.33 $17.22

TIN Cost Equation:a ................................................................................................................. y = 143.98x-0.19

TIN Cost R-Square Value:......................................................................................................... 0.9939

TP Cost Equation:b .................................................................................................................... y = 218.9x-0.18

TP Cost R-Square Value: .......................................................................................................... 0.9173

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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TABLE 16-14.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $914,005 $5,614,551 $50,425,740
2014 Incremental O&M Cost $803,877 $4,213,437 $42,961,705

Total Annual Cost $1,717,881 $9,827,988 $93,387,446
Annual TIN Load Reduction (lb/yr) 45,479 454,790 6,821,850
Annual TP Load Reduction (lb/yr) 13,140 131,400 1,971,000
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $25.33 $15.19 $8.71
Estimated Unit Cost for TP Reduction ($/lb TP removed) $43.07 $22.24 $17.24

TIN Cost Equation:a ................................................................................................................. y = 246.43x-0.213

TIN Cost R-Square Value:......................................................................................................... 0.9995

TP Cost Equation:b .................................................................................................................... y = 218.09x-0.18

TP Cost R-Square Value: .......................................................................................................... 0.9141

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)



…16. COST EVALUATION, OBJECTIVE F

16-15

16.1.5 Membrane Biological Reactor Plants
Table 16-15 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F year-round for an MBR plant. Figures 16-15 and 16-16 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 16-16 presents the annualized unit costs for reducing nutrient loads.

TABLE 16-15.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.35 $0.35 $0.28
Incremental Annual O&M Cost per gpd of Plant Capacity $0.20 $0.12 $0.10

Figure 16-15. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective F Year-Round
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Figure 16-16. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective F Year-Round

TABLE 16-16.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT TO

ACHIEVE OBJECTIVE F YEAR-ROUND

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $99,292 $256,052 $2,069,159
2014 Incremental O&M Cost $230,266 $1,393,462 $11,375,377

Total Annual Cost $329,558 $1,649,514 $13,444,536
Annual TIN Load Reduction (lb/yr) 9,600 95,995 959,950
Annual TP Load Reduction (lb/yr) 12,483 124,830 1,248,300
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $2.11 $1.90 $1.89
Estimated Unit Cost for TP Reduction ($/lb TP removed) $24.78 $11.75 $9.32

TIN Cost Equation:a ................................................................................................................. y = 2.584x-0.024

TIN Cost R-Square Value:......................................................................................................... 0.7859

TP Cost Equation:b .................................................................................................................... y = 168.53x-0.212

TP Cost R-Square Value: .......................................................................................................... 0.9155

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.1.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective F were developed for these plants.

16.1.7 Aerated or Facultative Lagoon Plants
Table 16-17 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F year-round for an aerated lagoon plant. Figures 16-17 and 16-18 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 16-18 and Figures 16-19 and 16-20 summarize these costs for a facultative
lagoon plant. Tables 16-19 and 16-20 present the annualized unit costs for reducing nutrient loads for
aerated lagoon and facultative lagoon plants, respectively.

TABLE 16-17.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE F YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $27.75 $21.63 $13.88 $9.59
Incremental Annual O&M Cost per gpd of Plant Capacity $1.49 $0.97 $0.52 $0.34

TABLE 16-18.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE F YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $27.61 $21.52 $13.79 $9.54
Incremental Annual O&M Cost per gpd of Plant Capacity $1.76 $1.20 $0.68 $0.37
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Figure 16-17. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective F Year-
Round

Figure 16-18. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective F Year-
Round
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Figure 16-19. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective F
Year-Round

Figure 16-20. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective F Year-
Round
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TABLE 16-19.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $1,019,087 $1,588,845 $5,096,170 $35,210,268
2014 Incremental O&M Cost $837,007 $1,090,989 $2,913,323 $19,071,325

Total Annual Cost $1,856,094 $2,679,834 $8,009,493 $54,281,593
Annual TIN Load Reduction (lb/yr) 22,667 45,333 226,665 2,259,350
Annual TP Load Reduction (lb/yr) 6,570 13,140 65,700 657,000
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $61.17 $42.64 $26.34 $16.68
Estimated Unit Cost for TP Reduction ($/lb TP removed) $71.48 $56.84 $31.05 $25.24

TIN Cost Equation:a ................................................................................................................. y = 845.78x-0.273

TIN Cost R-Square Value:......................................................................................................... 0.9676

TP Cost Equation:b .................................................................................................................... y = 489.23x-0.229

TP Cost R-Square Value: .......................................................................................................... 0.9088

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 16-20.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE F YEAR-ROUND

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $1,014,069 $1,580,372 $5,063,018 $35,035,872
2014 Incremental O&M Cost $990,177 $1,354,668 $3,816,150 $20,958,595

Total Annual Cost $2,004,245 $2,935,040 $8,879,169 $55,994,467
Annual TIN Load Reduction (lb/yr) 22,667 45,333 226,665 2,259,350
Annual TP Load Reduction (lb/yr) 6,570 13,140 65,700 657,000
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $67.74 $48.28 $30.20 $17.42
Estimated Unit Cost for TP Reduction ($/lb TP removed) $71.35 $56.81 $30.96 $25.33

TIN Cost Equation:a ................................................................................................................. y = 1101.9x-0.286

TIN Cost R-Square Value:......................................................................................................... 0.9844

TP Cost Equation:b .................................................................................................................... y = 483.82x-0.228

TP Cost R-Square Value: .......................................................................................................... 0.906

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.2 SEASONAL NUTRIENT REMOVAL
16.2.1 Extended Aeration Plants
Table 16-21 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F seasonally for an extended aeration plant using mechanical aeration.
Figures 16-21 and 16-22 show graphs of the capital and O&M costs, respectively. The estimates are given
in dollars per gallon per day of plant capacity. Table 16-22 and Figures 16-23 and 16-24 summarize these
costs for an extended aeration plant using diffuser aeration. Tables 16-23 and 16-24 present the
annualized unit costs for reducing nutrient loads for mechanical aeration and diffuser aeration plants,
respectively.

TABLE 16-21.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (MECHANICAL

AERATION) PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $7.02 $3.56 $2.98
Incremental Annual O&M Cost per gpd of Plant Capacity $0.53 $0.19 $0.11

TABLE 16-22.
ESTIMATED COST PER CAPACITY FOR UPGRADING EXTENDED AERATION (DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $3.29 $2.07 $1.11
Incremental Annual O&M Cost per gpd of Plant Capacity $0.34 $0.13 $0.08
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Figure 16-21. Capital Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant
Upgraded for Objective F Seasonally

Figure 16-22. O&M Cost per Plant Capacity for Extended Aeration (Mechanical Aeration) Plant Upgraded
for Objective F Seasonal
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Figure 16-23. Capital Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded
for Objective F Seasonally

Figure 16-24. O&M Cost per Plant Capacity for Extended Aeration (Diffuser Aeration) Plant Upgraded for
Objective F Seasonal
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TABLE 16-23.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA

(MECHANICAL AERATION) PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $515,745 $2,615,929 $21,868,804
2014 Incremental O&M Cost $593,790 $2,145,974 $12,606,374

Total Annual Cost $1,109,535 $4,761,903 $34,475,178
Annual TIN Load Reduction (lb/yr) 23,506 235,060 2,350,600
Annual TP Load Reduction (lb/yr) 6,388 63,875 638,750
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $32.92 $11.05 $7.43
Estimated Unit Cost for TP Reduction ($/lb TP removed) $52.57 $33.87 $26.63

TIN Cost Equation:a ................................................................................................................. y = 762.22x-0.324

TIN Cost R-Square Value:......................................................................................................... 0.9322

TP Cost Equation:b .................................................................................................................... y = 185.49x-0.148

TP Cost R-Square Value: .......................................................................................................... 0.9722

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 16-24.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING EA ((DIFFUSER

AERATION) PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $241,811 $1,521,842 $8,131,012
2014 Incremental O&M Cost $377,749 $1,472,582 $8,907,389

Total Annual Cost $619,560 $2,994,424 $17,038,401
Annual TIN Load Reduction (lb/yr) 23,488 234,878 2,348,775
Annual TP Load Reduction (lb/yr) 6,388 63,875 638,750
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $11.90 $3.35 $0.53
Estimated Unit Cost for TP Reduction ($/lb TP removed) $53.22 $34.58 $24.74

TIN Cost Equation:a ................................................................................................................. y = 11759x-0.676

TIN Cost R-Square Value:......................................................................................................... 0.9887

TP Cost Equation:b .................................................................................................................... y = 224.95x-0.166

TP Cost R-Square Value: .......................................................................................................... 0.9948

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.2.2 Conventional Activated Sludge Plants
Table 16-25 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F seasonally for a conventional activated sludge plant. Figures 16-25 and
16-26 show graphs of the capital and O&M costs, respectively. The estimates are given in dollars per
gallon per day of plant capacity. Table 16-26 presents the annualized unit costs for reducing nutrient
loads.

TABLE 16-25.
ESTIMATED COST PER CAPACITY FOR UPGRADING CAS PLANT TO ACHIEVE OBJECTIVE F

SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $5.06 $2.63 $2.08
Incremental Annual O&M Cost per gpd of Plant Capacity $0.45 $0.19 $0.13

Figure 16-25. Capital Cost per Plant Capacity for CAS Plant Upgraded for Objective F Seasonally



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

16-26

Figure 16-26. O&M Cost per Plant Capacity for CAS Plant Upgraded for Objective F Seasonal

TABLE 16-26.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING CAS PLANT TO

ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $371,402 $1,928,646 $22,872,331
2014 Incremental O&M Cost $501,029 $2,102,692 $21,173,550

Total Annual Cost $872,431 $4,031,339 $44,045,881
Annual TIN Load Reduction (lb/yr) 23,068 230,680 3,460,200
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $19.33 $7.56 $5.45
Estimated Unit Cost for TP Reduction ($/lb TP removed) $64.74 $34.73 $25.50

TIN Cost Equation:a ................................................................................................................. y = 207.09x-0.249

TIN Cost R-Square Value:......................................................................................................... 0.9019

TP Cost Equation:b .................................................................................................................... y = 304x-0.184

TP Cost R-Square Value: .......................................................................................................... 0.9441

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.2.3 Sequencing Batch Reactor Plants
Table 16-27 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F seasonally for an SBR plant. Figures 16-27 and 16-28 show graphs of the
capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 16-28 presents the annualized unit costs for reducing nutrient loads.

TABLE 16-27.
ESTIMATED COST PER CAPACITY FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE F SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Capital Cost per gpd of Plant Capacity $4.44 $2.48 $1.41
Incremental Annual O&M Cost per gpd of Plant Capacity $0.72 $0.29 $0.12

Figure 16-27. Capital Cost per Plant Capacity for SBR Plant Upgraded for Objective F Seasonally
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Figure 16-28. O&M Cost per Plant Capacity for SBR Plant Upgraded for Objective F Seasonal

TABLE 16-28.
UNIT NUTRIENT REMOVAL COSTS FOR UPGRADING SBR PLANT TO ACHIEVE

OBJECTIVE F SEASONALLY

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Annualized Capital Cost $163,045 $364,500 $1,034,896
2014 Incremental O&M Cost $402,993 $657,438 $1,390,054

Total Annual Cost $566,038 $1,021,937 $2,424,950
Annual TIN Load Reduction (lb/yr) 475 1,898 9,490
Annual TP Load Reduction (lb/yr) 1,487 5,950 29,748
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $788.41 $309.62 $114.38
Estimated Unit Cost for TP Reduction ($/lb TP removed) $129.05 $72.99 $45.03

TIN Cost Equation:a ................................................................................................................. y = 41108x-0.644

TIN Cost R-Square Value:......................................................................................................... 0.9994

TP Cost Equation:b .................................................................................................................... y = 1616x-0.35

TP Cost R-Square Value: .......................................................................................................... 0.9918

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)



…16. COST EVALUATION, OBJECTIVE F

16-29

16.2.4 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Table 16-29 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F seasonally for a trickling filter plant. Figures 16-29 and 16-30 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 16-30 and Figures 16-31 and 16-32 summarize these costs for a trickling
filter/solids contact plant. Table 16-31 and Figures 16-33 and 16-34 summarize these costs for an RBC
plant. Tables 16-32, 16-33 and 16-34 present the annualized unit costs for reducing nutrient loads for TF,
TF/SC and RBC plants, respectively.

TABLE 16-29.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER PLANT TO

ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $7.11 $4.16 $2.59
Incremental Annual O&M Cost per gpd of Plant Capacity $0.51 $0.21 $0.13

TABLE 16-30.
ESTIMATED COST PER CAPACITY FOR UPGRADING TRICKLING FILTER/SOLIDS CONTACT

PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $5.37 $3.47 $2.18
Incremental Annual O&M Cost per gpd of Plant Capacity $0.38 $0.17 $0.10

TABLE 16-31.
ESTIMATED COST PER CAPACITY FOR UPGRADING RBC PLANT TO ACHIEVE

OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Capital Cost per gpd of Plant Capacity $7.13 $4.18 $2.63
Incremental Annual O&M Cost per gpd of Plant Capacity $0.57 $0.23 $0.14
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Figure 16-29. Capital Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective F
Seasonally

Figure 16-30. O&M Cost per Plant Capacity for Trickling Filter Plant Upgraded for Objective F Seasonal
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Figure 16-31. Capital Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective F Seasonally

Figure 16-32. O&M Cost per Plant Capacity for Trickling Filter/Solids Contact Plant Upgraded for
Objective F Seasonal
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Figure 16-33. Capital Cost per Plant Capacity for RBC Plant Upgraded for Objective F Seasonally

Figure 16-34. O&M Cost per Plant Capacity for RBC Plant Upgraded for Objective F Seasonal
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TABLE 16-32.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF PLANT TO

ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $522,245 $3,054,433 $28,541,079
2014 Incremental O&M Cost $572,876 $2,394,087 $22,094,779

Total Annual Cost $1,095,120 $5,448,520 $50,635,858
Annual TIN Load Reduction (lb/yr) 23,068 230,680 3,460,200
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $29.59 $14.12 $7.66
Estimated Unit Cost for TP Reduction ($/lb TP removed) $62.60 $33.27 $24.40

TIN Cost Equation:a ................................................................................................................. y = 420.51x-0.268

TIN Cost R-Square Value:......................................................................................................... 0.9897

TP Cost Equation:b .................................................................................................................... y = 298.79x-0.186

TP Cost R-Square Value: .......................................................................................................... 0.9428

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 16-33.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING TF/SC PLANT

TO ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $394,434 $2,547,369 $23,973,880
2014 Incremental O&M Cost $423,796 $1,926,775 $17,335,002

Total Annual Cost $818,230 $4,474,144 $41,308,882
Annual TIN Load Reduction (lb/yr) 23,068 230,680 3,460,200
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $17.42 $9.77 $4.96
Estimated Unit Cost for TP Reduction ($/lb TP removed) $63.19 $33.69 $24.43

TIN Cost Equation:a ................................................................................................................. y = 216.12x-0.251

TIN Cost R-Square Value:......................................................................................................... 1

TP Cost Equation:b .................................................................................................................... y = 306.92x-0.188

TP Cost R-Square Value: .......................................................................................................... 0.9474

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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TABLE 16-34.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING RBC PLANT TO

ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 150-mgd Plant

Annualized Capital Cost $523,808 $3,071,873 $28,994,343
2014 Incremental O&M Cost $644,576 $2,608,552 $24,009,832

Total Annual Cost $1,168,384 $5,680,425 $53,004,176
Annual TIN Load Reduction (lb/yr) 23,068 230,680 3,460,200
Annual TP Load Reduction (lb/yr) 6,588 65,883 988,238
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $32.63 $15.09 $8.41
Estimated Unit Cost for TP Reduction ($/lb TP removed) $63.08 $33.40 $24.20

TIN Cost Equation:a ................................................................................................................. y = 461.44x-0.269

TIN Cost R-Square Value:......................................................................................................... 0.9842

TP Cost Equation:b .................................................................................................................... y = 310.09x-0.189

TP Cost R-Square Value: .......................................................................................................... 0.9465

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)
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16.2.5 Membrane Biological Reactor Plants
Table 16-35 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F seasonally for an MBR plant. Figures 16-35 and 16-36 show graphs of
the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day of plant
capacity. Table 16-36 presents the annualized unit costs for reducing nutrient loads.

TABLE 16-35.
ESTIMATED COST PER CAPACITY FOR UPGRADING MBR PLANT TO ACHIEVE

OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Capital Cost per gpd of Plant Capacity $1.22 $0.27 $0.03
Incremental Annual O&M Cost per gpd of Plant Capacity $0.16 $0.08 $0.06

Figure 16-35. Capital Cost per Plant Capacity for MBR Plant Upgraded for Objective F Seasonally
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Figure 16-36. O&M Cost per Plant Capacity for MBR Plant Upgraded for Objective F Seasonal

TABLE 16-36.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING MBR PLANT TO

ACHIEVE OBJECTIVE F SEASONALLY

1-mgd Plant 10-mgd Plant 100-mgd Plant

Annualized Capital Cost $89,545 $201,723 $246,882
2014 Incremental O&M Cost $185,518 $893,767 $6,667,739

Total Annual Cost $275,063 $1,095,490 $6,914,621
Annual TIN Load Reduction (lb/yr) 3,869 38,690 386,900
Annual TP Load Reduction (lb/yr) 6,169 61,685 616,850
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $4.27 $3.79 $3.76
Estimated Unit Cost for TP Reduction ($/lb TP removed) $41.91 $15.38 $8.85

TIN Cost Equation:a ................................................................................................................. y = 5.2658x-0.028

TIN Cost R-Square Value:......................................................................................................... 0.7967

TP Cost Equation:b .................................................................................................................... y = 740.77x-0.338

TP Cost R-Square Value: .......................................................................................................... 0.9729

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)



…16. COST EVALUATION, OBJECTIVE F

16-37

16.2.6 High-Purity Oxygen Activated Sludge Plants
High-purity oxygen activated sludge plants were not evaluated for any objectives that include phosphorus
removal, so no costs associated with Objective F were developed for these plants.

16.2.7 Aerated or Facultative Lagoon Plants
Table 16-37 summarizes estimated capital costs and incremental O&M costs (compared to the existing
plant) for achieving Objective F seasonally for an aerated lagoon plan. Figures 16-37 and 16-38 show
graphs of the capital and O&M costs, respectively. The estimates are given in dollars per gallon per day
of plant capacity. Table 16-38 and Figures 16-39 and 16-40 summarize these costs for a facultative
lagoon plant. Tables 16-39 and 16-40 present the annualized unit costs for reducing nutrient loads for
aerated lagoon an facultative lagoon plants, respectively.

TABLE 16-37.
ESTIMATED COST PER CAPACITY FOR UPGRADING AERATED LAGOON PLANT TO

ACHIEVE OBJECTIVE F SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $26.26 $19.09 $12.68 $8.23
Incremental Annual O&M Cost per gpd of Plant Capacity $1.31 $0.82 $0.39 $0.20

TABLE 16-38.
ESTIMATED COST PER CAPACITY FOR UPGRADING FACULTATIVE LAGOON PLANT TO

ACHIEVE OBJECTIVE F SEASONALLY

0.5-mgd
Plant

1-mgd
Plant 5-mgd Plant

50-mgd
Plant

Capital Cost per gpd of Plant Capacity $26.12 $18.97 $12.59 $8.19
Incremental Annual O&M Cost per gpd of Plant Capacity $1.58 $1.05 $0.55 $0.23
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Figure 16-37. Capital Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective F
Seasonally

Figure 16-38. O&M Cost per Plant Capacity for Aerated Lagoon Plant Upgraded for Objective F Seasonal
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Figure 16-39. Capital Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective F
Seasonally

Figure 16-40. O&M Cost per Plant Capacity for Facultative Lagoon Plant Upgraded for Objective F
Seasonal
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TABLE 16-39.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING AERATED

LAGOON PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $964,506 $1,401,842 $4,654,926 $30,238,589
2014 Incremental O&M Cost $736,744 $920,616 $2,199,768 $11,006,857

Total Annual Cost $1,701,250 $2,322,458 $6,854,693 $41,245,446
Annual TIN Load Reduction (lb/yr) 11,634 23,269 116,344 1,153,400
Annual TP Load Reduction (lb/yr) 3,294 6,588 32,941 329,413
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $106.84 $72.87 $43.23 $24.43
Estimated Unit Cost for TP Reduction ($/lb TP removed) $139.09 $95.14 $55.39 $39.67

TIN Cost Equation:a ................................................................................................................. y = 1775.1x-0.311

TIN Cost R-Square Value:......................................................................................................... 0.9795

TP Cost Equation:b .................................................................................................................... y = 1023.5x-0.263

TP Cost R-Square Value: .......................................................................................................... 0.9326

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)

TABLE 16-40.
ESTIMATED COST PER WEIGHT OF NUTRIENT REMOVAL FOR UPGRADING FACULTATIVE

LAGOON PLANT TO ACHIEVE OBJECTIVE F SEASONALLY

0.5-mgd
Plant 1-mgd Plant 5-mgd Plant

50-mgd
Plant

Annualized Capital Cost $959,405 $1,393,369 $4,621,774 $30,064,193
2014 Incremental O&M Cost $889,913 $1,184,294 $3,102,594 $12,894,127

Total Annual Cost $1,849,319 $2,577,664 $7,724,396 $42,958,320
Annual TIN Load Reduction (lb/yr) 11,634 23,269 116,344 1,153,400
Annual TP Load Reduction (lb/yr) 3,294 6,588 32,941 329,413
Estimated Unit Cost for TIN Reduction ($/lb TIN removed) $120.94 $85.15 $51.92 $26.48
Estimated Unit Cost for TP Reduction ($/lb TP removed) $134.27 $90.52 $51.11 $37.70

TIN Cost Equation:a ................................................................................................................. y = 2288.9x-0.321

TIN Cost R-Square Value:......................................................................................................... 0.9921

TP Cost Equation:b .................................................................................................................... y = 1003.4x-0.267

TP Cost R-Square Value: .......................................................................................................... 0.9193

a. x = Annual TIN Load Reduction (lb), y= Estimated Cost for TIN Reduction ($/lb TIN removed)
b. x = Annual TP Load Reduction (lb), y= Estimated Cost for TP Reduction ($/lb TP removed)



CHAPTER 17.
CUMULATIVE COST IMPACT SUMMARY

17.1 CUMULATIVE STATEWIDE COST
Cost models presented in previous chapters of this report represent expected costs for upgrading
individual treatment plants to meet a range of potential objectives for limiting nitrogen and phosphorus in
effluent discharged to surface waters. If the State of Washington were to adopt regulatory guidelines
establishing such limits, then municipal treatment plants throughout the state would need to perform
upgrades, with potentially significant statewide cost implications.

In order to assess the magnitude of such potential future cost impacts, the cost models developed for each
of the respective nutrient removal objectives (i.e., Chapters 11-16) were applied to Ecology’s list of all
municipal treatment plants operating in Washington. As described in Chapter 2, there are currently 304
such plants operating in the state. Using a list of the treatment type and maximum-month capacity for
each of these plants, the upgrade capital and O&M cost models identified in the previous chapters for
several capacities for each type of plant were used to estimate upgrade costs for each specific plant
operating in the state. These costs were then totaled by treatment type and on a statewide basis. Tables 17-
1, 17-2 and 17-3 present the results for capital cost, annual O&M cost and 20-year annualized total cost
(assuming a 3-percent discount rate), respectively. The expected accuracy range for these estimates is
+100% to -50% percent. Actual costs for a specific facility would have to be determined through a site
specific engineering study.

17.2 POTENTIAL SEWER RATE IMPACTS
Based on the cumulate statewide costs estimated as described above, an evaluation was performed to
estimate the likely cost impact on sewer rates per household. The monthly increase was calculated from
the annualized statewide costs, assuming a statewide population of about 5.5 million, an average
household size of 2.5 persons, a per capita maximum-month wastewater flow of 160 gallons, and a future
number of households at design capacity equal to 1.33 times the current number of households. The
resulting rate impact estimates are shown in Table 17-4.

17.3 WATERSHED-WIDE COSTS FOR NUTRIENT REMOVAL
For planning purposes, the Washington Department of Ecology has divided the state into 62 Water
Resource Inventory Areas (WRIAs), representing the watershed, or drainage area, of all major water
bodies in the state (see Figure 17-1). Water quality assessments and measures to address water quality
problems often are developed based on these watershed designations, because the WRIAs represent all
the area potentially contributing nutrients and other contaminants to affected water bodies. Therefore, if a
given water body is experiencing water quality problems related to high levels of nitrogen or phosphorus,
then nutrient discharge limits might be established that apply to all dischargers within that water body’s
WRIA. For this reason, it is useful to estimate the potential cost of upgrading all municipal treatment
plants in each WRIA to achieve the various nutrient removal objectives. These estimates were made using
the same approach described above for the statewide cost estimates. Tables 17-5 and 17-6 present the
results for capital cost and annual O&M cost. Additional detail on costs in each WRIA is provided in
Appendix D. The expected accuracy range for these estimates is +100% to -50% percent. Actual costs for
a specific facility would have to be determined through a site specific engineering study.
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TABLE 17-1.
ESTIMATED CAPITAL COSTS FOR NUTRIENT REMOVAL UPGRADES OF ALL TREATMENT

PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Capital Cost ($ millions, 2010)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) 204 239 29 133 221 360
Extended Aeration (Diffused Aeration) 4 7 3 11 5 16
Extended Aeration (with Biological Nutrient Removal) 29 128 75 328 94 414
Conventional Activated Sludge 1625 1773 142 559 1725 2253
Sequencing Batch Reactor 7 28 18 54 18 76
Trickling Filter 177 195 15 58 186 246
Rotating Biological Contactor 140 155 13 47 148 197
Trickling Filter/Solids Contact 193 207 15 59 193 252
Membrane Bioreactor 0 0 11 10 11 11
Lagoons (Aerated) 773 797 163 234 836 931
Lagoons (Facultative) 170 182 40 62 184 218
High Purity Oxygen 942 1134 N/A N/A 942(1) 1134(1)

Statewide Total $4,264 $4,844 $522 $1,555 $4,564 $6,107

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) 192 217 28 84 227 308
Extended Aeration (Diffused Aeration) 2 5 3 7 6 11
Extended Aeration (with Biological Nutrient Removal) 38 76 76 252 66 272
Conventional Activated Sludge 564 629 185 429 660 1032
Sequencing Batch Reactor 6 25 18 46 18 66
Trickling Filter 96 105 18 42 102 138
Rotating Biological Contactor 76 84 15 33 82 111
Trickling Filter/Solids Contact 88 93 20 46 88 127
Membrane Bioreactor 0 0 10 10 10 10
Lagoons (Aerated) 773 797 163 234 836 931
Lagoons (Facultative) 164 168 35 50 177 197
High Purity Oxygen 363 477 N/A N/A 363(1) 477(1)

Statewide Total $2,360 $2,674 $570 $1,233 $2,635 $3,680
;

Note: (1) costs are for nitrogen removal only
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TABLE 17-2.
ESTIMATED ANNUAL O&M COSTS FOR NUTRIENT REMOVAL UPGRADES OF ALL

TREATMENT PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Annual O&M Cost ($ millions, 2010)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) 0 13 9 14 16 26
Extended Aeration (Diffused Aeration) 0 0 0 1 1 1
Extended Aeration (with Biological Nutrient Removal) 0 0 16 33 11 38
Conventional Activated Sludge 45 57 55 69 90 122
Sequencing Batch Reactor 0 9 1 3 0 12
Trickling Filter 5 7 4 6 9 12
Rotating Biological Contactor 5 6 4 4 8 11
Trickling Filter/Solids Contact 4 6 6 7 9 12
Membrane Bioreactor 0 0 1 2 1 2
Lagoons (Aerated) 24 28 10 12 31 37
Lagoons (Facultative) 7 8 2 2 10 12
High Purity Oxygen 44 53 N/A N/A 44(1) 53(1)

Statewide Total $135 $187 $108 $152 $230 $338

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) 9 12 6 9 15 21
Extended Aeration (Diffused Aeration) 0 0 0 1 1 1
Extended Aeration (with Biological Nutrient Removal) 0 0 10 19 11 28
Conventional Activated Sludge 17 24 41 49 54 72
Sequencing Batch Reactor 0 8 1 2 1 9
Trickling Filter 3 4 4 4 7 8
Rotating Biological Contactor 3 4 3 3 6 8
Trickling Filter/Solids Contact 1 2 4 5 5 7
Membrane Bioreactor 0 0 1 1 1 1
Lagoons (Aerated) 24 28 10 12 31 37
Lagoons (Facultative) 7 8 2 2 9 10
High Purity Oxygen 27 32 N/A N/A 27 32

Statewide Total $90 $121 $81 $107 $166 $236

Note: (1) costs are for nitrogen removal only
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TABLE 17-3.
ESTIMATED ANNUAL CAPITAL AND O&M COSTS FOR NUTRIENT REMOVAL UPGRADES OF

ALL TREATMENT PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Annual Cost ($ millions, 2010)(1)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) 14 29 11 23 31 50
Extended Aeration (Diffused Aeration) 0 0 1 1 1 2
Extended Aeration (with Biological Nutrient Removal) 2 9 21 55 17 66
Conventional Activated Sludge 154 176 64 106 206 273
Sequencing Batch Reactor 1 11 2 7 1 17
Trickling Filter 17 20 6 10 22 29
Rotating Biological Contactor 14 16 4 8 18 24
Trickling Filter/Solids Contact 17 19 7 11 22 29
Membrane Bioreactor 0 0 2 2 2 2
Lagoons (Aerated) 75 81 21 27 87 100
Lagoons (Facultative) 19 21 5 7 22 26
High Purity Oxygen 108 129 N/A N/A 108(2) 129(2)

Statewide Total $421 $513 $143 $256 $537 $748

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) 21 27 8 14 30 42
Extended Aeration (Diffused Aeration) 0 0 1 1 1 2
Extended Aeration (with Biological Nutrient Removal) 3 5 15 36 15 47
Conventional Activated Sludge 55 66 53 78 98 141
Sequencing Batch Reactor 0 10 2 5 2 14
Trickling Filter 9 11 5 7 13 18
Rotating Biological Contactor 8 9 4 6 12 15
Trickling Filter/Solids Contact 7 8 5 8 10 15
Membrane Bioreactor 0 0 2 2 2 2
Lagoons (Aerated) 75 81 21 27 87 100
Lagoons (Facultative) 18 19 4 6 21 23
High Purity Oxygen 51 64 N/A N/A 51(2) 64(2)

Statewide Total $248 $300 $120 $190 $344 $483

Notes: (1) Capital cost were annualized for 20 years at 3% discount rate
(2) Cost is for nitrogen removal only
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TABLE 17-4.
ESTIMATED MONTHLY HOUSEHOLD SEWER RATE INCREASE FOR NUTRIENT REMOVAL

UPGRADES OF ALL TREATMENT PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Monthly Household Sewer Rate Increase (1)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) $11.29 $24.30 $9.26 $18.96 $25.20 $41.13
Extended Aeration (Diffused Aeration) $4.09 $7.01 $9.91 $22.18 $15.29 $36.23
Extended Aeration (with Biological Nutrient Removal) $0.37 $1.66 $4.07 $10.50 $3.31 $12.68
Conventional Activated Sludge $17.48 $19.95 $7.25 $12.03 $23.33 $30.97
Sequencing Batch Reactor $1.16 $22.37 $4.71 $13.09 $2.45 $33.21
Trickling Filter $27.43 $31.48 $8.85 $15.26 $35.23 $46.42
Rotating Biological Contactor $29.77 $34.14 $9.24 $15.92 $38.27 $49.99
Trickling Filter/Solids Contact $17.79 $20.08 $6.86 $11.38 $22.33 $30.00
Membrane Bioreactor $0.00 $0.81 $9.46 $10.67 $9.46 $11.46
Lagoons (Aerated) $57.67 $62.05 $15.87 $20.91 $66.71 $76.37
Lagoons (Facultative) $66.89 $74.14 $16.43 $23.38 $78.62 $94.66
High Purity Oxygen $16.24 $19.47 N/A N/A 16.24 19.47

Weighted Average $16.00 $19.48 $7.29 $13.02 $20.40 $28.43

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) $17.71 $22.12 $6.25 $11.73 $24.88 $34.67
Extended Aeration (Diffused Aeration) $2.34 $4.73 $8.45 $14.66 $15.55 $28.56
Extended Aeration (with Biological Nutrient Removal) $0.48 $0.98 $2.96 $6.98 $2.97 $8.99
Conventional Activated Sludge $6.23 $7.46 $6.01 $8.78 $11.15 $16.02
Sequencing Batch Reactor $0.83 $18.88 $4.54 $10.35 $4.68 $27.51
Trickling Filter $14.74 $17.01 $7.69 $11.32 $21.47 $28.34
Rotating Biological Contactor $16.93 $19.46 $8.06 $11.80 $24.21 $31.42
Trickling Filter/Solids Contact $7.20 $8.19 $5.66 $8.37 $10.84 $15.53
Membrane Bioreactor $0.00 $0.66 $8.60 $8.77 $8.60 $9.39
Lagoons (Aerated) $57.67 $62.05 $15.87 $20.91 $66.71 $76.37
Lagoons (Facultative) $64.37 $68.74 $14.66 $19.74 $73.51 $83.15
High Purity Oxygen $7.68 $9.70 N/A N/A $7.69(2) $9.70(2)

Weighted Average $9.43 $11.41 $6.08 $9.64 $13.05 $23.28

Assumptions:
• Maximum-month wastewater flow per capita = 160 gallons
• Population served by treatment plants = 5,484,396
• 2.5 persons per household
• Existing households = 75% of households at design capacity

Notes (1) Capital cost were annualized for 20 years at 3% discount rate
(2) Cost is for nitrogen removal only
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TABLE 17-5.
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR YEAR-ROUND NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 1 236.4 7.1 260.5 9.8 28.1 3.4 61.1 4.6 248.8 10.9 306.5 14.4

WRIA 2 6.9 0.3 8.6 0.8 2.4 0.2 5.3 0.3 8.2 0.5 12.6 1.1

WRIA 3 63.2 1.7 76.8 2.9 14.1 3.7 53.0 5.5 72.0 5.2 123.2 8.7

WRIA 4 127.7 3.4 155.3 5.8 29.0 7.6 107.4 11.2 146.2 10.6 249.5 17.6
WRIA 5 10.5 0.2 13.5 1.3 2.9 0.4 9.5 0.7 12.2 0.8 21.7 2.0

WRIA 6 42.2 1.6 46.7 2.6 10.0 0.6 17.5 0.8 46.5 2.5 58.5 3.5

WRIA 7 365.7 7.3 388.2 11.0 54.0 8.6 129.0 11.2 383.8 15.7 482.9 21.7

WRIA 8 1235.6 45.4 1408.5 54.6 40.4 19.8 167.5 25.0 1253.4 61.1 1538.3 78.0
WRIA 9 227.8 6.7 249.7 8.4 19.2 6.2 74.0 7.7 238.4 12.6 313.5 16.5

WRIA 10 481.5 17.1 548.3 21.2 29.0 10.1 111.0 13.4 495.8 25.7 638.6 35.1

WRIA 11 7.3 0.3 9.9 1.2 2.7 0.3 7.1 0.4 9.1 0.5 16.0 1.5

WRIA 12 117.6 3.2 127.6 4.0 9.5 4.0 38.3 5.0 124.1 6.4 160.1 8.7
WRIA 13 0.3 0.0 22.6 0.6 14.2 3.1 43.2 5.1 20.9 2.3 58.2 6.1

WRIA 14 14.8 0.0 18.2 1.2 3.2 0.8 11.3 1.1 16.8 1.1 28.4 2.3

WRIA 15 98.7 2.9 112.2 4.2 14.3 3.9 47.7 5.0 110.8 6.6 155.9 9.2

WRIA 17 12.1 0.2 14.3 0.7 1.9 0.5 7.4 0.7 13.6 0.9 21.2 1.4
WRIA 18 39.8 0.9 44.6 1.6 4.2 1.2 15.8 1.6 42.1 2.1 58.3 3.0

WRIA 19 5.5 0.3 6.1 0.4 0.9 0.1 1.9 0.1 6.2 0.4 7.6 0.4

WRIA 20 15.0 0.6 15.7 0.7 2.9 0.2 4.1 0.3 16.3 0.8 18.0 0.9

WRIA 21 1.6 0.0 1.9 0.2 0.6 0.1 1.5 0.1 2.1 0.2 3.3 0.3
WRIA 22 78.1 1.6 89.6 3.8 9.7 2.9 38.9 4.0 85.6 5.0 125.3 7.7

WRIA 23 5.1 0.0 15.8 1.7 11.3 2.0 43.6 3.9 9.8 2.1 52.6 6.1

WRIA 24 42.8 1.9 47.0 2.8 10.0 0.7 18.4 0.9 47.3 2.6 59.9 3.8

WRIA 25 39.2 1.6 42.1 1.9 9.2 0.4 14.2 0.5 42.4 2.2 50.4 2.7
WRIA 26 14.6 0.5 16.1 1.4 4.3 0.7 9.4 0.9 18.0 1.4 24.5 1.9

WRIA 27 4.6 0.2 8.3 1.2 3.2 0.3 11.0 0.7 6.6 0.5 18.2 1.9

WRIA 28 9.4 0.0 45.2 0.5 29.3 6.8 105.7 11.6 34.8 5.8 131.9 13.9

WRIA 29 5.7 0.0 6.8 0.5 0.9 0.2 4.0 0.4 6.2 0.5 10.5 0.8
WRIA 30 45.4 1.4 47.2 1.7 9.6 0.6 14.0 0.7 49.5 1.9 55.5 2.3

WRIA 31 100.3 1.8 101.9 2.3 22.5 0.9 33.9 1.2 107.8 2.9 122.4 3.7

WRIA 32 10.3 0.0 17.9 0.9 8.7 1.8 31.5 3.0 14.3 2.0 44.5 4.6
WRIA 34 143.2 5.2 158.8 6.8 34.8 2.6 65.4 3.6 156.9 8.5 202.9 11.3

WRIA 35 15.9 0.6 18.2 0.9 2.1 0.5 7.2 0.6 17.8 1.0 24.9 1.4
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TABLE 17-5 (continued).
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR YEAR-ROUND NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 36 48.5 2.0 52.5 2.3 7.5 1.2 16.3 1.4 53.2 2.8 65.0 3.5

WRIA 37 197.5 5.9 217.8 8.1 22.5 5.8 72.9 7.4 213.1 10.9 280.5 15.0

WRIA 38 13.2 0.4 15.3 0.8 1.9 0.5 6.6 0.6 14.9 0.9 21.5 1.3

WRIA 39 49.6 1.6 57.0 2.9 7.4 1.5 24.7 2.2 54.7 2.8 78.3 4.9
WRIA 40 53.8 1.6 59.6 2.0 5.1 1.8 19.9 2.3 58.0 3.1 77.5 4.2

WRIA 41 83.5 2.5 89.3 3.1 17.9 1.6 34.7 2.0 91.7 4.0 114.3 5.4

WRIA 42 11.8 0.6 12.6 0.7 2.4 0.2 3.7 0.3 13.0 0.7 14.8 0.9

WRIA 43 36.5 1.5 40.3 1.8 4.9 1.0 13.0 1.3 40.0 2.2 51.1 2.8
WRIA 44 21.9 0.7 24.8 1.1 2.5 0.7 9.2 0.9 24.1 1.4 33.3 1.8

WRIA 45 55.1 1.7 60.5 2.6 9.4 1.5 21.8 1.9 61.2 3.2 78.3 4.3

WRIA 47 13.3 0.5 14.9 0.6 1.3 0.3 4.9 0.4 14.4 0.8 19.5 1.1

WRIA 48 11.1 0.4 12.5 0.7 1.9 0.3 4.9 0.4 12.4 0.7 16.5 1.0
WRIA 49 19.4 0.4 22.7 1.2 2.8 0.7 11.1 1.0 21.5 1.5 33.0 2.1

WRIA 50 10.1 0.4 10.6 0.5 2.0 0.2 2.9 0.2 11.0 0.5 12.3 0.6

WRIA 52 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 53 2.6 0.2 2.8 0.2 0.5 0.1 0.6 0.1 2.9 0.2 3.1 0.2
WRIA 54 29.4 0.0 45.4 0.0 0.2 0.0 63.1 5.1 38.3 -2.8 114.7 4.5

WRIA 55 3.8 0.3 4.0 0.3 0.7 0.1 0.9 0.1 4.1 0.3 4.5 0.3

WRIA 56 53.7 1.9 57.0 2.7 10.0 1.2 18.5 1.5 58.3 3.0 69.6 3.8

WRIA 60 0.8 0.1 0.9 0.1 0.1 0.0 0.2 0.0 0.9 0.1 1.0 0.1
WRIA 61 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 62 17.4 0.8 20.0 1.0 5.1 0.6 11.0 0.8 19.9 1.3 27.9 1.9
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TABLE 17-6.
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR DRY-SEASON NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 1 160.6 5.7 177.7 7.4 28.3 2.6 51.2 3.4 174.3 8.5 215.5 11.1

WRIA 2 6.6 0.3 8.1 0.7 2.4 0.2 4.3 0.3 8.3 0.5 11.6 1.0

WRIA 3 27.5 1.3 35.5 1.8 15.2 2.7 38.7 3.7 38.0 3.9 70.0 5.9

WRIA 4 55.3 2.6 71.5 3.6 31.2 5.4 78.4 7.4 77.1 7.9 141.7 12.0
WRIA 5 10.1 0.5 12.6 1.2 2.8 0.3 7.3 0.5 12.3 0.8 19.2 1.6

WRIA 6 38.1 1.7 40.4 2.3 9.0 0.5 13.6 0.7 42.4 2.2 49.5 2.9

WRIA 7 253.6 5.1 264.8 7.0 58.9 6.6 108.7 8.3 273.2 11.4 343.8 15.4

WRIA 8 477.6 22.8 564.0 28.2 59.6 13.7 139.6 16.6 497.7 35.1 694.0 44.5
WRIA 9 113.5 3.2 124.1 4.2 23.7 4.8 54.6 5.7 122.0 8.4 169.0 10.8

WRIA 10 182.2 8.3 220.7 10.9 37.2 7.3 86.8 9.2 200.1 15.5 299.1 21.1

WRIA 11 5.1 0.3 7.3 1.0 2.7 0.3 5.9 0.4 6.9 0.5 12.3 1.3

WRIA 12 41.1 1.0 45.3 1.4 13.1 2.9 30.3 3.5 47.6 3.7 73.8 5.0
WRIA 13 0.3 0.0 5.0 0.6 14.3 2.0 35.6 3.1 8.0 1.8 33.3 4.0

WRIA 14 13.5 0.4 16.1 1.1 3.1 0.5 8.0 0.7 16.6 1.0 24.1 1.9

WRIA 15 35.0 1.7 42.8 2.3 15.8 3.1 33.7 3.7 47.1 4.6 75.2 6.2

WRIA 17 8.6 0.4 10.1 0.6 1.9 0.4 4.8 0.5 10.6 0.8 15.1 1.2
WRIA 18 19.0 0.5 21.6 0.8 5.0 0.9 11.3 1.2 21.3 1.4 31.2 2.0

WRIA 19 4.5 0.3 5.0 0.4 0.9 0.1 1.5 0.1 5.1 0.4 6.1 0.4

WRIA 20 15.0 0.6 15.7 0.7 2.9 0.2 4.1 0.3 16.3 0.8 18.0 0.9

WRIA 21 1.4 0.2 1.7 0.2 0.6 0.1 1.0 0.1 2.1 0.2 2.8 0.2
WRIA 22 40.9 1.5 48.0 2.6 10.6 2.2 27.2 2.8 49.8 3.8 74.7 5.5

WRIA 23 4.6 0.3 12.4 1.3 11.3 1.4 32.7 2.4 12.3 1.7 40.7 4.3

WRIA 24 37.6 1.8 40.6 2.6 9.2 0.6 14.8 0.8 42.1 2.4 50.5 3.3

WRIA 25 37.8 1.5 38.9 1.7 8.1 0.4 11.6 0.5 40.9 1.9 45.6 2.2
WRIA 26 12.4 1.1 14.0 1.2 4.2 0.6 6.7 0.7 16.5 1.5 20.4 1.8

WRIA 27 1.8 0.1 4.9 1.0 3.1 0.3 8.3 0.5 4.2 0.4 12.5 1.5

WRIA 28 8.1 0.3 20.9 0.5 29.8 4.2 81.3 6.9 25.6 4.6 87.6 9.1

WRIA 29 5.2 0.4 6.0 0.5 0.9 0.2 2.4 0.2 6.4 0.5 8.8 0.7
WRIA 30 44.7 1.4 46.5 1.7 9.6 0.6 13.8 0.7 48.8 1.9 54.5 2.3

WRIA 31 98.3 1.8 99.8 2.3 22.5 0.9 33.3 1.2 105.8 2.9 119.6 3.7

WRIA 32 9.8 0.3 15.2 0.8 8.8 1.2 22.8 1.9 16.8 1.7 35.6 3.4
WRIA 34 132.7 5.3 139.9 6.2 31.0 2.2 50.7 2.8 147.4 7.4 174.4 9.3

WRIA 35 6.4 0.5 7.8 0.6 2.3 0.4 4.9 0.5 8.1 0.8 12.3 1.0
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TABLE 17-6 (continued).
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR DRY-SEASON NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 36 33.8 1.6 36.8 1.9 8.0 1.1 13.6 1.2 38.2 2.4 46.8 2.9

WRIA 37 92.2 3.3 103.6 4.6 26.3 4.6 56.0 5.5 106.8 7.5 152.6 10.1

WRIA 38 5.0 0.4 6.3 0.5 2.1 0.4 4.4 0.4 6.7 0.7 10.6 1.0

WRIA 39 23.5 0.9 28.4 1.9 8.3 1.3 19.5 1.6 28.3 2.0 45.4 3.4
WRIA 40 18.1 0.6 21.0 0.9 6.5 1.4 14.9 1.7 22.1 1.9 35.1 2.6

WRIA 41 70.3 2.3 75.0 2.8 18.0 1.4 29.2 1.8 79.2 3.7 95.3 4.8

WRIA 42 11.6 0.6 12.4 0.7 2.4 0.2 3.4 0.3 12.9 0.8 14.5 0.9

WRIA 43 20.4 1.1 22.8 1.3 5.4 0.9 10.2 1.0 23.7 1.7 31.2 2.2
WRIA 44 7.9 0.5 9.6 0.6 2.9 0.6 6.5 0.7 10.0 1.0 15.7 1.3

WRIA 45 35.8 1.4 39.4 1.9 10.0 1.3 17.6 1.5 42.1 2.6 53.8 3.4

WRIA 47 7.2 0.3 8.1 0.4 1.5 0.3 3.3 0.3 8.1 0.6 11.0 0.8

WRIA 48 8.8 0.5 9.8 0.6 1.9 0.3 3.6 0.3 10.2 0.7 12.8 0.9
WRIA 49 13.9 0.8 16.2 1.1 2.7 0.5 6.9 0.7 16.8 1.3 23.2 1.8

WRIA 50 10.1 0.5 10.6 0.5 2.0 0.2 2.9 0.2 11.0 0.5 12.2 0.6

WRIA 52 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 53 2.6 0.2 2.8 0.2 0.5 0.1 0.6 0.1 2.9 0.2 3.1 0.2
WRIA 54 38.0 0.0 41.8 0.0 0.2 0.0 51.3 2.7 19.1 0.1 72.7 6.4

WRIA 55 3.8 0.3 4.0 0.3 0.7 0.1 0.9 0.1 4.1 0.3 4.5 0.3

WRIA 56 52.8 2.2 56.0 2.6 9.9 1.0 16.2 1.2 58.3 3.0 67.0 3.6

WRIA 60 0.8 0.1 0.9 0.1 0.1 0.0 0.2 0.0 0.9 0.1 1.0 0.1
WRIA 61 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 62 16.9 0.9 19.1 1.0 5.1 0.5 8.7 0.7 20.3 1.3 25.6 1.7

17.4 CONCLUSIONS
17.4.1 Nitrogen Removal
For nitrogen removal, seasonal operation is slightly more cost-effective (per pound of nitrogen removed)
than year-round operation. Year-round removal requires significantly more capital investment to upgrade
treatment facilities. However, seasonal removal generally would provide only about 60 percent of the
nitrogen removal provided by year-round removal, on an annual mass basis.

Implementing nitrogen removal generally would slightly reduce the amount of sludge produced at a
treatment plant (up to 3 percent). Reducing nitrogen to 3 mg/L, however, generally requires the addition
of a carbon substrate, which would produce additional sludge—up to 5 percent above existing rates.

Energy consumption for nitrogen removal would be significant. Reducing the TIN effluent concentration
statewide to less than 8 mg/L would require approximately two to three times the amount of electrical
energy currently used by municipal wastewater treatment facilities. Moreover, existing energy recovery
processes at treatment facilities that rely on the production of methane gas from sludge would produce
approximately 5 to 10 percent less energy as a consequence of the removal of nitrogen.
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17.4.2 Phosphorus Removal
For phosphorus removal, seasonal removal is generally less cost-effective (per pound of phosphorus
removed) than year-round removal. Both approaches require about the same capital investment to upgrade
treatment facilities, but seasonal removal generally would provide only about 60 percent of the
phosphorus removal provided by year-round removal, on an annual mass basis.

Phosphorus removal by chemical precipitation produces significantly more sludge than existing
processes—approximately 25 to 35 percent more.

Energy consumption would increase for phosphorus removal, but significantly less than for nitrogen
removal. Reducing the TP effluent concentration statewide to less than 1 mg/L would increase treatment
plant electrical energy consumption by approximately 15 to 20 percent.





CHAPTER 17.
CUMULATIVE COST IMPACT SUMMARY

17.1 CUMULATIVE STATEWIDE COST
Cost models presented in previous chapters of this report represent expected costs for upgrading
individual treatment plants to meet a range of potential objectives for limiting nitrogen and phosphorus in
effluent discharged to surface waters. If the State of Washington were to adopt regulatory guidelines
establishing such limits, then municipal treatment plants throughout the state would need to perform
upgrades, with potentially significant statewide cost implications.

In order to assess the magnitude of such potential future cost impacts, the cost models developed for each
of the respective nutrient removal objectives (i.e., Chapters 11-16) were applied to Ecology’s list of all
municipal treatment plants operating in Washington. As described in Chapter 2, there are currently 304
such plants operating in the state. Using a list of the treatment type and maximum-month capacity for
each of these plants, the upgrade capital and O&M cost models identified in the previous chapters for
several capacities for each type of plant were used to estimate upgrade costs for each specific plant
operating in the state. These costs were then totaled by treatment type and on a statewide basis. Tables 17-
1, 17-2 and 17-3 present the results for capital cost, annual O&M cost and 20-year annualized total cost
(assuming a 3-percent discount rate), respectively. The expected accuracy range for these estimates is
+100% to -50% percent. Actual costs for a specific facility would have to be determined through a site
specific engineering study.

17.2 POTENTIAL SEWER RATE IMPACTS
Based on the cumulate statewide costs estimated as described above, an evaluation was performed to
estimate the likely cost impact on sewer rates per household. The monthly increase was calculated from
the annualized statewide costs, assuming a statewide population of about 5.5 million, an average
household size of 2.5 persons, a per capita maximum-month wastewater flow of 160 gallons, and a future
number of households at design capacity equal to 1.33 times the current number of households. The
resulting rate impact estimates are shown in Table 17-4.

17.3 WATERSHED-WIDE COSTS FOR NUTRIENT REMOVAL
For planning purposes, the Washington Department of Ecology has divided the state into 62 Water
Resource Inventory Areas (WRIAs), representing the watershed, or drainage area, of all major water
bodies in the state (see Figure 17-1). Water quality assessments and measures to address water quality
problems often are developed based on these watershed designations, because the WRIAs represent all
the area potentially contributing nutrients and other contaminants to affected water bodies. Therefore, if a
given water body is experiencing water quality problems related to high levels of nitrogen or phosphorus,
then nutrient discharge limits might be established that apply to all dischargers within that water body’s
WRIA. For this reason, it is useful to estimate the potential cost of upgrading all municipal treatment
plants in each WRIA to achieve the various nutrient removal objectives. These estimates were made using
the same approach described above for the statewide cost estimates. Tables 17-5 and 17-6 present the
results for capital cost and annual O&M cost. Additional detail on costs in each WRIA is provided in
Appendix D. The expected accuracy range for these estimates is +100% to -50% percent. Actual costs for
a specific facility would have to be determined through a site specific engineering study.
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TABLE 17-1.
ESTIMATED CAPITAL COSTS FOR NUTRIENT REMOVAL UPGRADES OF ALL TREATMENT

PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Capital Cost ($ millions, 2010)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) 204 239 29 133 221 360
Extended Aeration (Diffused Aeration) 4 7 3 11 5 16
Extended Aeration (with Biological Nutrient Removal) 29 128 75 328 94 414
Conventional Activated Sludge 1625 1773 142 559 1725 2253
Sequencing Batch Reactor 7 28 18 54 18 76
Trickling Filter 177 195 15 58 186 246
Rotating Biological Contactor 140 155 13 47 148 197
Trickling Filter/Solids Contact 193 207 15 59 193 252
Membrane Bioreactor 0 0 11 10 11 11
Lagoons (Aerated) 773 797 163 234 836 931
Lagoons (Facultative) 170 182 40 62 184 218
High Purity Oxygen 942 1134 N/A N/A 942(1) 1134(1)

Statewide Total $4,264 $4,844 $522 $1,555 $4,564 $6,107

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) 192 217 28 84 227 308
Extended Aeration (Diffused Aeration) 2 5 3 7 6 11
Extended Aeration (with Biological Nutrient Removal) 38 76 76 252 66 272
Conventional Activated Sludge 564 629 185 429 660 1032
Sequencing Batch Reactor 6 25 18 46 18 66
Trickling Filter 96 105 18 42 102 138
Rotating Biological Contactor 76 84 15 33 82 111
Trickling Filter/Solids Contact 88 93 20 46 88 127
Membrane Bioreactor 0 0 10 10 10 10
Lagoons (Aerated) 773 797 163 234 836 931
Lagoons (Facultative) 164 168 35 50 177 197
High Purity Oxygen 363 477 N/A N/A 363(1) 477(1)

Statewide Total $2,360 $2,674 $570 $1,233 $2,635 $3,680
;

Note: (1) costs are for nitrogen removal only
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TABLE 17-2.
ESTIMATED ANNUAL O&M COSTS FOR NUTRIENT REMOVAL UPGRADES OF ALL

TREATMENT PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Annual O&M Cost ($ millions, 2010)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) 0 13 9 14 16 26
Extended Aeration (Diffused Aeration) 0 0 0 1 1 1
Extended Aeration (with Biological Nutrient Removal) 0 0 16 33 11 38
Conventional Activated Sludge 45 57 55 69 90 122
Sequencing Batch Reactor 0 9 1 3 0 12
Trickling Filter 5 7 4 6 9 12
Rotating Biological Contactor 5 6 4 4 8 11
Trickling Filter/Solids Contact 4 6 6 7 9 12
Membrane Bioreactor 0 0 1 2 1 2
Lagoons (Aerated) 24 28 10 12 31 37
Lagoons (Facultative) 7 8 2 2 10 12
High Purity Oxygen 44 53 N/A N/A 44(1) 53(1)

Statewide Total $135 $187 $108 $152 $230 $338

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) 9 12 6 9 15 21
Extended Aeration (Diffused Aeration) 0 0 0 1 1 1
Extended Aeration (with Biological Nutrient Removal) 0 0 10 19 11 28
Conventional Activated Sludge 17 24 41 49 54 72
Sequencing Batch Reactor 0 8 1 2 1 9
Trickling Filter 3 4 4 4 7 8
Rotating Biological Contactor 3 4 3 3 6 8
Trickling Filter/Solids Contact 1 2 4 5 5 7
Membrane Bioreactor 0 0 1 1 1 1
Lagoons (Aerated) 24 28 10 12 31 37
Lagoons (Facultative) 7 8 2 2 9 10
High Purity Oxygen 27 32 N/A N/A 27 32

Statewide Total $90 $121 $81 $107 $166 $236

Note: (1) costs are for nitrogen removal only
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TABLE 17-3.
ESTIMATED ANNUAL CAPITAL AND O&M COSTS FOR NUTRIENT REMOVAL UPGRADES OF

ALL TREATMENT PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Annual Cost ($ millions, 2010)(1)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) 14 29 11 23 31 50
Extended Aeration (Diffused Aeration) 0 0 1 1 1 2
Extended Aeration (with Biological Nutrient Removal) 2 9 21 55 17 66
Conventional Activated Sludge 154 176 64 106 206 273
Sequencing Batch Reactor 1 11 2 7 1 17
Trickling Filter 17 20 6 10 22 29
Rotating Biological Contactor 14 16 4 8 18 24
Trickling Filter/Solids Contact 17 19 7 11 22 29
Membrane Bioreactor 0 0 2 2 2 2
Lagoons (Aerated) 75 81 21 27 87 100
Lagoons (Facultative) 19 21 5 7 22 26
High Purity Oxygen 108 129 N/A N/A 108(2) 129(2)

Statewide Total $421 $513 $143 $256 $537 $748

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) 21 27 8 14 30 42
Extended Aeration (Diffused Aeration) 0 0 1 1 1 2
Extended Aeration (with Biological Nutrient Removal) 3 5 15 36 15 47
Conventional Activated Sludge 55 66 53 78 98 141
Sequencing Batch Reactor 0 10 2 5 2 14
Trickling Filter 9 11 5 7 13 18
Rotating Biological Contactor 8 9 4 6 12 15
Trickling Filter/Solids Contact 7 8 5 8 10 15
Membrane Bioreactor 0 0 2 2 2 2
Lagoons (Aerated) 75 81 21 27 87 100
Lagoons (Facultative) 18 19 4 6 21 23
High Purity Oxygen 51 64 N/A N/A 51(2) 64(2)

Statewide Total $248 $300 $120 $190 $344 $483

Notes: (1) Capital cost were annualized for 20 years at 3% discount rate
(2) Cost is for nitrogen removal only
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TABLE 17-4.
ESTIMATED MONTHLY HOUSEHOLD SEWER RATE INCREASE FOR NUTRIENT REMOVAL

UPGRADES OF ALL TREATMENT PLANTS IN WASHINGTON

Obj. A Obj. B Obj. C Obj. D Obj. E Obj. F
Effluent TIN Limit (mg/L): <8 <3 — — <8 <3

Effluent TP Limit (mg/L): — — <1 <0.1 <1 <0.1
Existing Plant Type Estimated Monthly Household Sewer Rate Increase (1)

Year-Round Nutrient Removal
Extended Aeration (Mechanical Aeration) $11.29 $24.30 $9.26 $18.96 $25.20 $41.13
Extended Aeration (Diffused Aeration) $4.09 $7.01 $9.91 $22.18 $15.29 $36.23
Extended Aeration (with Biological Nutrient Removal) $0.37 $1.66 $4.07 $10.50 $3.31 $12.68
Conventional Activated Sludge $17.48 $19.95 $7.25 $12.03 $23.33 $30.97
Sequencing Batch Reactor $1.16 $22.37 $4.71 $13.09 $2.45 $33.21
Trickling Filter $27.43 $31.48 $8.85 $15.26 $35.23 $46.42
Rotating Biological Contactor $29.77 $34.14 $9.24 $15.92 $38.27 $49.99
Trickling Filter/Solids Contact $17.79 $20.08 $6.86 $11.38 $22.33 $30.00
Membrane Bioreactor $0.00 $0.81 $9.46 $10.67 $9.46 $11.46
Lagoons (Aerated) $57.67 $62.05 $15.87 $20.91 $66.71 $76.37
Lagoons (Facultative) $66.89 $74.14 $16.43 $23.38 $78.62 $94.66
High Purity Oxygen $16.24 $19.47 N/A N/A 16.24 19.47

Weighted Average $16.00 $19.48 $7.29 $13.02 $20.40 $28.43

Dry-Season-Only Nutrient Removal
Extended Aeration (Mechanical Aeration) $17.71 $22.12 $6.25 $11.73 $24.88 $34.67
Extended Aeration (Diffused Aeration) $2.34 $4.73 $8.45 $14.66 $15.55 $28.56
Extended Aeration (with Biological Nutrient Removal) $0.48 $0.98 $2.96 $6.98 $2.97 $8.99
Conventional Activated Sludge $6.23 $7.46 $6.01 $8.78 $11.15 $16.02
Sequencing Batch Reactor $0.83 $18.88 $4.54 $10.35 $4.68 $27.51
Trickling Filter $14.74 $17.01 $7.69 $11.32 $21.47 $28.34
Rotating Biological Contactor $16.93 $19.46 $8.06 $11.80 $24.21 $31.42
Trickling Filter/Solids Contact $7.20 $8.19 $5.66 $8.37 $10.84 $15.53
Membrane Bioreactor $0.00 $0.66 $8.60 $8.77 $8.60 $9.39
Lagoons (Aerated) $57.67 $62.05 $15.87 $20.91 $66.71 $76.37
Lagoons (Facultative) $64.37 $68.74 $14.66 $19.74 $73.51 $83.15
High Purity Oxygen $7.68 $9.70 N/A N/A $7.69(2) $9.70(2)

Weighted Average $9.43 $11.41 $6.08 $9.64 $13.05 $23.28

Assumptions:
• Maximum-month wastewater flow per capita = 160 gallons
• Population served by treatment plants = 5,484,396
• 2.5 persons per household
• Existing households = 75% of households at design capacity

Notes (1) Capital cost were annualized for 20 years at 3% discount rate
(2) Cost is for nitrogen removal only
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TABLE 17-5.
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR YEAR-ROUND NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 1 236.4 7.1 260.5 9.8 28.1 3.4 61.1 4.6 248.8 10.9 306.5 14.4

WRIA 2 6.9 0.3 8.6 0.8 2.4 0.2 5.3 0.3 8.2 0.5 12.6 1.1

WRIA 3 63.2 1.7 76.8 2.9 14.1 3.7 53.0 5.5 72.0 5.2 123.2 8.7

WRIA 4 127.7 3.4 155.3 5.8 29.0 7.6 107.4 11.2 146.2 10.6 249.5 17.6
WRIA 5 10.5 0.2 13.5 1.3 2.9 0.4 9.5 0.7 12.2 0.8 21.7 2.0

WRIA 6 42.2 1.6 46.7 2.6 10.0 0.6 17.5 0.8 46.5 2.5 58.5 3.5

WRIA 7 365.7 7.3 388.2 11.0 54.0 8.6 129.0 11.2 383.8 15.7 482.9 21.7

WRIA 8 1235.6 45.4 1408.5 54.6 40.4 19.8 167.5 25.0 1253.4 61.1 1538.3 78.0
WRIA 9 227.8 6.7 249.7 8.4 19.2 6.2 74.0 7.7 238.4 12.6 313.5 16.5

WRIA 10 481.5 17.1 548.3 21.2 29.0 10.1 111.0 13.4 495.8 25.7 638.6 35.1

WRIA 11 7.3 0.3 9.9 1.2 2.7 0.3 7.1 0.4 9.1 0.5 16.0 1.5

WRIA 12 117.6 3.2 127.6 4.0 9.5 4.0 38.3 5.0 124.1 6.4 160.1 8.7
WRIA 13 0.3 0.0 22.6 0.6 14.2 3.1 43.2 5.1 20.9 2.3 58.2 6.1

WRIA 14 14.8 0.0 18.2 1.2 3.2 0.8 11.3 1.1 16.8 1.1 28.4 2.3

WRIA 15 98.7 2.9 112.2 4.2 14.3 3.9 47.7 5.0 110.8 6.6 155.9 9.2

WRIA 17 12.1 0.2 14.3 0.7 1.9 0.5 7.4 0.7 13.6 0.9 21.2 1.4
WRIA 18 39.8 0.9 44.6 1.6 4.2 1.2 15.8 1.6 42.1 2.1 58.3 3.0

WRIA 19 5.5 0.3 6.1 0.4 0.9 0.1 1.9 0.1 6.2 0.4 7.6 0.4

WRIA 20 15.0 0.6 15.7 0.7 2.9 0.2 4.1 0.3 16.3 0.8 18.0 0.9

WRIA 21 1.6 0.0 1.9 0.2 0.6 0.1 1.5 0.1 2.1 0.2 3.3 0.3
WRIA 22 78.1 1.6 89.6 3.8 9.7 2.9 38.9 4.0 85.6 5.0 125.3 7.7

WRIA 23 5.1 0.0 15.8 1.7 11.3 2.0 43.6 3.9 9.8 2.1 52.6 6.1

WRIA 24 42.8 1.9 47.0 2.8 10.0 0.7 18.4 0.9 47.3 2.6 59.9 3.8

WRIA 25 39.2 1.6 42.1 1.9 9.2 0.4 14.2 0.5 42.4 2.2 50.4 2.7
WRIA 26 14.6 0.5 16.1 1.4 4.3 0.7 9.4 0.9 18.0 1.4 24.5 1.9

WRIA 27 4.6 0.2 8.3 1.2 3.2 0.3 11.0 0.7 6.6 0.5 18.2 1.9

WRIA 28 9.4 0.0 45.2 0.5 29.3 6.8 105.7 11.6 34.8 5.8 131.9 13.9

WRIA 29 5.7 0.0 6.8 0.5 0.9 0.2 4.0 0.4 6.2 0.5 10.5 0.8
WRIA 30 45.4 1.4 47.2 1.7 9.6 0.6 14.0 0.7 49.5 1.9 55.5 2.3

WRIA 31 100.3 1.8 101.9 2.3 22.5 0.9 33.9 1.2 107.8 2.9 122.4 3.7

WRIA 32 10.3 0.0 17.9 0.9 8.7 1.8 31.5 3.0 14.3 2.0 44.5 4.6
WRIA 34 143.2 5.2 158.8 6.8 34.8 2.6 65.4 3.6 156.9 8.5 202.9 11.3

WRIA 35 15.9 0.6 18.2 0.9 2.1 0.5 7.2 0.6 17.8 1.0 24.9 1.4
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TABLE 17-5 (continued).
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR YEAR-ROUND NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 36 48.5 2.0 52.5 2.3 7.5 1.2 16.3 1.4 53.2 2.8 65.0 3.5

WRIA 37 197.5 5.9 217.8 8.1 22.5 5.8 72.9 7.4 213.1 10.9 280.5 15.0

WRIA 38 13.2 0.4 15.3 0.8 1.9 0.5 6.6 0.6 14.9 0.9 21.5 1.3

WRIA 39 49.6 1.6 57.0 2.9 7.4 1.5 24.7 2.2 54.7 2.8 78.3 4.9
WRIA 40 53.8 1.6 59.6 2.0 5.1 1.8 19.9 2.3 58.0 3.1 77.5 4.2

WRIA 41 83.5 2.5 89.3 3.1 17.9 1.6 34.7 2.0 91.7 4.0 114.3 5.4

WRIA 42 11.8 0.6 12.6 0.7 2.4 0.2 3.7 0.3 13.0 0.7 14.8 0.9

WRIA 43 36.5 1.5 40.3 1.8 4.9 1.0 13.0 1.3 40.0 2.2 51.1 2.8
WRIA 44 21.9 0.7 24.8 1.1 2.5 0.7 9.2 0.9 24.1 1.4 33.3 1.8

WRIA 45 55.1 1.7 60.5 2.6 9.4 1.5 21.8 1.9 61.2 3.2 78.3 4.3

WRIA 47 13.3 0.5 14.9 0.6 1.3 0.3 4.9 0.4 14.4 0.8 19.5 1.1

WRIA 48 11.1 0.4 12.5 0.7 1.9 0.3 4.9 0.4 12.4 0.7 16.5 1.0
WRIA 49 19.4 0.4 22.7 1.2 2.8 0.7 11.1 1.0 21.5 1.5 33.0 2.1

WRIA 50 10.1 0.4 10.6 0.5 2.0 0.2 2.9 0.2 11.0 0.5 12.3 0.6

WRIA 52 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 53 2.6 0.2 2.8 0.2 0.5 0.1 0.6 0.1 2.9 0.2 3.1 0.2
WRIA 54 29.4 0.0 45.4 0.0 0.2 0.0 63.1 5.1 38.3 -2.8 114.7 4.5

WRIA 55 3.8 0.3 4.0 0.3 0.7 0.1 0.9 0.1 4.1 0.3 4.5 0.3

WRIA 56 53.7 1.9 57.0 2.7 10.0 1.2 18.5 1.5 58.3 3.0 69.6 3.8

WRIA 60 0.8 0.1 0.9 0.1 0.1 0.0 0.2 0.0 0.9 0.1 1.0 0.1
WRIA 61 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 62 17.4 0.8 20.0 1.0 5.1 0.6 11.0 0.8 19.9 1.3 27.9 1.9
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TABLE 17-6.
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR DRY-SEASON NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 1 160.6 5.7 177.7 7.4 28.3 2.6 51.2 3.4 174.3 8.5 215.5 11.1

WRIA 2 6.6 0.3 8.1 0.7 2.4 0.2 4.3 0.3 8.3 0.5 11.6 1.0

WRIA 3 27.5 1.3 35.5 1.8 15.2 2.7 38.7 3.7 38.0 3.9 70.0 5.9

WRIA 4 55.3 2.6 71.5 3.6 31.2 5.4 78.4 7.4 77.1 7.9 141.7 12.0
WRIA 5 10.1 0.5 12.6 1.2 2.8 0.3 7.3 0.5 12.3 0.8 19.2 1.6

WRIA 6 38.1 1.7 40.4 2.3 9.0 0.5 13.6 0.7 42.4 2.2 49.5 2.9

WRIA 7 253.6 5.1 264.8 7.0 58.9 6.6 108.7 8.3 273.2 11.4 343.8 15.4

WRIA 8 477.6 22.8 564.0 28.2 59.6 13.7 139.6 16.6 497.7 35.1 694.0 44.5
WRIA 9 113.5 3.2 124.1 4.2 23.7 4.8 54.6 5.7 122.0 8.4 169.0 10.8

WRIA 10 182.2 8.3 220.7 10.9 37.2 7.3 86.8 9.2 200.1 15.5 299.1 21.1

WRIA 11 5.1 0.3 7.3 1.0 2.7 0.3 5.9 0.4 6.9 0.5 12.3 1.3

WRIA 12 41.1 1.0 45.3 1.4 13.1 2.9 30.3 3.5 47.6 3.7 73.8 5.0
WRIA 13 0.3 0.0 5.0 0.6 14.3 2.0 35.6 3.1 8.0 1.8 33.3 4.0

WRIA 14 13.5 0.4 16.1 1.1 3.1 0.5 8.0 0.7 16.6 1.0 24.1 1.9

WRIA 15 35.0 1.7 42.8 2.3 15.8 3.1 33.7 3.7 47.1 4.6 75.2 6.2

WRIA 17 8.6 0.4 10.1 0.6 1.9 0.4 4.8 0.5 10.6 0.8 15.1 1.2
WRIA 18 19.0 0.5 21.6 0.8 5.0 0.9 11.3 1.2 21.3 1.4 31.2 2.0

WRIA 19 4.5 0.3 5.0 0.4 0.9 0.1 1.5 0.1 5.1 0.4 6.1 0.4

WRIA 20 15.0 0.6 15.7 0.7 2.9 0.2 4.1 0.3 16.3 0.8 18.0 0.9

WRIA 21 1.4 0.2 1.7 0.2 0.6 0.1 1.0 0.1 2.1 0.2 2.8 0.2
WRIA 22 40.9 1.5 48.0 2.6 10.6 2.2 27.2 2.8 49.8 3.8 74.7 5.5

WRIA 23 4.6 0.3 12.4 1.3 11.3 1.4 32.7 2.4 12.3 1.7 40.7 4.3

WRIA 24 37.6 1.8 40.6 2.6 9.2 0.6 14.8 0.8 42.1 2.4 50.5 3.3

WRIA 25 37.8 1.5 38.9 1.7 8.1 0.4 11.6 0.5 40.9 1.9 45.6 2.2
WRIA 26 12.4 1.1 14.0 1.2 4.2 0.6 6.7 0.7 16.5 1.5 20.4 1.8

WRIA 27 1.8 0.1 4.9 1.0 3.1 0.3 8.3 0.5 4.2 0.4 12.5 1.5

WRIA 28 8.1 0.3 20.9 0.5 29.8 4.2 81.3 6.9 25.6 4.6 87.6 9.1

WRIA 29 5.2 0.4 6.0 0.5 0.9 0.2 2.4 0.2 6.4 0.5 8.8 0.7
WRIA 30 44.7 1.4 46.5 1.7 9.6 0.6 13.8 0.7 48.8 1.9 54.5 2.3

WRIA 31 98.3 1.8 99.8 2.3 22.5 0.9 33.3 1.2 105.8 2.9 119.6 3.7

WRIA 32 9.8 0.3 15.2 0.8 8.8 1.2 22.8 1.9 16.8 1.7 35.6 3.4
WRIA 34 132.7 5.3 139.9 6.2 31.0 2.2 50.7 2.8 147.4 7.4 174.4 9.3

WRIA 35 6.4 0.5 7.8 0.6 2.3 0.4 4.9 0.5 8.1 0.8 12.3 1.0
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TABLE 17-6 (continued).
ESTIMATED CAPITAL AND O&M COSTS BY WRIA FOR DRY-SEASON NUTRIENT REMOVAL

Cost ($ millions, 2010)
Objective A Objective B Objective C Objective D Objective E Objective F

Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M Capital O&M

WRIA 36 33.8 1.6 36.8 1.9 8.0 1.1 13.6 1.2 38.2 2.4 46.8 2.9

WRIA 37 92.2 3.3 103.6 4.6 26.3 4.6 56.0 5.5 106.8 7.5 152.6 10.1

WRIA 38 5.0 0.4 6.3 0.5 2.1 0.4 4.4 0.4 6.7 0.7 10.6 1.0

WRIA 39 23.5 0.9 28.4 1.9 8.3 1.3 19.5 1.6 28.3 2.0 45.4 3.4
WRIA 40 18.1 0.6 21.0 0.9 6.5 1.4 14.9 1.7 22.1 1.9 35.1 2.6

WRIA 41 70.3 2.3 75.0 2.8 18.0 1.4 29.2 1.8 79.2 3.7 95.3 4.8

WRIA 42 11.6 0.6 12.4 0.7 2.4 0.2 3.4 0.3 12.9 0.8 14.5 0.9

WRIA 43 20.4 1.1 22.8 1.3 5.4 0.9 10.2 1.0 23.7 1.7 31.2 2.2
WRIA 44 7.9 0.5 9.6 0.6 2.9 0.6 6.5 0.7 10.0 1.0 15.7 1.3

WRIA 45 35.8 1.4 39.4 1.9 10.0 1.3 17.6 1.5 42.1 2.6 53.8 3.4

WRIA 47 7.2 0.3 8.1 0.4 1.5 0.3 3.3 0.3 8.1 0.6 11.0 0.8

WRIA 48 8.8 0.5 9.8 0.6 1.9 0.3 3.6 0.3 10.2 0.7 12.8 0.9
WRIA 49 13.9 0.8 16.2 1.1 2.7 0.5 6.9 0.7 16.8 1.3 23.2 1.8

WRIA 50 10.1 0.5 10.6 0.5 2.0 0.2 2.9 0.2 11.0 0.5 12.2 0.6

WRIA 52 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 53 2.6 0.2 2.8 0.2 0.5 0.1 0.6 0.1 2.9 0.2 3.1 0.2
WRIA 54 38.0 0.0 41.8 0.0 0.2 0.0 51.3 2.7 19.1 0.1 72.7 6.4

WRIA 55 3.8 0.3 4.0 0.3 0.7 0.1 0.9 0.1 4.1 0.3 4.5 0.3

WRIA 56 52.8 2.2 56.0 2.6 9.9 1.0 16.2 1.2 58.3 3.0 67.0 3.6

WRIA 60 0.8 0.1 0.9 0.1 0.1 0.0 0.2 0.0 0.9 0.1 1.0 0.1
WRIA 61 2.0 0.1 2.2 0.1 0.4 0.0 0.5 0.0 2.2 0.1 2.4 0.2

WRIA 62 16.9 0.9 19.1 1.0 5.1 0.5 8.7 0.7 20.3 1.3 25.6 1.7

17.4 CONCLUSIONS
17.4.1 Nitrogen Removal
For nitrogen removal, seasonal operation is slightly more cost-effective (per pound of nitrogen removed)
than year-round operation. Year-round removal requires significantly more capital investment to upgrade
treatment facilities. However, seasonal removal generally would provide only about 60 percent of the
nitrogen removal provided by year-round removal, on an annual mass basis.

Implementing nitrogen removal generally would slightly reduce the amount of sludge produced at a
treatment plant (up to 3 percent). Reducing nitrogen to 3 mg/L, however, generally requires the addition
of a carbon substrate, which would produce additional sludge—up to 5 percent above existing rates.

Energy consumption for nitrogen removal would be significant. Reducing the TIN effluent concentration
statewide to less than 8 mg/L would require approximately two to three times the amount of electrical
energy currently used by municipal wastewater treatment facilities. Moreover, existing energy recovery
processes at treatment facilities that rely on the production of methane gas from sludge would produce
approximately 5 to 10 percent less energy as a consequence of the removal of nitrogen.



…17. CUMULATIVE COST IMPACT SUMMARY

`17-11

17.4.2 Phosphorus Removal
For phosphorus removal, seasonal removal is generally less cost-effective (per pound of phosphorus
removed) than year-round removal. Both approaches require about the same capital investment to upgrade
treatment facilities, but seasonal removal generally would provide only about 60 percent of the
phosphorus removal provided by year-round removal, on an annual mass basis.

Phosphorus removal by chemical precipitation produces significantly more sludge than existing
processes—approximately 25 to 35 percent more.

Energy consumption would increase for phosphorus removal, but significantly less than for nitrogen
removal. Reducing the TP effluent concentration statewide to less than 1 mg/L would increase treatment
plant electrical energy consumption by approximately 15 to 20 percent.





CHAPTER 18.
TREATMENT REQUIREMENTS AND COSTS FOR

RECLAIMED WASTEWATER

This chapter identifies process upgrades and associated costs required to upgrade existing treatment
plants so that the effluent meets state requirements for reclaimed water used for groundwater recharge.

18.1 APPLICABLE STANDARDS
The State of Washington at Chapter 90 Article 90.46 of the Revised Code of Washington (90.46 RCW)
defines reclaimed water as “effluent derived in any part from wastewater with a domestic wastewater
component that has been adequately and reliably treated, so that it can be used for beneficial purposes.
Reclaimed water is not considered a wastewater.” The state’s Reclaimed Water Reclamation and Reuse
Standards of 1997 define four classes of reclaimed water:

• Class A—Reclaimed water that is oxidized, coagulated, filtered and disinfected, with the
median number of total coliform organisms in the wastewater after disinfection over 7 days
not exceeding 2.2 per 100 milliliters and the number of total coliform organisms in any
sample not exceeding 23 per 100 milliliters.

• Class B—Reclaimed water that is oxidized and disinfected, with the median number of total
coliform organisms in the wastewater after disinfection over 7 days not exceeding 2.2 per
100 milliliters and the number of total coliform organisms in any sample not exceeding 23
per 100 milliliters.

• Class C—Reclaimed water that is oxidized and disinfected, with the median number of total
coliform organisms in the wastewater after disinfection over 7 days not exceeding 23 per
100 milliliters and the number of total coliform organisms in any sample not exceeding 240
per 100 milliliters.

• Class D—Reclaimed water that is oxidized and disinfected, with the median number of total
coliform organisms in the wastewater after disinfection over 7 days not exceeding 240 per
100 milliliters.

The term “oxidized” is defined by the standard as “wastewater in which organic matter has been
stabilized such that the biochemical oxygen demand (BOD) does not exceed 30 mg/L and the total
suspended solids (TSS) do not exceed 30 mg/L, is non-putrescible and contains dissolved oxygen.” The
definition does not include any limits on nutrients. An oxidized wastewater does not mean that ammonia
has been oxidized.

In practice, conventional secondary treatment achieves oxidized wastewater, so only Class A reclaimed
water requires a level of treatment prior to disinfection that is greater than conventional secondary
treatment. Class B, C and D reclaimed waters require only secondary treatment and differ only in
concentration of total coliform bacteria remaining in the wastewater after disinfection.

The standards limit nutrient concentrations for some specific uses of reclaimed water, including
groundwater recharge by surface percolation, and direct potable water aquifer recharge. The standard for
reclaimed water to be used for groundwater recharge by surface percolation requires a nitrogen removal
treatment process beyond that provided by conventional secondary treatment; however, no numeric
values or performance criteria are stipulated.
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A draft regulation for reclaimed water (included in revised 1997 standards issued for public comment in
2010 as WAC Chapter 173-219) would require that median nitrogen concentration in the reclaimed
water after disinfection over 30 days not exceed 10 mg/L and that no single sample exceed 15 mg/L.

18.2 EVALUATION APPROACH
18.2.1 Technology Assumptions
The evaluation of water reclamation for this report is based on the existing 1997 standards for Class A
reclaimed water to be used for groundwater recharge by surface percolation, as well as the draft new
standard that would establish a 10-mg/L limit on monthly average concentration. Nutrient removal
Objective A would reduce nitrogen to < 8 mg/L, so it was assumed that the Objective A improvements
would be implemented for all plants. Additional improvements assumed to achieve Class A standards
depend on whether the plant as upgraded to achieve Objective A includes MBR treatment:

• For plants with MBR treatment after upgrades to achieve Objective A, the following
additional processes would be required:

– Upgrade or replacement of the disinfection process to a UV process that reliably
achieves Class A standards

– A post-chlorination process using bulk-delivered sodium hypochlorite to maintain a
minimum chlorine residual of 0.5 mg/L to the point of application of the water for
recharge

• For plants without MBR treatment after upgrades to achieve Objective A, the following
additional processes would be required:

– Upgrade or replacement of the disinfection process to a UV process that reliably
achieves Class A standards

– A post-chlorination process using bulk-delivered sodium hypochlorite to maintain a
minimum chlorine residual of 0.5 mg/L to the point of application of the water for
recharge

– A new filtration process with coagulation/flocculation (only for upgraded plants that
would not include membrane bioreactors)

In this report, plants that would include MBR treatment when upgraded to achieve Objective A are
referred to as “membrane plants” and those that would not include MBR treatment after upgrade are
referred to as “non-membrane plants.” Existing plant types are grouped in these two categories as
follows:

• Membrane plants—Plants that currently use conventional activated sludge, trickling filters,
trickling filter-solids contact, rotating biological contactors, high purity oxygen or MBR

• Non-membrane plants—Plants that currently use extended aeration, sequencing batch
reactors or lagoons.

Table 18-1 lists the design criteria for the assumed upgrades for each category. Cost estimates were
developed for producing Class A reclaimed water year-round and seasonally for the two categories of
upgraded plants. Four plant maximum-month capacities were evaluated: 0.5 mgd, 5 mgd, 50 mgd and
220 mgd. The evaluation assumed that existing methods for wastewater disposal would be retained as a
backup should effluent fail to meet reclaimed water requirements, so no costs were developed for
standby or redundant process equipment. Costs for storage and distribution of reclaimed water from the
treatment plant to the point of application for groundwater recharge are beyond the scope of this project.
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TABLE 18-1.
DESIGN CRITERIA FOR PROCESSES TO PROVIDE CLASS A RECLAIMED WATER

Design Criterion
Process Non-Membrane Plants Membrane Plants

Disinfection
• Turbidity 2 NTU mo. average; 5 NTU max 0.2 NTU mo. average; 0.5 NTU max
• UV transmittance 55% 65%
• Min UV Dose @ 254 nm 100 mJ/cm2 80 mJ/cm2

• Bacteriological Quality 7-day median total coliform equal
or less than 2.2 MPN/100 mL and
no sample above 23 MPN/100 mL

7-day median total coliform equal or
less than 2.2 MPN/100 mL and no

sample above 23 MPN/100 mL

Assumed Post-Chlorination
System
• Total chlorine residual after 20

minutes contact
2 mg/L chlorine as NaOCL 2 mg/L chlorine as NaOCL

Filtration w/Coagulation
• Rapid Mix 1 second @ peak hour flow Not applicable
• Coagulant dosing 10 mg/L alum Not applicable
• Sand filtration rate 5 gpm/sq. ft. @ peak daily flow

including recycle
Not applicable

18.2.2 Cost Approach
CapdetWorks was used to estimate capital and annual O&M costs for year-round and seasonal
reclaimed water upgrades for each category of plant. O&M costs include labor, materials, chemicals and
energy. Annualized capital costs over 20 years were calculated assuming a 3-percent discount rate. Cost
curves and best-fit equations of unit cost (per plant capacity) vs. plant capacity were then used to
estimate annualized costs for the three plant capacities used in the nutrient-removal evaluation for each
type of existing plant. Reclaimed water upgrade costs were then calculated as a percentage of nutrient
removal upgrade costs estimated earlier in this report.

18.3 YEAR-ROUND RECLAIMED WATER UPGRADE COST
ESTIMATES
18.3.1 Non-Membrane Plants
Table 18-2 lists unit capital costs for the year-round reclaimed water upgrades for non-membrane plants.
Figure 18-1 shows the cost curve for these estimates and a best-fit parametric equation based on the
data. Table 18-3 lists unit O&M costs for these upgrades; the generalized O&M cost curve and best-fit
equation are shown on Figure 18-2. Annualized cost results are presented in Table 18-4 and Figure 18-3.
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18.3.2 Membrane Plants
Table 18-5 lists unit capital costs for the year-round reclaimed water upgrades for membrane plants.
Figure 18-4 shows the cost curve for these estimates and a best-fit parametric equation based on the
data. Table 18-6 lists unit O&M costs for these upgrades; the O&M cost curve and best-fit equation are
shown on Figure 18-5. Annualized cost results are summarized in Table 18-7 and Figure 18-6.

TABLE 18-2.
ESTIMATED CAPITAL COSTS FOR YEAR-ROUND RECLAIMED WATER UPGRADES

FOR NON-MEMBRANE PLANTS

Estimated Capital Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Coagulation /Filtration $4.10 $1.79 $1.02 $0.66
UV Disinfection $5.29 $6.63 $4.56 $4.08
Post-Disinfection Chlorination $1.67 $0.33 $0.16 $0.09

Total $11.06 $8.76 $5.71 $4.55

Figure 18-1. Capital Costs for Year-Round Reclaimed Water Upgrades for Non-Membrane Plants
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TABLE 18-3.
ESTIMATED ANNUAL O&M COSTS FOR YEAR-ROUND RECLAIMED WATER UPGRADES

FOR NON-MEMBRANE PLANTS

0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annual O&M Cost per gpd of
Maximum-Month Capacity a

$0.99 $0.23 $0.15 $0.09

a. Includes labor, materials, chemicals and energy

Figure 18-2. Annual O&M Costs for Year-Round Reclaimed Water Upgrades for Non-Membrane Plants
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TABLE 18-4.
ESTIMATED ANNUALIZED CAPITAL AND O&M COSTS FOR YEAR-ROUND RECLAIMED

WATER UPGRADES FOR NON-MEMBRANE PLANTS

Estimated Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annualized Capital Cost $0.74 $0.59 $0.38 $0.31
Annual O&M Cost $0.99 $0.23 $0.15 $0.09

Total Annualized Cost $1.73 $0.82 $0.53 $0.38

Figure 18-3. Annualized Capital and O&M Costs for Year-Round Reclaimed Water Upgrades for Non-
Membrane Plants
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TABLE 18-5.
ESTIMATED CAPITAL COSTS FOR YEAR-ROUND RECLAIMED WATER UPGRADES

FOR MEMBRANE PLANTS

Estimated Capital Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

UV Disinfection $5.29 $6.63 $4.56 $4.08
Post-Disinfection Chlorination $1.67 $0.33 $0.16 $0.09

Total $6.96 $6.96 $4.70 $4.02

Figure 18-4. Capital Costs for Year-Round Reclaimed Water Upgrades for Membrane Plants
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TABLE 18-6.
ESTIMATED ANNUAL O&M COSTS FOR YEAR-ROUND RECLAIMED WATER UPGRADES

FOR MEMBRANE PLANTS

0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annual O&M Cost per gpd of
Maximum-Month Capacity a

$0.20 $0.14 $0.12 $0.11

a. Includes labor, materials, chemicals and energy

Figure 18-5. Annual O&M Costs for Year-Round Reclaimed Water Upgrades for Membrane Plants
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TABLE 18-7.
ESTIMATED ANNUALIZED CAPITAL AND O&M COSTS FOR YEAR-ROUND RECLAIMED

WATER UPGRADES FOR MEMBRANE PLANTS

Estimated Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annualized Capital Cost $0.47 $0.47 $0.32 $0.27
Annual O&M Cost $0.20 $0.14 $0.12 $0.11

Total Annualized Cost $0.67 $0.61 $0.44 $0.38

Figure 18-6. Annualized Capital and O&M Costs for Year-Round Reclaimed Water Upgrades for
Membrane Plants

18.3.3 Extended Aeration Plants
Tables 18-8 through 18-11 show annualized capital and annual O&M cost estimates for upgrading both
types of extended aeration plants (mechanical aeration and diffused aeration) to achieve Objective A
nutrient removal and to provide Class A reclaimed water. The cost of the reclaimed water upgrade is
also shown as a percent of the nitrogen removal upgrade cost.
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TABLE 18-8.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR EXTENDED AERATION PLANTS (MECHANICAL AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $351,414 $1,656,556 $16,134,708
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $698,100 $4,908,148 $34,507,829

Total $1,049,514 $6,564,704 $50,642,537
% Cost Increase for Reclaimed Water Upgrade 199% 296% 214%

TABLE 18-9.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR EXTENDED AERATION PLANTS (MECHANICAL AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $234,218 $142,715 ($2,068,685)
Estimated Annual O&M Costs for Reclaimed Water Upgrade $521,900 $2,121,228 $8,621,589

Total $756,118 $2,263,943 $6,552,904
% Cost Increase for Reclaimed Water Upgrade 223% 1486% -417%

TABLE 18-10.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR EXTENDED AERATION PLANTS (DIFFUSED AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $78,303 $554,242 $2,298,201
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $698,100 $4,908,148 $34,507,829

Total $776,403 $5,462,390 $36,806,030
% Cost Increase for Reclaimed Water Upgrade 892% 886% 1502%

TABLE 18-11.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR EXTENDED AERATION PLANTS (DIFFUSED AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $19,584 ($526,175) ($574,741)
Estimated Annual O&M Costs for Reclaimed Water Upgrade $521,900 $2,121,228 $8,621,589

Total $541,484 $1,595,053 $8,046,848
% Cost Increase for Reclaimed Water Upgrade 2665% -403% -1500%
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18.3.4 Conventional Activated Sludge Plants
Tables 18-12 and 18-13 show annualized capital and annual O&M cost estimates for upgrading
conventional activated sludge plants to achieve Objective A nutrient removal and to provide Class A
reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the nitrogen
removal upgrade cost.

TABLE 18-12.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR CONVENTIONAL ACTIVATED SLUDGE PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $487,073 $3,341,694 $36,630,838
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $428,200 $3,354,646 $37,763,501

Total $915,273 $6,696,340 $74,394,339
% Cost Increase for Reclaimed Water Upgrade 88% 100% 103%

TABLE 18-13.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR CONVENTIONAL ACTIVATED SLUDGE PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $262,642 $1,451,579 $13,597,000
Estimated Annual O&M Costs for Reclaimed Water Upgrade $168,700 $1,406,420 $17,033,156

Total $431,342 $2,857,999 $30,630,156
% Cost Increase for Reclaimed Water Upgrade 64% 97% 125%

18.3.5 Sequencing Batch Reactors
Tables 18-14 and 18-15 show annualized capital and annual O&M cost estimates for upgrading
sequencing batch reactor plants to achieve Objective A nutrient removal and to provide Class A
reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the nitrogen
removal upgrade cost.

TABLE 18-14.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR SEQUENCING BATCH REACTOR PLANTS

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $0 $0 $0
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $388,101 $1,255,712 $4,908,148

Total $388,101 $1,255,712 $4,908,148
% Cost Increase for Reclaimed Water Upgrade Undefined Undefined Undefined
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TABLE 18-15.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR SEQUENCING BATCH REACTOR PLANTS

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $4,615 $11,368 $43,332
Estimated Annual O&M Costs for Reclaimed Water Upgrade $342,184 $796,003 $2,121,228

Total $346,799 $807,371 $2,164,560
% Cost Increase for Reclaimed Water Upgrade 7415% 7002% 4895%

18.3.6 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Tables 18-16 through 18-21 show annualized capital and annual O&M cost estimates for upgrading
trickling filter, trickling filter/solids contact and rotating biological contactor plants to achieve Objective
A nutrient removal and to provide Class A reclaimed water. The cost of the reclaimed water upgrade is
also shown as a percent of the nitrogen removal upgrade cost.

TABLE 18-16.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR TRICKLING FILTER PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $601,194 $4,278,563 $42,098,874
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $428,200 $3,354,646 $37,763,501

Total $1,029,394 $7,633,209 $79,862,375
% Cost Increase for Reclaimed Water Upgrade 71% 78% 90%

TABLE 18-17.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR TRICKLING FILTER PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $328,594 $1,672,797 $13,518,789
Estimated Annual O&M Costs for Reclaimed Water Upgrade $168,700 $1,406,420 $17,033,156

Total $497,294 $3,079,217 $30,551,945
% Cost Increase for Reclaimed Water Upgrade 51% 84% 126%
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TABLE 18-18.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR ROTATING BIOLOGICAL CONTACTOR PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $601,523 $4,298,964 $42,622,884
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $428,200 $3,354,646 $37,763,501

Total $1,029,723 $7,653,610 $80,386,385
% Cost Increase for Reclaimed Water Upgrade 71% 78% 89%

TABLE 18-19.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR ROTATING BIOLOGICAL CONTACTOR PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $389,616 $1,824,178 $14,526,119
Estimated Annual O&M Costs for Reclaimed Water Upgrade $168,700 $1,406,420 $17,033,156

Total $558,316 $3,230,598 $31,559,275
% Cost Increase for Reclaimed Water Upgrade 43% 77% 117%

TABLE 18-20.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR TRICKLING FILTER/SOLIDS CONTACT PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $507,744 $3,870,296 $38,592,858
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $428,200 $3,354,646 $37,763,501

Total $935,944 $7,224,942 $76,356,359
% Cost Increase for Reclaimed Water Upgrade 84% 87% 98%

TABLE 18-21.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR TRICKLING FILTER/SOLIDS CONTACT PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $203,721 $1,409,147 $11,856,412
Estimated Annual O&M Costs for Reclaimed Water Upgrade $168,700 $1,406,420 $17,033,156

Total $372,421 $2,815,567 $28,889,568
% Cost Increase for Reclaimed Water Upgrade 83% 100% 144%
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18.3.7 Membrane Biological Reactor Plants
Tables 18-22 and 18-23 show annualized capital and annual O&M cost estimates for upgrading MBR
plants to achieve Objective A nutrient removal and to provide Class A reclaimed water. The cost of the
reclaimed water upgrade is also shown as a percent of the nitrogen removal upgrade cost.

TABLE 18-22.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR MEMBRANE BIOREACTOR PLANTS

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $0 $0 $0
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $428,200 $3,354,646 $26,281,289

Total $428,200 $3,354,646 $26,281,289
% Cost Increase for Reclaimed Water Upgrade undefined undefined undefined

TABLE 18-23.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR MEMBRANE BIOREACTOR PLANTS

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $ 0 $0 $0
Estimated Annual O&M Costs for Reclaimed Water Upgrade $168,700 $1,406,420 $11,725,060

Total $168,700 $1,406,420 $11,725,060
% Cost Increase for Reclaimed Water Upgrade undefined undefined undefined

18.3.8 High-Purity Oxygen Activated Sludge Plants
Tables 18-24 and 18-25 show annualized capital and annual O&M cost estimates for upgrading high-
purity oxygen activated sludge plants to achieve Objective A nutrient removal and to provide Class A
reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the nitrogen
removal upgrade cost.

TABLE 18-24.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE PLANTS

20-mgd Plant 220-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $5,745,000 $48,960,000
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $6,234,000 $53,183,000

Total $11,979,000 $102,143,000
% Cost Increase for Reclaimed Water Upgrade 109% 109%
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TABLE 18-25.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE PLANTS

20-mgd Plant 220-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $4,172,000 $35,520,000
Estimated Annual O&M Costs for Reclaimed Water Upgrade $2,663,000 $24,237,000

Total $6,835,000 $59,757,000
% Cost Increase for Reclaimed Water Upgrade 64% 68%

18.3.9 Lagoon Plants
Tables 18-26 through 18-29 show annualized capital and annual O&M cost estimates for upgrading both
types of lagoon plants (aerated and facultative) to achieve Objective A nutrient removal and to provide
Class A reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the
nitrogen removal upgrade cost.

TABLE 18-26.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR FACULTATIVE LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $815,034 $4,073,790 $23,994,247
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $388,101 $2,728,634 $19,184,268

Total $1,203,135 $6,802,424 $43,178,515
% Cost Increase for Reclaimed Water Upgrade 48% 67% 80%

TABLE 18-27.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR FACULTATIVE LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $665,608 $2,224,005 $7,997,263
Estimated Annual O&M Costs for Reclaimed Water Upgrade $342,184 $1,390,785 $5,652,753

Total $1,007,792 $3,614,790 $13,650,016
% Cost Increase for Reclaimed Water Upgrade 51% 63% 71%
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TABLE 18-28.
ANNUALIZED CAPITAL COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR AERATED LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $820,052 $4,106,942 $24,168,643
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $388,101 $2,728,634 $19,184,268

Total $1,208,153 $6,835,576 $43,352,911
% Cost Increase for Reclaimed Water Upgrade 47% 66% 79%

TABLE 18-29.
ANNUAL O&M COSTS FOR YEAR-ROUND NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR AERATED LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $512,439 $1,321,179 $6,109,993
Estimated Annual O&M Costs for Reclaimed Water Upgrade $342,184 $1,390,785 $5,652,753

Total $854,623 $2,711,964 $11,762,746
% Cost Increase for Reclaimed Water Upgrade 67% 105% 93%

18.4 SEASONAL RECLAIMED WATER UPGRADE COST ESTIMATES
18.4.1 Non-Membrane Plants
Table 18-30 lists unit capital costs for the seasonal reclaimed water upgrades for non-membrane plants.
Figure 18-7 shows the cost curve for these estimates and a best-fit parametric equation based on the
data. Table 18-31 lists unit O&M costs for these upgrades; the generalized O&M cost curve and best-fit
equation are shown on Figure 18-8. Annualized cost results are presented in Table 18-32 and
Figure 18-9.

18.4.2 Membrane Plants
Table 18-33 lists unit capital costs for the seasonal reclaimed water upgrades for membrane plants.
Figure 18-10 shows the cost curve for these estimates and a best-fit parametric equation based on the
data. Table 18-34 lists unit O&M costs for these upgrades; the O&M cost curve and best-fit equation are
shown on Figure 18-11. Annualized cost results are summarized in Table 18-35 and Figure 18-12.
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TABLE 18-30.
ESTIMATED CAPITAL COSTS FOR SEASONAL RECLAIMED WATER UPGRADES

FOR NON-MEMBRANE PLANTS

Estimated Capital Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Coagulation /Filtration $3.67 $1.41 $0.76 $0.48
UV Disinfection $3.17 $4.36 $3.24 $3.05
Post-Disinfection Chlorination $1.62 $0.29 $0.12 $0.06

Total $8.46 $6.06 $4.08 $3.27

Figure 18-7. Capital Costs for Seasonal Reclaimed Water Upgrades for Non-Membrane Plants



Technical and Economic Evaluation of Nitrogen and Phosphorus Removal at Municipal Wastewater Treatment Facilities…

18-18

TABLE 18-31.
ESTIMATED ANNUAL O&M COSTS FOR SEASONAL RECLAIMED WATER UPGRADES

FOR NON-MEMBRANE PLANTS

0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annual O&M Cost per gpd of
Maximum-Month Capacity a

$0.90 $0.16 $0.08 $0.04

a. Includes labor, materials, chemicals and energy

Figure 18-8. Annual O&M Costs for Seasonal Reclaimed Water Upgrades for Non-Membrane Plants
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TABLE 18-32.
ESTIMATED ANNUALIZED CAPITAL AND O&M COSTS FOR SEASONAL RECLAIMED

WATER UPGRADES FOR NON-MEMBRANE PLANTS

Estimated Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annualized Capital Cost $0.57 $0.41 $0.27 $0.22
Annual O&M Cost $0.90 $0.16 $0.08 $0.04

Total Annualized Cost $1.47 $0.57 $0.35 $0.24

Figure 18-9. Annualized Capital and O&M Costs for Seasonal Reclaimed Water Upgrades for Non-
Membrane Plants
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TABLE 18-33.
ESTIMATED CAPITAL COSTS FOR SEASONAL RECLAIMED WATER UPGRADES

FOR MEMBRANE PLANTS

Estimated Capital Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

UV Disinfection $3.17 $4.36 $3.24 $3.05
Post-Disinfection Chlorination $1.62 $0.29 $0.12 $0.06

Total $4.79 $4.65 $3.33 $2.91

Figure 18-10. Capital Costs for Seasonal Reclaimed Water Upgrades for Membrane Plants
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TABLE 18-34.
ESTIMATED ANNUAL O&M COSTS FOR SEASONAL RECLAIMED WATER UPGRADES

FOR MEMBRANE PLANTS

0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annual O&M Cost per gpd of
Maximum-Month Capacity a

$0.12 $0.07 $0.06 $0.05

a. Includes labor, materials, chemicals and energy

Figure 18-11. Annual O&M Costs for Seasonal Reclaimed Water Upgrades for Membrane Plants
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TABLE 18-35.
ESTIMATED ANNUALIZED CAPITAL AND O&M COSTS FOR SEASONAL RECLAIMED

WATER UPGRADES FOR MEMBRANE PLANTS

Estimated Cost per gpd of Maximum-Month Capacity
0.5 mgd Plant 5 mgd Plant 50 mgd Plant 220 mgd Plant

Annualized Capital Cost $0.32 $0.31 $0.22 $0.20
Annual O&M Cost $0.12 $0.07 $0.06 $0.05

Total Annualized Cost $0.45 $0.38 $0.28 $0.25

Figure 18-12. Annualized Capital and O&M Costs for Seasonal Reclaimed Water Upgrades for
Membrane Plants

18.4.3 Extended Aeration Plants
Tables 18-36 through 18-39 show annualized capital and annual O&M cost estimates for upgrading both
types of extended aeration plants (mechanical aeration and diffused aeration) to achieve Objective A
nutrient removal and to provide Class A reclaimed water. The cost of the reclaimed water upgrade is
also shown as a percent of the nitrogen removal upgrade cost.
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TABLE 18-36.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR EXTENDED AERATION PLANTS (MECHANICAL AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $320,823 $1,674,036 $16,642,677
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $489,000 $3,477,834 $24,734,826

Total $809,823 $5,151,870 $41,377,503
% Cost Increase for Reclaimed Water Upgrade 152% 208% 149%

TABLE 18-37.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR EXTENDED AERATION PLANTS (MECHANICAL AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $243,560 $433,659 $901,533
Estimated Annual O&M Costs for Reclaimed Water Upgrade $438,600 $1,640,849 $6,138,590

Total $682,160 $2,074,508 $7,040,123
% Cost Increase for Reclaimed Water Upgrade 180% 378% 681%

TABLE 18-38.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR EXTENDED AERATION PLANTS (DIFFUSED AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $46,889 $579,949 $2,904,885
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $489,000 $3,477,834 $24,734,826

Total $535,889 $4,057,783 $27,639,711
% Cost Increase for Reclaimed Water Upgrade 1043% 600% 851%

TABLE 18-39.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR EXTENDED AERATION PLANTS (DIFFUSED AERATION)

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $28,926 -$235,231 -$2,777,193
Estimated Annual O&M Costs for Reclaimed Water Upgrade $438,600 $1,640,849 $6,138,590

Total $467,526 $1,405,618 $3,361,397
% Cost Increase for Reclaimed Water Upgrade 1516% -698% -221%
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18.4.4 Conventional Activated Sludge Plants
Tables 18-40 and 18-41 show annualized capital and annual O&M cost estimates for upgrading
conventional activated sludge plants to achieve Objective A nutrient removal and to provide Class A
reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the nitrogen
removal upgrade cost.

TABLE 18-40.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR CONVENTIONAL ACTIVATED SLUDGE PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $172,242 $864,178 $15,467,709
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $319,700 $2,592,643 $30,395,521

Total $491,942 $3,456,821 $45,863,230
% Cost Increase for Reclaimed Water Upgrade 186% 300% 197%

TABLE 18-41.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR CONVENTIONAL ACTIVATED SLUDGE PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $177,887 $486,220 $3,598,252
Estimated Annual O&M Costs for Reclaimed Water Upgrade $95,800 $726,717 $7,876,365

Total $273,687 $1,212,937 $11,474,617
% Cost Increase for Reclaimed Water Upgrade 54% 149% 219%

18.4.5 Sequencing Batch Reactors
Tables 18-42 and 18-43 show annualized capital and annual O&M cost estimates for upgrading
sequencing batch reactor plants to achieve Objective A nutrient removal and to provide Class A
reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the nitrogen
removal upgrade cost.

TABLE 18-42.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR SEQUENCING BATCH REACTOR PLANTS

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $0 $0 $0
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $270,914 $882,646 $3,477,834

Total $270,914 $882,646 $3,481,773
% Cost Increase for Reclaimed Water Upgrade undefined undefined undefined
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TABLE 18-43.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR SEQUENCING BATCH REACTOR PLANTS

0.5-mgd Plant 2-mgd Plant 10-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $1,576 ($563) $3,939
Estimated Annual O&M Costs for Reclaimed Water Upgrade $294,835 $652,467 $1,640,849

Total $296,411 $651,904 $1,644,788
% Cost Increase for Reclaimed Water Upgrade 18708% -115891% 41656%

18.4.6 Trickling Filter, Trickling Filter/Solids Contact and Rotating
Biological Contactor Plants
Tables 18-44 through 18-49 show annualized capital and annual O&M cost estimates for upgrading
trickling filter, trickling filter/solids contact and rotating biological contactor plants to achieve Objective
A nutrient removal and to provide Class A reclaimed water. The cost of the reclaimed water upgrade is
also shown as a percent of the nitrogen removal upgrade cost.

TABLE 18-44.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR TRICKLING FILTER PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $344,062 $2,059,887 $24,020,776
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $319,700 $2,592,643 $30,395,521

Total $663,762 $4,652,530 $54,416,297
% Cost Increase for Reclaimed Water Upgrade 93% 126% 127%

TABLE 18-45.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR TRICKLING FILTER PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $243,841 $707,439 $3,538,037
Estimated Annual O&M Costs for Reclaimed Water Upgrade $95,800 $726,717 $7,876,365

Total $339,641 $1,434,156 $11,414,402
% Cost Increase for Reclaimed Water Upgrade 39% 103% 223%
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TABLE 18-46.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR ROTATING BIOLOGICAL CONTACTOR PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $345,625 $2,077,327 $24,474,041
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $319,700 $2,592,643 $30,395,521

Total $665,325 $4,669,970 $54,869,562
% Cost Increase for Reclaimed Water Upgrade 92% 125% 124%

TABLE 18-47.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR ROTATING BIOLOGICAL CONTACTOR PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $304,861 $858,819 $4,545,367
Estimated Annual O&M Costs for Reclaimed Water Upgrade $95,800 $726,717 $7,876,365

Total $400,661 $1,585,536 $12,421,732
% Cost Increase for Reclaimed Water Upgrade 31% 85% 173%

TABLE 18-48.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR TRICKLING FILTER/SOLIDS CONTACT PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $216,251 $1,552,823 $19,453,578
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $319,700 $2,592,643 $30,395,521

Total $535,951 $4,145,466 $49,849,099
% Cost Increase for Reclaimed Water Upgrade 148% 167% 156%

TABLE 18-49.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR TRICKLING FILTER/SOLIDS CONTACT PLANTS

1-mgd Plant 10-mgd Plant 150-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $118,966 $443,788 $1,875,660
Estimated Annual O&M Costs for Reclaimed Water Upgrade $95,800 $726,717 $7,876,365

Total $214,766 $1,170,505 $9,752,025
% Cost Increase for Reclaimed Water Upgrade 81% 164% 420%
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18.4.7 Membrane Biological Reactor Plants
Tables 18-50 and 18-51 show annualized capital and annual O&M cost estimates for upgrading MBR
plants to achieve Objective A nutrient removal and to provide Class A reclaimed water. The cost of the
reclaimed water upgrade is also shown as a percent of the nitrogen removal upgrade cost.

TABLE 18-50.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR MEMBRANE BIOREACTOR PLANTS

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $0 $0 $0
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $319,700 $2,592,643 $21,025,321

Total $319,700 $2,592,643 $21,025,321
% Cost Increase for Reclaimed Water Upgrade undefined undefined undefined

TABLE 18-51.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR MEMBRANE BIOREACTOR PLANTS

1-mgd Plant 10-mgd Plant 100-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $0 $0 $0
Estimated Annual O&M Costs for Reclaimed Water Upgrade $95,800 $726,717 $5,512,715

Total $95,800 $726,717 $5,512,715
% Cost Increase for Reclaimed Water Upgrade undefined undefined undefined

18.4.8 High-Purity Oxygen Activated Sludge Plants
Tables 18-52 and 18-53 show annualized capital and annual O&M cost estimates for upgrading high-
purity oxygen activated sludge plants to achieve Objective A nutrient removal and to provide Class A
reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the nitrogen
removal upgrade cost.

TABLE 18-52.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE PLANTS

20-mgd Plant 220-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $1,646,890 $13,568,126
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $4,868,318 $43,053,142

Total $6,515,208 $56,621,268
% Cost Increase for Reclaimed Water Upgrade 296% 317%
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TABLE 18-53.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR HIGH-PURITY OXYGEN ACTIVATED SLUDGE PLANTS

20-mgd Plant 220-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $948,084 $6,905,503
Estimated Annual O&M Costs for Reclaimed Water Upgrade $1,337,433 $11,033,098

Total $2,285,517 $17,938,601
% Cost Increase for Reclaimed Water Upgrade 141% 160%

18.4.9 Lagoon Plants
Tables 18-54 through 18-57 show annualized capital and annual O&M cost estimates for upgrading both
types of lagoon plants (aerated and facultative) to achieve Objective A nutrient removal and to provide
Class A reclaimed water. The cost of the reclaimed water upgrade is also shown as a percent of the
nitrogen removal upgrade cost.

TABLE 18-54.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR FACULTATIVE LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $783,969 $3,837,246 $24,741,394
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $270,914 $1,926,776 $13,703,494

Total $1,054,883 $5,764,022 $38,444,888
% Cost Increase for Reclaimed Water Upgrade 35% 50% 55%

TABLE 18-55.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR FACULTATIVE LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $644,111 $2,119,896 $6,436,745
Estimated Annual O&M Costs for Reclaimed Water Upgrade $294,835 $1,103,007 $4,126,468

Total $938,946 $3,222,903 $10,563,213
% Cost Increase for Reclaimed Water Upgrade 46% 52% 64%
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TABLE 18-56.
ANNUALIZED CAPITAL COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED

WATER UPGRADES FOR AERATED LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annualized Capital Costs for Nitrogen Removal Upgrade $789,070 $3,870,397 $24,915,789
Estimated Annualized Capital Costs for Reclaimed Water Upgrade $270,914 $1,926,776 $13,703,494

Total $1,059,984 $5,797,173 $38,619,283
% Cost Increase for Reclaimed Water Upgrade 34% 50% 55%

TABLE 18-57.
ANNUAL O&M COSTS FOR SEASONAL NITROGEN REMOVAL AND RECLAIMED WATER

UPGRADES FOR AERATED LAGOON PLANTS

0.5-mgd Plant 5-mgd Plant 50-mgd Plant

Estimated Annual O&M Costs for Nitrogen Removal Upgrade $490,941 $1,212,069 $4,519,475
Estimated Annual O&M Costs for Reclaimed Water Upgrade $294,835 $1,103,007 $4,126,468

Total $785,776 $2,315,076 $8,645,943
% Cost Increase for Reclaimed Water Upgrade 60% 91% 91%
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EXECUTIVE SUMMARY 

Human-caused nutrient enrichment of waterbodies from excessive nitrogen (N) and 

phosphorus (P) is one of the most pervasive environmental issues facing the United States (U.S. 

EPA, 2015a).  In many watersheds, municipal and industrial wastewater treatment plants 

(WWTPs) can be major point sources of nutrients. Recent efforts to derive numeric nutrient 

criteria to protect the designated uses of waterbodies have resulted in limits that may be 

challenging to meet for most WWTPs in the United States with the treatment configurations 

currently in place. However, many stakeholders have expressed concern that there may be 

significant undesirable environmental and economic impacts associated with upgrading 

treatment configurations, as these configurations may require greater use of chemicals and 

energy, release more greenhouse gases, and generate greater volumes of treatment residuals for 

disposal.  

The impacts can be assessed using holistic, systematic approaches using life cycle impact 

assessment (LCIA) and life cycle cost analysis (LCCA).  These approaches provide a “cradle-to-

grave” analysis of the environmental impacts and benefits as well as the economic costs and 

benefits associated with individual products, processes, or services throughout their life cycle. 

This study used LCIA and LCCA approaches to assess cost, human health, and ecosystem 

metrics associated with nine distinct wastewater treatment configurations designed to reduce the 

nutrient content of effluent from municipal WWTPs. 

Table ES-1 depicts the five different total nitrogen and phosphorus treatment levels used 

to configure nine different wastewater treatment systems commonly used in the U.S. to achieve 

the specified nutrient concentrations.  Level 1 represents a standard secondary treatment 

configuration with no additional processes for nutrient removal. For Levels 2-5, two 

configurations that could meet the performance target were selected per level, representing 

contrasts in factors such as biological processes, costs, and energy requirements.  Each 

configuration was modeled with an average flow rate of 10 million gallons per day (MGD) and a 

maximum flow rate of 20 MGD.  

Table ES-1. Target Effluent Nutrient Concentrations by Level 

Level Total Nitrogen, mg/L Total Phosphorus, mg/L 

1 no target specified no target specified 

2 8 1 

3 4-8 0.1-0.3 

4 3 0.1 

5 <2 <0.02 

 

 For the life cycle impact assessment, this study considered 12 impact categories: 

eutrophication potential, cumulative energy demand, global warming potential, acidification 

potential, fossil depletion, smog formation potential, human health-particulate matter formation 

potential, ozone depletion potential, water depletion, human health-cancer potential, human 
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health-noncancer potential, and ecotoxicity potential.  The majority of impact categories address 

air and water environmental impacts, while three categories are human health impact indicators. 

 Eutrophication potential (i.e., potential for enrichment of waterbodies with nutrients) is 

the combined effect of direct nutrient discharges in the effluent, landfilled sludge leachate, and 

the water discharges and air emissions from upstream inputs such as electricity and chemical 

production. Eutrophication potential decreased dramatically between Level 1 and Level 2 and to 

a smaller degree between Level 2 to Levels 3 and 4, which were similar to each other. Level 5 

had higher eutrophication potential than Level 4 due to the energy requirement of reverse 

osmosis and brine injection, which off-set the impact reduction associated with the lower effluent 

nutrient concentration. However, based on the uncertainty thresholds for impact results, the 

difference between Level 3, Level 4 and Level 5 is not considered significant. 

 Cumulative energy demand, acidification potential, fossil depletion, smog formation 

potential, particulate matter formation, and global warming potential all showed a roughly 

similar trend.  The values for these categories all increased from Level 1 to Level 5 due to 

increasing electricity use and natural gas heating consumption required to achieve the lower 

nutrient values for the treatment systems selected. 

 Water depletion results were dominated by the high-water use of Level 5 treatment 

configurations, approximately 100 times the other configurations, primarily for deepwell 

injection of brine.  The potential for reuse of wastewater following Level 5 treatment was not 

considered in this study.  

 Although not specifically designed for it, the treatment configurations may also remove 

trace pollutants (metals, toxic organics, and disinfection by-products [DBPs]) from effluent, 

providing a toxicity reduction co-benefit.  For configuration Levels 1-3, metals in liquid effluent 

dominated toxicity impacts, whereas for Level 5, contributions from material and energy inputs 

dominated, with Level 4 configurations having significant contributions from both sources. For 

human health-cancer potential, Levels 1, 3, and 4 had lower impacts than Levels 2 and 5, 

whereas for human health-noncancer potential, toxicity impacts decreased as treatment became 

more advanced For ecotoxicity, Levels 3, 4, and 5 had lower toxicity than Levels 1 and 2. 

Overall, one of the Level 4 configurations and, to a lesser degree, one of the Level 3 

configurations  stood out in most effectively balancing effluent toxicity reductions against the 

increase in materials and energy required. Uncertainty for the toxicity impact assessment was 

greater than for other impacts due to trace pollutant data limitations and to uncertainty inherent 

in the impact estimation method (USEtox™). 

The life cycle cost analysis provided results for capital costs, annual operation and 

maintenance costs, and net present value, which combines the capital and operation and 

maintenance costs into a single cumulative value (all in 2014$). In general, the net present value 

increased with increasing nutrient control levels. The Level 2 configurations were an exception 

to the trend due to the high annual costs associated with the three separate biological units. 

Sensitivity analyses considered different interest rates, electricity grid composition, 

improved energy capture at the facility, and a retrofit scenario instead of building a new facility.  

Since electricity was a primary driver for many of the impact categories assessed, many of the 
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trade-offs associated with greater nutrient reductions could be significantly reduced if the 

WWTP were to use an electrical grid with r with lower emissions and/or to use recovered 

resources (e.g., biogas) to generate on-site energy, reducing the need for purchased electricity.  

Overall, two key findings emerged from this analysis. First, clear trade-offs in cost and 

potential environmental impact were demonstrated between treatment level configurations. This 

suggests that careful consideration should be given to the benefits from lower nutrient levels 

compared to the potential environmental and economic costs associated with treatment processes 

used to achieve those levels.  Combining outcomes into metrics such as nutrients removed per 

dollar or per unit energy may help to identify configurations that strike an efficient balance 

between these objectives. For example, this analysis found that electricity per unit of total N and 

P equivalents removed remained consistent from Level 2 through Level 4 but was 2-3 times 

higher for Level 5 configurations. Second, this analysis demonstrated the value of a life cycle 

approach to assessing costs and benefits. For example, considering trace pollutants from a life 

cycle perspective illuminated that the benefits of increased trace pollutant removal from effluent 

could be outweighed by trace pollutant emissions from materials and energy usage for the Level 

5 configuration, an insight that would not have been gained by analyzing on-site WWTP 

processes alone. In summary, considering multiple economic, social, and environmental costs 

and benefits from a life cycle perspective can provide critical insights for informed decision-

making about wastewater treatment technologies. 
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FOREWORD 

The objective of this study is to assess a series of wastewater treatment system 

configurations designed to reduce the nutrient content of effluent from municipal wastewater 

treatment facilities. The combination of life cycle assessment (LCA) and life cycle cost analyses 

(LCCA) provides a full picture of costs, both quantitative and qualitative, for the various 

wastewater treatment configurations evaluated.  This technical report presents the results of the 

study.  It does not discuss the policy implications of the analysis, nor does it discuss the EPA’s 

policy on nutrient pollution, the development of nutrient criteria, approaches for addressing the 

problem, nor the full suite of benefits from the different treatment configurations that can be 

realized. 

This report complements and supplements the EPA’s May 2015 publication, A 

Compilation of Cost Data Associated with the Impacts and Control of Nutrient Pollution 

(https://www.epa.gov/nutrient-policy-data/compilation-cost-data-associated-impacts-and-

control-nutrient-pollution), which provides the public with information to assist stakeholders and 

decision-makers in addressing cultural eutrophication. 

 

https://www.epa.gov/nutrient-policy-data/compilation-cost-data-associated-impacts-and-control-nutrient-pollution
https://www.epa.gov/nutrient-policy-data/compilation-cost-data-associated-impacts-and-control-nutrient-pollution
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1. GOAL AND SCOPE DEFINITION 

1.1 Introduction and Objective 

Cultural eutrophication of waterbodies across the United States is one of the most 

pervasive environmental issues facing the country today. Whether in lakes or reservoirs, rivers or 

streams, estuaries or marine coastal waters, the human health, environmental, and economic 

impacts from excessive amounts of nitrogen (N) and phosphorus (P) continue to rise year after 

year. Communities struggle with harmful algal blooms (HABs) that produce toxins which can 

sicken people and pets, contaminate food and drinking water sources, destroy aquatic life, and 

disrupt the balance of natural ecosystems. HABs can raise the cost of drinking water treatment, 

depress property values, close beaches and fishing areas, and negatively affect the health and 

livelihood of many Americans (U.S. EPA, 2015a). Global climate change is only expected to 

exacerbate eutrophication even as Federal, state, and local governments struggle to address the 

sources of nutrient pollution (USGCRP, 2015). 

In partnership with states, tribes, and other Federal agencies, the U.S. Environmental 

Protection Agency (EPA) has led the effort to address nutrient pollution by assisting states in 

prioritizing waters, providing scientific and technical assistance in the development of water 

quality standards for total nitrogen (TN) and total phosphorus (TP), and helping to guide 

implementation of nutrient criteria in waterbody assessments, including the development of total 

maximum daily loads for impaired waters and the inclusion of water-quality based effluent limits 

for point source dischargers. 

In many watersheds, municipal and industrial wastewater treatment plants (WWTPs) can 

be major point sources of nutrients. Removal of TN and TP can vary significantly depending on 

the raw wastewater characteristics and the treatment technologies used at each WWTP. Recent 

efforts by states and the EPA to derive numeric nutrient criteria (NNC) that will protect the 

designated uses under the Clean Water Act reveal limits that clearly push the boundaries of 

treatment technologies currently in place for most facilities in the United States. Operators and 

other stakeholders have expressed concern that there may be potentially significant 

environmental and health implications and economic impacts associated with pushing those 

boundaries, given it can lead to greater use of chemicals, treatment residuals disposal, increased 

energy demands, and greater release of greenhouse gases. Studies in other countries also suggest 

a point of diminishing returns where the economic and environmental consequences may begin 

to outweigh the benefits of certain advanced treatment technologies (e.g., Foley et al., 2010). 

Such issues, which encompass economic, environmental, and social costs, are at the center of 

sustainability evaluations, and can be assessed using holistic, systematic approaches such as life 

cycle assessment (LCA) and life cycle cost analysis (LCCA). 

LCA is a widely accepted technique to assess the environmental aspects and potential 

impacts associated with individual products, processes, or services. It provides a “cradle-to-

grave” analysis of environmental impacts and benefits that can better assist in selecting the most 

environmentally preferable choice among the various options. The steps for conducting an LCA 

include (1) identifying goal and scope, (2) compiling a life cycle inventory (LCI) of relevant 

energy and material inputs and environmental releases, (3) evaluating the potential 
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environmental impacts associated with identified inputs and releases, and (4) interpreting the 

results to help individuals make a more informed decision. 

LCCA is a complementary process to LCA for evaluating the total economic costs of an 

asset by analyzing initial costs and discounted future expenditures over the life cycle of an asset 

(Varnier, 2004). It is used to evaluate differences in cost and timing of those costs between 

alternative projects. The LCCA conducted in this study is not “cradle-to-grave”, but rather 

considers only costs incurred by the facility for establishing a new WWTP (i.e., greenfield 

project1). A retrofit case study was performed and described later in this report. 

The objective of this study is to assess a series of wastewater treatment system 

configurations (hereafter referred to as “wastewater treatment configurations”) designed to 

reduce the nutrient content of effluent from municipal WWTPs.  The assessment considers 

treatment costs as well as human health and ecosystem impacts from a life cycle perspective. The 

combination of LCA and LCCA provides a full picture of costs, both quantitative and qualitative, 

for the various wastewater treatment configurations evaluated. This report uses the term 

wastewater treatment plant, or WWTP, while recognizing that an effort is underway to transition 

to a new term: “water resource recovery facility”. The use of WWTP was selected only as a 

reflection of historical usage and is not intended to convey preference.  

This study compares cost, human health, and ecosystem metrics associated with nine 

distinct wastewater treatment configurations to provide context for understanding the outcomes 

from an environmental, economic, and social/societal perspective. The nine wastewater 

treatment configurations fall into one of five different levels of nutrient reductions, as defined in 

Table 1-1. Level 1 is a baseline system consisting of a standard secondary treatment 

configuration with no specific nutrient removal target. The other four levels considered here 

specify nutrient removal targets with increasing stringency. The wastewater treatment 

configurations selected for assessment include two alternative configurations for each of the 

nutrient reduction levels 2 through 5. These configurations were selected because they generally 

represent configurations commonly used to achieve the specified nutrient performance levels. 

These configurations were also selected to provide contrast in factors such as the biological 

processes used, capital costs, operating costs, energy requirements, and sludge generation. 

While effluent nutrient concentrations are the main driver of the treatment configuration 

upgrades analyzed by this study, there is also growing concern over the impacts associated with 

trace pollutants (Choubert et al., 2011a; Martin Ruel et al., 2012; Montes-Grajales et al., 2017). 

Trace pollutants are a broad class of compounds that are generally toxic to humans or the aquatic 

environment even at very low concentrations (U.S. EPA, 2015). Although the list of individual 

 
1 Greenfield areas are normally undeveloped areas highly recommended for new construction. The benefits of 

greenfield construction relate to pristine pieces of land with little to no contamination that contain no structures in 

the premises. The most beneficial advantage is that there is no cost related to environmental remediation and is 

ready to start building right away.  The most important drawback is that greenfield are usually located outside city 

centers that might require additional infrastructure upgrades but those are offset by more accessible land costs. 

Another advantage is that they offer larger pieces of real estate ideally for future expansion and their zoning 

classification is easier to be changed or adjusted as required. Keep in mind that greenfield usually require 

deforestation and could affect environmental sensitive areas including the habitat of endangered species. 
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compounds is continually evolving, the class generally includes pharmaceuticals and personal 

care products (PPCPs), toxic organics, disinfection byproducts (DBPs) and heavy metals. 

Importantly, as the prevalence of trace pollutants in modern waste streams is increasing (Ellis, 

2008; U.S. EPA, 2015; Ebele et al., 2017), with varying levels of persistence in the environment, 

they are becoming an important component of modern waste stream management. Many of these 

pollutants already factor into standard LCA inventories, where emissions of upstream processes 

are accounted for and contribute to human and environmental health impact categories. 

However, very little work has been done to incorporate the effects of their direct management at 

WWTPs, especially in the context of LCA. Such an assessment would provide valuable 

information as to the full benefits afforded by advanced treatment technologies, as many of the 

same processes that are effective for nutrient removal are also effective at trace pollutant 

removal. Preliminary studies have been conducted on certain pollutant groups such as PPCPs and 

other toxic organics (Montes-Grajales et al., 2017; Rahman et al., 2018) though they have 

omitted important pollutant groups such as heavy metals and DBPs. This study, therefore, looked 

in greater detail at a more encompassing list of trace pollutants, including heavy metals, toxic 

organics and DBPs, to provide a more comprehensive description of the full costs and benefits 

afforded by advanced nutrient removal technologies. 

The metrics used in this assessment are cost and a suite of LCA-related impacts. The 

LCA-related impacts include eutrophication, global warming, particulate matter formation, smog 

formation, acidification, and ozone depletion based on the Tool for Reduction and Assessment of 

Chemicals and other Environmental Impacts (TRACI) 2.1 life cycle impact assessment (LCIA) 

method; water use and fossil energy use based on the ReCiPe2 method; human and ecosystem 

toxicity impacts based on the USEtox™ methodology version 2.02; and cumulative energy 

demand (Bare, 2012; Goedkoop et al., 2009; Huijbregts et al., 2010). These metrics are discussed 

in detail in Section 1.2.5 and Section 4.6. The trace pollutant removal analysis is integrated with 

the toxicity impact category results. 

1.2 Scope 

This study design follows the guidelines for LCA provided by ISO 14040/14044 (ISO, 

2006a, b). The following subsections describe the scope of the study based on the wastewater 

treatment configurations selected and the functional unit used for comparison, as well as the 

system boundaries, LCIA methods, and datasets used in this study. 

1.2.1 Wastewater Treatment Configurations 

This study compares nine alternative wastewater treatment configurations that achieve 

varying levels of nutrient removal, including a baseline wastewater treatment configuration that 

is not specifically designed to remove nutrients and eight wastewater treatment configurations 

that are designed to achieve varying advanced levels of nitrogen and phosphorus removal. The 

target effluent concentrations for TN and TP for each of the performance levels are presented in 

Table 1-1, and are based on performance levels analyzed in a study by Falk and colleagues 

(2011). The wastewater treatment configurations selected for this study are presented in Table 

 
2 The name of this method “ReCiPe” is derived from two factors. First, the method provides a recipe to calculate life 

cycle impact categories. Second, the acronym represents the initials of institutes that were the main contributors: 

RIVM and Radboud University, CML, and PRѐ (Goedkoop et al., 2008). 
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1-2 and described further in Section 1.2.4 and Appendix A. Table 1-2 also lists the abbreviated 

name used for each wastewater treatment configuration throughout this study. Selected 

configurations generally represent those most commonly used to achieve the desired 

performance levels for nutrient requirements and provide contrast in biological processes, capital 

and/or annual costs, or other factors such as energy requirements and sludge generation. The 

most common reasons wastewater treatment configurations were not selected include: 1) they are 

unique retrofits and otherwise not commonly used, 2) they are very similar to another selected 

technology, or 3) they exhibit a wide range of performance, which raises uncertainty as to the 

reliability with which the process can achieve a specific performance level. Ultimately, two 

wastewater treatment configurations were selected for each of Levels 2 through 5 to illustrate the 

range of costs and environmental impacts associated with varying levels of treatment 

performance. More detail on the system configuration selection process is included in Appendix 

A.  

Table 1-1. Target Effluent Nutrient Concentrations by Level 

Level Total Nitrogen, mg/L Total Phosphorus, mg/L 

1 a a 

2 8 1 

3 4-8 0.1-0.3 

4 3 0.1 

5 <2 <0.02 

a – No target effluent concentration specified. 
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Table 1-2. Wastewater Treatment Configurations Selected for this Study 

Full Name a 

Performance 

Level 

Abbreviated 

Name 

Phosphorus 

Precipitation Fermenter Sand Filter 

Denitrification 

Filter Ultra-filtration 

Reverse 

Osmosis 

Conventional Plug 

Flow Activated 

Sludge 

1 Level 1, AS       

Anaerobic/ 

Anoxic/Oxic 

2 Level 2-1, 

A2O 
      

Activated Sludge, 

3-Sludge System 

2 Level 2-2, AS3 ✔      

5-Stage Bardenpho 3 Level 3-1, B5 ✔ ✔ ✔    

Modified 

University of Cape 

Town Process 

3 Level 3-2, 

MUCT 
✔ ✔ ✔    

5-Stage Bardenpho 

with 

Denitrification 

Filter 

4 Level 4-1, 

B5/Denit 
✔ ✔ ✔ ✔   

4-Stage Bardenpho 

Membrane 

Bioreactor 

4 Level 4-2, 

MBR 
✔      

5-Stage Bardenpho 

with Sidestream 

Reverse Osmosis 

5 Level 5-1, 

B5/RO 
✔ ✔ ✔ 10% b 90% b 90% b  

5-Stage Bardenpho 

Membrane 

Bioreactor with 

Sidestream 

Reverse Osmosis 

5 Level 5-2, 

MBR/RO 
✔ ✔    85% b 

✔ Indicates technology is used in wastewater treatment configuration. 

a – Refer to Section 1.2.4 for the system descriptions. 

b – Percentages describe the relative flow of wastewater entering these processes at the WWTP. 
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1.2.2 Functional Unit 

A functional unit provides the basis for comparing results in an LCA. The key 

consideration in selecting a functional unit is to ensure the wastewater treatment configurations 

are compared on the basis of equivalent performance. In other words, an appropriate functional 

unit allows for an apples-to-apples comparison. The functional unit for this study is the treatment 

of a cubic meter of municipal wastewater with the composition described in Table 1-3. The pH 

of the reference wastewater is 7.6 and the temperature averages are 23°C summer and 10°C 

winter.  

The study evaluated theoretical wastewater treatment configurations with an average flow 

rate of 10 million gallons per day (MGD) and a maximum flow rate of 20 MGD3. The study 

results do not represent a specific, existing WWTP. As discussed in Section 3 the operational 

calculations are based on a year of treatment and standardized to a cubic meter basis using the 

total volume of water treated in the year. Infrastructure requirements are amortized over 

individual lifetimes associated with the equipment or buildings. Section 3 provides the lifetimes 

modeled for all infrastructure components captured in the study. While the WWTP infrastructure 

requirements are modeled, plant decommissioning is outside of the scope of the study. 

It is important to note that the composition of effluent resulting from the wastewater 

treatment configurations is not part of the definition of the functional unit. Rather the level of 

treatment performance is a key differentiator of the configurations. Differences in effluent 

composition are captured in the estimation of impacts associated with the effluent discharges for 

each system. Effluent quality values for standard water quality parameters for the nine 

wastewater treatment configurations are depicted in Table 1-4. The effluent quality in Table 1-4 

is based on the CAPDETWorksTM output and may vary from actual WWTP effluent for the same 

wastewater treatment configuration. However, these wastewater treatment configurations were 

chosen based on actual effluent nutrient concentrations from literature as discussed in Appendix 

A. Effluent quality values for trace pollutants, which include toxic organics, DBPs and heavy 

metals, are discussed in further detail in Section 2. 

Table 1-3. Composition of Influent Wastewater Considered in this Study 

Characteristic Value Unit Reference(s) 

Suspended Solids 220 mg/L 1, 2, 3, 4 

Volatile Solids 75 % 1, 2, 3, 4 

Biological Oxygen Demand (BOD) 220 mg/L 1, 2, 3, 4 

Soluble BOD 80 mg/L 2, 3, 4 

Chemical Oxygen Demand (COD) 500 mg/L 1, 2, 3, 4 

Soluble COD 300 mg/L 2, 3, 4 

Total Nitrogen (TN) a 40 mg/L N calculated 

 
3 ERG used a 2.0 peaking factor for the study, assuming the WWTP served approximately 100,000 people (Health 

Research, Inc., 2014). 
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Table 1-3. Composition of Influent Wastewater Considered in this Study 

Characteristic Value Unit Reference(s) 

Total Kjeldahl Nitrogen (TKN) b 40 mg/L N 1, 2, 3, 4 

Soluble TKN 25 mg/L N 2, 3 

Ammonia 22 mg/L N 1, 4 

Nitrate 0 mg/L N 1, 2, 3, 4 

Nitrite 0 mg/L N 1, 2, 3, 4 

Total Phosphorus (TP) 5 mg/L P 2, 3 

Cations 160 mg/L 3, 4 

Anions 160 mg/L 3, 4 

Settleable Solids 10 mg/L 1, 3, 4 

Oil and Grease 100 mg/L 1, 3, 4 

Nondegradable Fraction of Volatile Suspended Solids (VSS) 40 % 3, 4 

1 Tchobanoglous and Burton, 1991; 2 U.S. EPA OWM, 2008b; 3 ERG, 2009; 4 Hydromantis, 2014 

a – TN is the sum of TKN, nitrate, and nitrite. 

b – TKN is the sum of ammonia, organic nitrogen, and reduced nitrogen. 
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Table 1-4. Effluent Composition for the Nine Wastewater Treatment Configurations (mg/L) 

Constituent 
Level 1, Level 2-1, Level 2-2, Level 3-1, Level 3-2, Level 4-1, Level 4-2, Level 5-1, Level 5-2, 

AS A2O AS3 B5  MUCT  B5/Denit MBR B5/RO MBR/RO 

Suspended Solids 20 20 20 8.0 8.0 8.0 9.0 1.3 1.9 

BOD 7.7 4.7 3.1 2.3 2.3 7.0 3.1 1.2 0.62 

Soluble BOD 3.9 2.3 1.5 2.3 2.3 7.0 2.1 1.2 0.45 

COD 28 25 8.9 3.5 3.5 11 13 1.8 2.6 

Soluble COD 5.8 3.5 2.3 3.5 3.5 11 3.21 1.8 0.70 

Total Phosphorus 4.9 0.28 1.0 0.20 0.20 0.10 0.10 0.02 0.02 

Total Nitrogen 30 8.0 7.8 6.0 6.0 3.0 3.0 0.73 2.0 

TKN 30 1.9 2.1 0.52 0.52 0.52 1.0 0.15 0.20 

Soluble TKN 29 0.52 1.6 0.52 0.52 0.52 0.42 0.09 0.08 

Ammonia 15 0.52 0 0.52 0.52 0.52 0.42 0.09 0.08 

Nitrate 0 6.1 5.7 5.5 5.5 2.4 2.0 0.63 1.8 

Organic Nitrogen 15 1.4 2.1 0 0 0 0.58 0.06 0.12 
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1.2.3 System Definition and Boundaries 

This section describes general aspects of each wastewater treatment configuration that are 

included in the LCA system boundary. The boundary for processes included in the assessment of 

each of the wastewater treatment configurations selected for evaluation includes all onsite 

wastewater and sludge treatment processes from the municipal WWTP headworks through final 

discharge of the treated effluent and disposal of sludge and other wastes. Off-site costs and 

environmental impacts associated with release of the effluent to the receiving stream, sludge 

transport and disposal, and for facilities with reverse osmosis (RO) units, brine disposal into 

onsite underground injection control (UIC) wells are also considered. The system boundary 

includes all relevant details of the wastewater treatment processes, environmental releases from 

each process, and the supply chains associated with the inputs to each process. Chemicals 

associated with periodic cleaning of equipment (e.g., membranes) are within the system 

boundary. Production of concrete, excavation activities, building materials, and a limited 

quantity of steel are included as infrastructure materials in the LCA. Pumps, in-unit mechanical 

systems, and electronics are excluded from the LCA study boundary due to lack of detailed 

information, although these types of equipment are included in the LCCA. The LCCA also 

includes costs for engineering and professional services that are not part of the LCA. A 

simplified system diagram is presented in Figure 1-1, which depicts the main materials and 

emission sources included in the model. 

 
Figure 1-1. Generalized Study System Boundary 
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The four orange boxes in Figure 1-1 comprise the foreground unit processes that make up 

the wastewater treatment configuration at each WWTP. Electricity generation, chemical 

production, material extraction and manufacturing, and disposal processes are considered 

background unit processes. Disposal processes include landfilling of treated sludge and 

underground injection of brine solution. Background processes are still within the system 

boundary and are quantified within the analysis, although they exist beyond the physical 

boundaries of the wastewater treatment plant. The exterior dotted line in Figure 1-1 represents 

the system boundary considered in this LCA. The emissions to various compartments within 

nature (soil, air, water) are used in the estimation of environmental impacts. Details related to the 

calculation procedure and the environmental impacts included in this study are discussed in 

Section 4. 

Excluded from the system boundaries are production of the components that make up the 

wastewater (e.g., drinking water treatment, residential organic waste, industrial wastewater 

pretreatment) and the collection system, including any raw sewage pump stations. It is assumed 

that these elements would be equivalent for all examined wastewater treatment configurations, 

and, therefore can be excluded from the scope of the analysis. 

It is important to note that some potential benefits that may be realized from level 4 and 

level 5 wastewater treatment configuration are not captured in the system boundaries of this 

study. For instance, it may be possible to recycle the effluent from wastewater treatment for non-

potable uses like toilet flushing or irrigation as the effluent quality may achieve non-potable 

requirements. Utilization of this recycled water would avoid production of potable water 

elsewhere. In an expanded system boundary, avoided production of potable water would result in 

an overall credit for these higher nutrient removal wastewater treatment configurations that is not 

included in this LCA study.  Another potential benefit not included is the pathogen or other 

microbial contaminant removal. 

1.2.4 System Descriptions of Wastewater Treatment Configurations 

Flow diagrams of each wastewater treatment configuration are provided in Figure 1-2 

through Figure 1-10. Each of these figures provides a visual representation of the detailed unit 

processes included in the relevant wastewater treatment configuration. The figures also show the 

source of process greenhouse gas (GHG) emissions and the type of chemical inputs. 

In each wastewater treatment configuration, wastewater is first treated by screening, grit 

removal, and primary clarification. Screening removes large debris from the wastewater flow and 

grit removal extracts stone, grit, and other separable debris. Debris from this stage is transported 

to a landfill. In the next stage, primary clarification, solids are allowed to settle from the 

wastewater and grease to float to the top. Solids are pumped out from the bottom of the tank and 

scum and grease are skimmed off the top. These materials are either sent directly to a gravity 

thickener (configuration levels 1, 2-1, 2-2, 4-2) or first sent to a fermenter and then to the gravity 

thickener (configuration levels 3-1, 3-2, 4-1, 5-1, and 5-2) then to anaerobic digestion, and 

ultimately hauled away by truck for disposal in a landfill. The assumed distance from the 

wastewater treatment plant to the landfill is 25 miles one-way. In all cases, it is assumed the 

biogas from anaerobic digestion is flared. A detailed emission inventory associated with biogas 

flaring process is included in Appendix F. The sludge is assumed to be disposed in an average 
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U.S. municipal solid waste landfill in which methane is recovered for energy. The same biogas 

flaring and sludge landfilling assumptions were made for all wastewater treatment configurations 

as the study focuses on differentiating factors for nutrient removal technologies rather than 

options for sludge handling.  Alternative treatment options for biogas is addressed later in the 

sensitivity analysis later in this report (Section 9.5).  

After pretreatment and primary treatment, the processes involved in each wastewater 

treatment configuration varies. A description of each wastewater treatment configuration is 

provided in the subsequent sections, while a summary of their relevant attributes is given in 

Table 1-5. 

1.2.4.1 Level 1: Conventional Plug Flow Activated Sludge (Level 1, AS) 

The Level 1 configuration represents typical secondary treatment used by municipal 

WWTPs in the United States. This system focuses on reducing BOD and TSS concentrations to 

30 mg/L and has no specific nutrient removal targets. In the conventional plug flow activated 

sludge wastewater treatment configuration, following pretreatment and primary treatment, 

wastewater is sent to a plug flow activated sludge reactor for carbonaceous biochemical oxygen 

demand (CBOD) removal. After plug flow activated sludge treatment, wastewater is sent to 

secondary clarification where solids are allowed to settle from the wastewater. Clarified effluent 

is disinfected using chlorine gas4 followed by dechlorination using sodium bisulfite to remove 

residual chlorine prior to discharge. Effluent from the wastewater treatment process is discharged 

to surface water. Secondary clarifier sludge is pumped out from the bottom of the clarifier. Of 

this sludge, a portion is sent back to the plug flow activated sludge treatment process (return 

activated sludge) and the remainder (waste activated sludge) is combined with primary sludge 

before being sent to gravity thickening. Following the gravity thickener, the sludge is sent for 

anaerobic digestion followed by further dewatering by centrifuge. Filtrate from the gravity 

thickener, centrate from the centrifuge, and supernatant from the anaerobic digester are returned 

to the influent stream at the headworks to the wastewater treatment system. Dewatered sludge is 

transported to a landfill by truck. 

1.2.4.2 Level 2-1: Anaerobic/Anoxic/Oxic (Level 2-1, A2O) 

In the Level 2-1 anaerobic/anoxic/oxic (A2O) wastewater treatment configuration, 

following pretreatment and primary treatment, wastewater is sent to the A2O process, which 

consists of an anaerobic zone, an anoxic zone, and an oxic zone for biological phosphorus 

removal, CBOD removal, nitrification (conversion of ammonia to nitrate), and denitrification 

(conversion of nitrate to nitrogen gas, which is released to the atmosphere). There is an internal 

recycle that returns nitrified mixed liquor from the oxic zone to the anoxic zone. A secondary 

clarifier follows the A2O process where solids are allowed to settle from the wastewater. 

Clarified effluent is disinfected using chlorine gas followed by dechlorination using sodium 

bisulfite to remove residual chlorine prior to discharge. Effluent from the wastewater treatment 

process is discharged to surface water. Secondary clarifier sludge is pumped out from the bottom 

 
4 Chlorination using hypochlorite is more common than gaseous chlorine due to safety concerns and regulations on 

the handling and storage of pressurized liquid chlorine (Tchobanoglous et al., 2014). However, CAPDETWorksTM 

only includes disinfection using chlorine gas (Hydromantis, 2014). As a result, ERG used chlorine gas for this study. 
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of the tank with a portion returned to the influent of the A2O process (return activated sludge) 

and the remainder (waste activated sludge) is combined with primary sludge before being sent to 

gravity thickening. Following the gravity thickener, the sludge is sent for anaerobic digestion 

followed by further dewatering by centrifuge. Filtrate from the gravity thickener, centrate from 

the centrifuge, and supernatant from the anaerobic digester are returned to the influent stream at 

the headworks to the wastewater treatment system. Dewatered sludge is transported to a landfill 

by truck. 

1.2.4.3 Level 2-2: Activated Sludge, 3-Sludge System (Level 2-2, AS3) 

In the Level 2-2 activated sludge, 3-sludge wastewater treatment configuration, 

wastewater undergoes pretreatment and primary treatment before entering a plug flow activated 

sludge reactor for CBOD removal. Wastewater is then sent to the secondary clarifier where 

solids are allowed to settle from the wastewater. Sludge is pumped out from the bottom of the 

clarifier. Of this sludge, a portion is sent back to the plug flow activated sludge treatment process 

(return activated sludge) and the remainder (waste activated sludge) is combined with primary 

sludge before being sent to gravity thickening. Wastewater from the secondary clarifier is sent to 

a suspended growth nitrification reactor to convert ammonia nitrogen to nitrate, followed by a 

tertiary clarifier where solids are allowed to settle from the wastewater. A portion of the tertiary 

clarifier sludge is sent back to the nitrification reactor (return activated sludge) and the remainder 

(waste activated sludge) is sent to gravity thickening. Wastewater from the tertiary clarifier is 

sent to a suspended growth denitrification reactor to convert nitrate to nitrogen gas. Methanol is 

added immediately preceding the denitrification reactor as a supplemental carbon source. Prior to 

a final clarification step, the wastewater undergoes chemical phosphorus precipitation using 

aluminum salts, where solids are allowed to settle from the wastewater. A portion of the final 

clarifier sludge is sent back to the denitrification reactor (return activated sludge) and the 

remainder (waste activated sludge) is sent to gravity thickening. Clarified effluent is disinfected 

using chlorine gas followed by dechlorination using sodium bisulfite to remove residual chlorine 

prior to discharge. Effluent from the wastewater treatment process is discharged to surface water. 

Following the gravity thickener, the sludge is sent for anaerobic digestion followed by further 

dewatering by centrifuge. Filtrate from the gravity thickener, centrate from the centrifuge, and 

supernatant from the anaerobic digester are returned to the influent stream at the headworks to 

the wastewater treatment system. Dewatered sludge is transported to a landfill by truck. 

1.2.4.4 Level 3-1: 5-Stage Bardenpho (Level 3-1, B5) 

In the Level 3-1 5-Stage Bardenpho wastewater treatment configuration, wastewater 

undergoes pretreatment and primary treatment. Sludge from the primary clarifier enters a 

fermentation vessel to convert complex proteins and carbohydrates to volatile fatty acids (VFAs) 

that provide an internal carbon source for biological nutrient removal. Sludge from the fermenter 

is sent to gravity thickening. Primary clarifier effluent and fermenter supernatant enter a 5-stage 

Bardenpho nutrient removal reactor wherein the wastewater enters an anaerobic stage before 

alternating between anoxic and aerobic conditions in a total of five successive stages for 

biological phosphorus removal, CBOD removal, and enhanced nitrification and denitrification. 

There is an internal mixed liquor recycle that returns wastewater from the first aerobic zone to 

the first anoxic zone. Following the Bardenpho reactor, part of the remaining phosphorus in the 

wastewater is chemically precipitated, using aluminum salts, after which the effluent moves 
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along to secondary clarification where solids are allowed to settle from the wastewater. Clarified 

effluent is passed through a sand filter for tertiary solids removal prior to disinfection using 

chlorine gas and dechlorination using sodium bisulfite to remove residual chlorine prior to 

discharge. Effluent from the wastewater treatment process is discharged to surface water. Sludge 

is removed from the bottom of the secondary clarifier. Of this sludge, a portion is sent back to 

the influent of the Bardenpho reactor (return activated sludge) while the remainder (waste 

activated sludge) is combined with primary sludge before being sent to gravity thickening. 

Following the gravity thickener, the sludge is sent for anaerobic digestion followed by further 

dewatering by centrifuge. Filtrate from the gravity thickener, centrate from the centrifuge, and 

supernatant from the anaerobic digester are returned to the influent stream at the headworks to 

the wastewater treatment system. Dewatered sludge is transported to a landfill by truck. 

1.2.4.5 Level 3-2: Modified University of Cape Town Process (Level 3-2, MUCT) 

In the Level 3-2 modified University of Cape Town process wastewater treatment 

configuration, wastewater first undergoes pretreatment and primary treatment. Sludge from 

primary clarification enters a fermentation vessel to convert complex proteins and carbohydrates 

to VFAs that provide an internal carbon source for biological nutrient removal. Sludge from the 

fermenter is sent to gravity thickening. Primary clarifier effluent and fermenter supernatant enter 

a 4-stage biological nutrient removal (BNR) reactor, referred to as the modified University of 

Cape Town process. Within the reactor, wastewater enters an anaerobic phase and passes 

through two successive anoxic stages before a final aerobic stage for biological phosphorus 

removal, CBOD removal, and enhanced nitrification and denitrification. There is an internal 

mixed liquor recycle that returns wastewater from the end of the first anoxic stage to the head of 

the anaerobic stage, and an additional internal recycle that returns wastewater from the aerobic 

stage to the second anoxic stage. Following biological nutrient removal, phosphorus in the 

wastewater is chemically precipitated, using aluminum salts, after which the effluent moves 

along to secondary clarification where solids are allowed to settle from the wastewater. Clarified 

effluent is passed through a sand filter for tertiary solids removal prior to disinfection using 

chlorine gas and dechlorination using sodium bisulfite to remove residual chlorine prior to 

discharge. Effluent from the wastewater treatment process is discharged to surface water. Sludge 

is removed from the bottom of the secondary clarifier. Of this sludge, a portion is returned to the 

first anoxic stage in the BNR reactor (return activated sludge) while the remainder (waste 

activated sludge) is combined with primary sludge before being sent to gravity thickening. 

Following the gravity thickener, the sludge is sent for anaerobic digestion followed by further 

dewatering by centrifuge. Filtrate from the gravity thickener, centrate from the centrifuge, and 

supernatant from the anaerobic digester are also returned to the influent stream at the headworks 

to the wastewater treatment system. Dewatered sludge is transported to a landfill by truck. 

1.2.4.6 Level 4-1: 5-Stage Bardenpho with Denitrification Filter (Level 4-1, B5/Denit) 

In the Level 4-1 5-Stage Bardenpho with denitrification filter wastewater treatment 

configuration, wastewater first undergoes pretreatment and primary treatment. Sludge from 

primary clarification enters a fermentation vessel to convert complex proteins and carbohydrates 

to VFAs that provide an internal carbon source for biological nutrient removal. Sludge from the 

fermenter is sent to gravity thickening. Primary clarifier effluent and fermenter supernatant enter 

a 5-stage Bardenpho nutrient removal reactor wherein the wastewater enters an anaerobic stage 
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before alternating between anoxic and aerobic conditions in a total of five successive steps for 

biological phosphorus removal, CBOD removal, and enhanced nitrification and denitrification. 

There is an internal mixed liquor recycle that returns wastewater from the first aerobic zone to 

the first anoxic zone. Following the Bardenpho reactor, phosphorus in the wastewater is 

chemically precipitated, using aluminum salts, after which the effluent moves along to secondary 

clarification where solids are allowed to settle from the wastewater. Clarified effluent then enters 

an upflow, attached growth denitrification filter for additional nitrogen removal. Methanol is 

added immediately preceding the denitrification filter as a supplemental carbon source. 

Wastewater is finally passed through a sand filter for tertiary solids removal prior to disinfection 

using chlorine gas and dechlorination using sodium bisulfite to remove residual chlorine prior to 

discharge. Effluent from the wastewater treatment process is discharged to surface water. Sludge 

is removed from the bottom of the secondary clarifier. Of this sludge, a portion is returned to the 

influent of the Bardenpho reactor (return activated sludge) while the remainder (waste activated 

sludge) is combined with primary sludge before being sent to gravity thickening. Following the 

gravity thickener, the sludge is sent for anaerobic digestion followed by further dewatering by 

centrifuge. Filtrate from the gravity thickener, centrate from the centrifuge, and supernatant from 

the anaerobic digester are returned to the influent stream at the headworks to the wastewater 

treatment system. Dewatered sludge is transported to a landfill by truck. 

1.2.4.7 Level 4-2: 4-Stage Bardenpho Membrane Bioreactor (Level 4-2, MBR) 

In the Level 4-2 4-Stage Bardenpho membrane bioreactor wastewater treatment 

configuration, wastewater undergoes primary treatment before entering a 4-stage Bardenpho 

nutrient removal reactor. Within the reactor wastewater alternates twice between anoxic and 

aerobic stages for CBOD removal, and enhanced nitrification and denitrification. There is an 

internal mixed liquor recycle that returns wastewater from the first aerobic zone to the first 

anoxic zone. Methanol is added as a supplemental carbon source in the Bardenpho reactor in the 

second anoxic zone. Following the Bardenpho reactor, phosphorus in the wastewater is 

chemically precipitated, using aluminum salts, after which the effluent moves on for membrane 

filtration to remove solids from the wastewater, generating a permeate (effluent) and reject 

stream (sludge). Effluent is sent to disinfection using chlorine gas and dechlorination using 

sodium bisulfite to remove residual chlorine prior to discharge. Effluent from the wastewater 

treatment process is discharged to surface water. A portion of the sludge from the membrane 

filter is returned to the influent to the 4-stage Bardenpho (return activated sludge) while the 

remainder (waste activated sludge) is combined with primary sludge before being sent to gravity 

thickening. Following the gravity thickener, the sludge is sent for anaerobic digestion followed 

by further dewatering by centrifuge. Filtrate from the gravity thickener, centrate from the 

centrifuge, and supernatant from the anaerobic digester are returned to the influent stream at the 

headworks to the wastewater treatment system. Dewatered sludge is transported to a landfill by 

truck. 

1.2.4.8 Level 5-1: 5-Stage Bardenpho with Sidestream Reverse Osmosis Treatment 

(Level 5-1, B5/RO) 

In the Level 5-1 5-Stage Bardenpho with sidestream reverse osmosis (RO) wastewater 

treatment configuration, wastewater first undergoes pretreatment and primary treatment. Sludge 

from primary clarification enters a fermentation vessel to convert complex proteins and 
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carbohydrates to VFAs that provide an internal carbon source for biological nutrient removal. 

Sludge from the fermenter is sent to gravity thickening. Primary clarifier effluent and fermenter 

supernatant enters a 5-stage Bardenpho nutrient removal reactor wherein the wastewater goes 

through an anaerobic stage before alternating between anoxic and aerobic conditions in a total of 

five successive steps for biological phosphorus removal, CBOD removal, and enhanced 

nitrification and denitrification. There is an internal mixed liquor recycle that returns wastewater 

from the first aerobic zone to the first anoxic zone. Following the Bardenpho reactor, additional 

phosphorus in the wastewater is chemically precipitated, using aluminum salts, after which the 

effluent moves along to secondary clarification where solids are allowed to settle from the 

wastewater. Clarified effluent is split into two streams for further treatment. In order to meet the 

designed effluent quality, ten percent of the flow enters an upflow, attached growth 

denitrification filter for additional nitrogen removal, followed by a sand filter for tertiary solids 

removal. Methanol is added immediately preceding the denitrification reactor as a supplemental 

carbon source. The remaining 90 percent of the flow first undergoes a series of RO pre-treatment 

steps, including ultrafiltration for solids removal; chlorine gas addition for biofouling control 

(followed by dechlorination with sodium bisulfite due to low chlorine tolerance of the RO 

membranes); and antiscalant addition for scale control. Following pretreatment, the effluent 

underdoes RO treatment, generating a permeate (effluent) and reject stream (brine). Effluent 

from the 10 percent and 90 percent side stream steps are then recombined for final disinfection 

using chlorine gas and dechlorination using sodium bisulfite to remove residual chlorine prior to 

discharge to surface water. Brine from the RO unit is disposed of by injection into an onsite 

disposal well. A portion of the clarified sludge is returned to the influent of the Bardenpho 

reactor (return activated sludge) while the remainder (waste activated sludge) is combined with 

primary sludge before being sent to gravity thickening. Following the gravity thickener, the 

sludge is sent for anaerobic digestion followed by further dewatering by centrifuge. Filtrate from 

the gravity thickener, centrate from the centrifuge, and supernatant from the anaerobic digester 

are returned to the influent stream at the headworks to the wastewater treatment system. 

Dewatered sludge is transported to a landfill by truck. 

1.2.4.9 Level 5-2: 5-Stage Bardenpho Membrane Bioreactor with Sidestream Reverse 

Osmosis Treatment (Level 5-2, MBR/RO) 

In the Level 5-2 5-Stage Bardenpho membrane bioreactor with sidestream RO 

wastewater treatment configuration, wastewater first undergoes pretreatment and primary 

treatment. Sludge from primary clarification enters a fermentation vessel to convert complex 

proteins and carbohydrates to VFAs that provide an internal carbon source for biological nutrient 

removal. Sludge from the fermenter is sent to gravity thickening. Primary clarifier effluent and 

fermenter supernatant enters a 5-stage Bardenpho nutrient removal reactor wherein the 

wastewater enters an anaerobic stage before alternating between anoxic and aerobic conditions in 

a total of five successive steps for biological phosphorus removal, CBOD removal, and enhanced 

nitrification and denitrification. There is an internal mixed liquor recycle that returns wastewater 

from the first aerobic zone to the first anoxic zone. Following the Bardenpho reactor, additional 

phosphorus in the wastewater is chemically precipitated, using aluminum salts, after which the 

effluent moves along to membrane filtration to remove solids from the wastewater, generating 

permeate (effluent) and a reject stream (sludge). In order to meet the designed effluent quality, 

effluent then splits into two streams with 15 percent of the flow receiving no sidestream 

treatment. The remaining 85 percent of flow undergoes a series of RO pre-treatment steps, 
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including chlorine gas addition for biofouling control (followed by dechlorination with sodium 

bisulfite due to low chlorine tolerance of the RO membranes); and antiscalant addition for scale 

control. Following pretreatment, the effluent undergoes RO treatment, generating a permeate 

(effluent) and reject stream (brine). Effluent from the RO unit is recombined with the 15 percent 

stream for final disinfection using chlorine gas and dechlorinated using sodium bisulfite to 

remove residual chlorine prior to discharge to surface water. Brine from the RO unit is disposed 

of by injection into an onsite disposal well. A portion of sludge from the membrane filter is 

returned to the influent of the Bardenpho (return activated sludge) while the remainder (waste 

activated sludge) is combined with primary sludge before being sent to gravity thickening. 

Following the gravity thickener, the sludge is sent for anaerobic digestion followed by further 

dewatering by centrifuge. Filtrate from the gravity thickener, centrate from the centrifuge, and 

supernatant from the anaerobic digester are returned to the influent stream at the headworks to 

the wastewater treatment system. Dewatered sludge is transported to a landfill by truck. 
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Table 1-5. Study Treatment Configuration Characteristics 

Treatment Level ID L1 L2-1 L2-2 L3-1 L3-2 L4-1 L4-2 L5-1 L5-2 

Characteristic Description 
Level 1, 

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3a 

Level 3-1, 

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBRc 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/ROc 

SRT (days) Primary Biological Process 10 15 10 15 15 15 19 15 21 

Secondary Biological Process - - 50 - - attachedb  - attachedb  - 

Tertiary Biological Process - - 10 - - - - - - 

Quantify 

nitrification 
Primary Biological Process Minimal Partial Minimal High High High High High High 

Secondary Biological Process - - High - - N/A Minimal N/A Minimal 

Tertiary Biological Process - - N/A - - - - - - 

HRT (hours)d 

Aerobic 5.7 8.8 6.0 10 10 10 5.3 10 6.2 

Anoxic - 6.0 6.2 7.4 8.2 10 2.6 9.2 3.7 

Anaerobic - 2.5 4.3 2.5 1.6 0.77 0.94 1.7 0.69 

Total 5.7 17 16 20 20 21 8.8 21 11 

Redox condition summaryd Aero 
An-Anox-

Aero 

Aero-

Aero-An 

An-Anox-

Aero-

Anox-

Aero 

An-Anox-

Anox-Aero 

An-Anox-

Aero-

Anox-

Aero-

Anox 

Anox-

Aero-

Anox-Aero 

An-Anox-

Aero-

Anox-

Aero-

Anox 

An-Anox-

Aero-

Anox-Aero 

MLSS 

Concentration 

(mg/L) 

Primary Biological Process 2500 3000 2500 3000 3000 3000 9000 3000 9000 

Secondary Biological Process - - 2500 - - N/A 9000 N/A 9000 

Tertiary Biological Process - - 2500 - - - - - - 

a - Secondary biological process is a nitrification reactor. Tertiary biological process is denitrification reactor.  

b - Secondary biological process is an attached growth denitrification reactor with an HRT of 1 hour.  

c - Secondary biological process is membrane filter with an HRT of 1.78 hours. 

d - Aggregates information for primary, secondary and tertiary biological processes.  
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Figure 1-2. Level 1: Conventional Plug Flow Activated Sludge Wastewater Treatment Configuration 
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Figure 1-3. Level 2-1: Anaerobic/Anoxic/Oxic Wastewater Treatment Configuration  
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Figure 1-4. Level 2-2: Activated Sludge, 3-Sludge System Wastewater Treatment Configuration 
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Figure 1-5. Level 3-1: 5-Stage Bardenpho System Wastewater Treatment Configuration 
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Figure 1-6. Level 3-2: Modified University of Cape Town Process Wastewater Treatment Configuration 
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Figure 1-7. Level 4-1: 5-Stage Bardenpho System with Denitrification Filter Wastewater Treatment Configuration 
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Figure 1-8. Level 4-2: 4-Stage Bardenpho Membrane Bioreactor System Wastewater Treatment Configuration 
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Figure 1-9. Level 5-1: 5-Stage Bardenpho with Sidestream Reverse Osmosis Wastewater Treatment Configuration 
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Figure 1-10. Level 5-2: 5-Stage Bardenpho Membrane Bioreactor with Sidestream Reverse Osmosis  

Wastewater Treatment Configuration 
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1.2.5 Metrics and Life Cycle Impact Assessment 

Table 1-6 summarizes the metrics estimated in connection with each of the system 

configurations, together with the method and units used to characterize each. 

The cost of each system configuration is estimated using standard approaches for life 

cycle costing, with more detail on the costing methodology provided in Section 2. Most of the 

LCIA metrics are estimated using the Tool for the Reduction and Assessment of Chemical and 

Environmental Impacts (TRACI), version 2.1 (Bare et al., 2003; Bare, 2011). TRACI is an LCIA 

method developed by the U.S. EPA. It includes a compilation of methods representing current 

best practice for estimating human health and ecosystem impacts based on U.S. conditions in 

conjunction with the information provided by life cycle inventory models. Toxicity impacts (e.g., 

human health toxicity – cancer, human health toxicity – non-cancer, and ecotoxicity) are based 

on the USEtox™ method (Rosenbaum et al., 2011) version 2.02. Global warming potential 

(GWP) is estimated in the baseline results using the 100-year characterization factors provided 

by the Intergovernmental Panel on Climate Change (IPCC) 4th Assessment Report, which are the 

GWPs currently used for international reporting (Myhre et al., 2013). GWPs are also estimated 

in a sensitivity analysis using the more recent 100-year characterization factors provided by the 

IPCC 5th Assessment Report. In addition to TRACI, the ReCiPe LCIA method is used to 

characterize water consumption and fossil energy use (Goedkoop et al., 2008), impacts which are 

not included in the current version of TRACI. To provide another perspective on energy, 

cumulative energy demand including the energy content of all non-renewable and renewable 

energy resources extracted throughout the supply chains associated with each configuration is 

estimated using a method adapted from one provided by the Ecoinvent Centre (Ecoinvent Centre, 

2010a). Detailed descriptions of each of the LCIA impact categories are also provided in Section 

4.6. 

The metrics included in this study range in geographic scale from global metrics such as 

GWP and fossil fuel depletion potential, to impact categories such as ecosystem toxicity 

potential, smog formation potential, and eutrophication potential that tend to be more local or 

regional in nature. In other words, some emissions/pollutants result in environmental impacts on 

a global level (e.g., emissions with long atmospheric lifetimes like greenhouse gases), while 

other pollutants primarily impact the regions or locations close to the point of release. 

Table 1-6. Metrics Included in the LCA and LCCA Results 

Metric Method Unit 

Cost LCCA USD2014 

Eutrophication Potential TRACI 2.1 kg N eq. 

Cumulative Energy Demand ecoinvent MJ-eq. 

Global Warming Potential TRACI 2.1 kg CO2 eq. 

Acidification Potential TRACI 2.1 kg SO2 eq. 

Fossil Depletion ReCiPe kg oil eq. 

Smog Formation Potential TRACI 2.1 kg O3 eq. 

Human Health - Particulate Matter Formation TRACI 2.1 PM2.5 eq. 
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Table 1-6. Metrics Included in the LCA and LCCA Results 

Metric Method Unit 

Ozone Depletion Potential TRACI 2.1 kg CFC-11 eq. 

Water Depletion ReCiPe m3 

Human Health Toxicity – Cancer Potential USEtox™ 2.02 CTUh 

Human Health Toxicity – Noncancer Potential USEtox™ 2.02 CTUh 

Ecotoxicity Potential USEtox™ 2.02 CTUe 
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2. TRACE POLLUTANT REMOVAL PERFORMANCE CHARACTERIZATION 

Although the nine wastewater configurations evaluated in this study are designed to 

achieve various levels of nutrient removal targets, these treatment trains also remove other trace 

pollutants in the influents.  It is important to capture these treatment performances in the holistic 

analysis in order to have a complete understanding of treatment strategies. This section 

summarizes the steps taken to characterize three major groups of trace pollutants with respect to 

their expected influent concentrations, fate within the study’s nine wastewater treatment 

configurations, and final discharge into the environment. The groups include heavy metals, toxic 

organics and disinfection byproducts (DBPs). Depending on the pollutant, the final receiving 

environment (and thus the potential for impact) may include surface water discharge from the 

WWTP, partitioning to sludge with subsequent landfill disposal, or deep well injection in the 

case of RO brine. It was assumed that no toxicity-related impacts were associated with deep well 

injection. Volatilization was not found to be a major loss pathway for any of the included 

pollutants.   

In the case of landfill disposal, environmental impact only occurs if the landfill liner fails 

and leachate is released. However, little data exists on actual failure rates. For this study, a 

failure rate of 5% was assumed based on a probabilistic modeling study that found, given typical 

landfill construction, failures generally occur within 10-30 years after landfill closure (Pivato, 

2011). 

For further reference, a full description of background, methods and results is provided in 

Appendix B, Appendix C and Appendix D, for heavy metals, toxic organics and DBPs, 

respectively. 

2.1 Heavy Metals 

The discharge of metals to the environment represents an ever-present concern, given 

their potential toxicity at even trace levels. WWTPs receive variable but sometimes high loads of 

metals depending on the mix of sources in their watershed, which can include industrial 

activities, domestic sources and stormwater (Yost et al., 1981; Ruel et al., 2011; Choubert et al., 

2011b).  

The direct management of metals has generally not been the focus of municipal WWTP 

design given the prioritization of organics and nutrient treatment. Heavy metals from industrial 

source are subject to other more targeted regulatory programs like the National Pretreatment 

Program (U.S. EPA, 2019a) which applies to industrial facilities. Nevertheless, trace heavy 

metals may still be present in municipal influents.  Many common treatment processes allow for 

effective partitioning of metals to the sludge fraction, thus greatly reducing the quantity 

discharged in effluent.  

Seven metals were included in this study that are commonly regulated and prevalent in 

the case study literature. Both criteria were assumed to be indirect indicators of the metal’s 

demonstrated potential to cause environmental or human health impacts. The metals include 

Cadmium (Cd), Chromium (Cr), Copper (Cu), Mercury (Hg), Nickel (Ni), Lead (Pb), and Zinc 

(Zn). Table 2-1 summarizes ranges of influent concentrations established in several literature 
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reviews, relevant effluent limits, and ranges of influent concentrations observed in the case 

studies used herein. 
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Table 2-1. Summary of Literature and Case Study Metal Influent Concentrations and 

Regulatory Effluent Concentrations. 

Value 

Concentrations in µg/L 

Notes Source Pb Cu Zn Ni Cr Cd Hg 

Influent 

Concentrations - 

Literature 

Reviews 

5.7 63 181 11 10 0.21 0.36 19 Plants, France 1 

25 78 155 14 12.0 0.8 0.5 30 Plants, UK 2 

140-600 -- -- -- -- -- -- Combined WW 3 

232 489 968 455 378 19 -- 12+ Cities, US 4 

Case 

Study 

Ranges 

High 68 118 493 77 290 10 7.0 This Study 5 

Medium 21 65 350 24 59 4.9 3.8 This Study 5 

Low 10.8 25 204 11 19 0.94 0.37 This Study 5 

US CCCa 2.5 9 120 52 74/11b 0.25 0.77 Effluent Limits 6 

US CMCa 65 13 120 470 570/16b 2 1.4 Effluent Limits 6 

a - Criterion Continuous Concentration/Criteria Maximum Concentration, hardness dependent except for Cr (VI) 

and Hg. Values shown assume a hardness of 100 mg/L. 

b - Chromium (III/VI) 

1 - Choubert et al., 2011b; Ruel et al., 2012 

2 - Rule et al., 2006 

3 - Metcalf and Eddy, 2014 

4 – Yost et al., 1981 

5 - Linstedt et al., 1971; Brown et al., 1973; Chen et al., 1974; Oliver and Cosgrove, 1974; Aulenbach and Chan, 

1988; Huang et al., 2000; Innocenti et al., 2002; Chipasa, 2003; Karvelas et al., 2003; Qdais and Moussa, 

2004; Buzier et al., 2006; da Dilva Oliveira et al., 2007; Mohsen et al., 2007; Obarska-Pempkowiak and 

Gajewska, 2007; Carletti et al, 2008; Johnson et al., 2008; Dialynas and Diamadopoulos, 2009; Renman et 

al., 2009; Malamis et al., 2012; Arevalo et al., 2013; Garcia et al., 2013; Salihoglu, 2013; Inna et al., 2014; 

Reddy et al., 2014 

6 - U.S. EPA, 2019b 

 

Metal removal efficiencies for study system configurations were estimated based on a 

detailed literature review of performance results from similar systems. For system levels where 

no representative equivalent was identified but the important components were characterized, a 

composite removal efficiency was calculated based upon case study performance data of its 

major unit processes. For example, Level 3-1 includes a 5-stage Bardenpho process with 

subsequent sand filtration. However, results of the literature review only identified 5-stage 

Bardenpho WWTPs without sand filtration, and sand filtration as a standalone process. 

Therefore, a composite removal efficiency was calculated assuming a realistic stepwise removal, 

combining removal efficiencies for a 5-stage Bardenpho process with removal efficiencies for 

sand filtration. Table 2-2 summarizes the resulting minimum, average and maximum removal 

efficiencies for each treatment configuration. Supporting details for calculations and calculation 

assumptions are provided in Appendix B. 
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Table 2-2. Summary of Estimated Metal Removal Efficienciesa 

Metal 

Level 1 

AS 

Level 2-1 

A2O 

Level 2-2 

AS3 

Level 3-1 

B5 

Level 3-2 

MUCT 

Level 4-1 

B5/Denit 

Level 4-2 

MBR 

Level 5-1 

B5/RO 

Level 5-2 

MBR/RO 

Cu 

Min 35% 35% 35% 75% 52% 75% 68% 93% 96% 

Mean 62% 62% 62% 80% 77% 80% 90% 97% 99% 

Max 84% 84% 84% 83% 96% 83% 99% 98% 100% 

Pb 

Min 40% 40% 40% 55% 39% 55% 68% 95% 97% 

Mean 65% 65% 65% 66% 70% 66% 88% 96% 99% 

Max 97% 97% 97% 75% 94% 75% 100% 97% 100% 

Ni 

Min 16% 16% 16% 42% 66% 42% 64% 82% 91% 

Mean 39% 39% 39% 45% 67% 45% 82% 90% 97% 

Max 91% 91% 91% 47% 68% 47% 100% 94% 100% 

Zn 

Min 12% 12% 12% 57% 83% 57% 75% 94% 97% 

Mean 42% 42% 42% 72% 89% 72% 85% 96% 99% 

Max 77% 77% 77% 83% 94% 83% 91% 98% 99% 

Cd 

Min 11% 11% 11% 40% 23% 40% 96% 93% 99% 

Mean 59% 59% 59% 47% 41% 47% 97% 94% 100% 

Max 83% 83% 83% 57% 59% 57% 98% 95% 100% 

Cr 

Min 16% 16% 16% 78% 88% 78% 83% 97% 99% 

Mean 64% 64% 64% 81% 88% 81% 91% 98% 100% 

Max 79% 79% 79% 84% 89% 84% 95% 98% 100% 

Hgb 

Min 17% 17% 17% 17% 17% 17% 93% 84% 98% 

Mean 53% 53% 53% 53% 53% 53% 97% 93% 100% 

Max 85% 85% 85% 85% 85% 85% 99% 98% 100% 

a – “Removal Efficiency” used loosely; data more explicitly represents partitioning to sludge. Min and max represent minimum and maximum removal 

efficiencies reported in the literature. Where removal efficiencies are composites of multiple processes, minimum represents the composite of both 

contributing minimums, likewise for maximum. 

b – No data for Hg removal found for 4-stage Bardenpho, 5-stage Bardenpho or MUCT. Therefore, conservatively assumed same removal for these biological 

treatment processes as documented for CAS (Level 1). Data for Levels 4-2, 5-1 and 5-2 represent the effect of tertiary polishing step alone, i.e. MBR and 

RO. 
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2.2 Toxic Organic Pollutants 

Toxic organics are a diverse and growing category of chemical substances that includes 

commonly referred to pollutant groups such as contaminants of emerging concern (CECs), 

pharmaceuticals and personal care products (PPCPs), and endocrine disrupting chemicals 

(EDCs). The pollutant category includes medications, fragrances, insect repellents and other 

household items that can be harmful to environmental and human health at even trace levels 

(U.S. EPA, 2015; Montes-Grajales et al., 2017).  Per- and polyfluoroalkyl substances (PFAS) are 

not included in this study.  

Toxic organics are present in surface waters, groundwater, wastewater and WWTP 

effluent, both in the U.S. and globally (Ellis, 2008; Ebele et al., 2017; Montes-Grajales et al., 

2017). No comprehensive list exists, though based on a diverse literature the number of 

contaminants is at least in the hundreds (if not thousands) and is continually being expanded 

upon as analytical techniques for measuring both presence and toxicity are continually refined. In 

order to provide a targeted analysis of their behavior in WWTPs, a restricted group of 43 

pollutants (Table 2-3) has been included in this study. The list has been adapted and updated 

from two previous studies (Montes-Grajales et al., 2017; Rahman et al., 2018) where pollutants 

were selected based on frequency of detection in WWTPs and the availability of information 

regarding concentration, degradation, transformation and removal.  

The concentration of trace pollutants can vary considerably on a daily and seasonal basis 

and between WWTPs (Martin Ruel et al., 2012). Based on a detailed review of the literature, 

influent concentration ranges were established for each pollutant (Table 2-3). For subsequent 

calculations, the medians of pollutant influent concentrations were used as means had a tendency 

to be biased by a small number of very high concentrations.  
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Table 2-3. Occurrence of the Selected Toxic Organic Compounds in WWTP Influent 

Chemical Name Chemical Type/Use 
Influent Concentration (µg/L) 

Sample Size 
Average Median Minimum Maximum 

acetaminophena pain reliever, anti-

inflammatory 
97 19 0.02 400 12 

androstenedionea steroid hormone 0.29 0.10 0.02 1.3 7 

atenolol beta blocker 4.3 1.1 0.03 26 10 

atorvastatin lipid regulator 0.49 0.22 0.07 1.6 6 

atrazineb pesticide 0.02 0.02 1.0E-3 0.06 5 

benzophenone PCP, sunscreen 0.24 0.27 7.0E-3 0.42 4 

bisphenol A EDC, plasticizer 4.6 0.84 0.01 44 16 

butylated hydroxyanisolec beta blocker 1.3 0.16 0.13 3.5 3 

butylated hydroxytoluene beta blocker, cosmetic 0.93 0.41 0.05 3.5 5 

butylbenzyl phthalated plasticizer 0.11 0.11 0.08 0.14 2 

carbamazepinea anti-convulsant 0.92 0.69 0.04 3.8 28 

N,N-diethyl-meta-toluamide (DEET) insect repellent 1.4 0.40 0.02 6.9 6 

diclofenac analgesics, anti-

inflammatory 
2.1 0.96 1.0E-3 17 20 

dilantin anti-seizure medication 0.16 0.17 0.05 0.24 4 

dioctyl phthalateb plasticizer, industry 23 1.4 1.1 67 3 

estradiola,c EDC, steroid hormone 0.59 0.03 8.0E-3 5.0 11 

estronea,c EDC, steroid hormone 0.17 0.05 0.01 1.0 9 

galaxolide beta blocker, PCP, 

fragrance 
4.3 2.3 1.4E-3 25 16 

gemfibrozila lipid regulator 3.1 1.6 0.02 22 15 

hydrocodone analgesic, opioid 0.08 0.11 0.02 0.12 5 

ibuprofena  analgesics, anti-

inflammatory 
7.8 2.4 1.0E-3 39 27 

iopromide contrast agent 7.4 0.05 0.01 38 6 

meprobamate tranquilizer, medication 0.40 0.35 0.01 0.97 5 

naproxena analgesics, anti-

inflammatory 
8.5 2.5 2.0E-3 53 20 

nonylphenolb,c EDC, disinfectant, 

surfactant, solvent 
3.4 2.3 0.02 9.7 14 
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Table 2-3. Occurrence of the Selected Toxic Organic Compounds in WWTP Influent 

Chemical Name Chemical Type/Use 
Influent Concentration (µg/L) 

Sample Size 
Average Median Minimum Maximum 

octylphenolb EDC, surfactant, 

solvent 
1.9 0.41 0.12 8.7 12 

o-hydroxy atorvastatin lipid regulator 0.12 0.12 0.10 0.14 2 

oxybenzone PCP 1.2 0.39 0.03 3.8 4 

p-hydroxy atorvastatin lipid regulator 0.12 0.12 0.10 0.14 2 

progesteronea EDC 0.02 0.01 3.1E-3 0.06 4 

sulfamethoxazolea antibiotic 1.1 0.43 0.04 4.5 14 

tris(2-chloroethyl) phosphate (TCEP) flame retardant, 

plasticizer 
0.35 0.24 0.17 0.65 3 

tris(2-chloroisopropyl) phosphate 

(TCPP) 

flame retardant 
1.2 1.2 1.1 1.3 2 

testosteronea EDC 0.06 0.05 0.01 0.14 5 

triclosana pesticide, disinfectant 2.7 0.80 2.3E-3 24 17 

trimethoprima antibiotic 0.52 0.53 0.10 1.4 8 

triclocarbana disinfectant 0.42 0.42 0.29 0.54 2 

tonalide beta blocker, PCP, 

fragrance 
1.5 0.80 5.0E-5 7.6 13 

celestolide PCP, fragrance 5.1 0.07 0.04 15 3 

phantolide fragrance 0.10 0.10 0.04 0.15 2 

clofibric acid lipid regulator 0.46 0.29 0.03 1.1 3 

musk ketone fragrance 0.12 0.12 0.10 0.15 3 

diuronb, c fragrance 0.14 0.11 0.05 0.25 3 

a – Identifies substances with EPA developed analytical methods for detection of contaminants of emerging concern per (EPA, 2017). 

b –Identifies substances with a European Quality Standard per (European Parliament, 2008). 

c – Identifies substances identified in EPA's Candidate Contaminant List (CCL), version 4 (U.S. EPA, 2016c). The CCL identifies chemicals that are currently 

unregulated but may pose a risk to drinking water. 

d - Identifies substances identified as human health criteria in Section 304(a) of the Clean Water Act (U.S. EPA, 2019c). 

Table Acronyms: EDC – endocrine disrupting chemical, PCP – personal care product.
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The behavior of toxic organics within study treatment configurations was estimated based 

on a review of the relevant literature for major unit processes, including: 

• Biological Treatment 

• Chemical Phosphorus Removal 

• Membrane Filtration 

• Anaerobic Digestion 

Given the large list of pollutants and varying levels of available information, a 

combination of quantitative and qualitative information was used to arrive at final treatment 

performance ranges. The ranges take into account possible loss pathways that include 

transformation or degradation within biological unit processes, partitioning to solids and 

transformation or degradation during anaerobic digestion. Table 2-4 provides the resulting 

estimated range of cumulative removal efficiency for each of the nine WWTP configurations. 

Degradation and removal efficiency estimates were calculated as a weighted average of values 

for the 43 included pollutants. Relative influent concentration was used as the weighting factor. 

Additional background discussion and supporting calculations are provided in Appendix C. 

Table 2-4. Summary of Cumulative Toxic Organics Degradation and Removal Efficiency 

in Study Treatment Configurationsa 

Treatment 

Level 

Fraction Degraded Fraction Removed (includes solids) 

Minimum Median Maximum Minimum Median Maximum 

L1 52% 70% 85% 67% 81% 89% 

L2-1 52% 73% 90% 67% 86% 95% 

L2-2 52% 73% 90% 67% 86% 95% 

L3-1 52% 75% 92% 67% 88% 97% 

L3-2 52% 75% 92% 67% 88% 97% 

L4-1 52% 75% 92% 67% 88% 97% 

L4-2 52% 75% 91% 67% 88% 97% 

L5-1 52% 75% 91% 94% 99% 100% 

L5-2 52% 75% 91% 93% 98% 99% 

a – Table values represent the cumulative effect of all the described treatment processes, calculated as a weighted 

average of the 43 toxic organics using influent concentration as the weighting factor.  

2.3 Disinfection Byproducts 

Disinfection of WWTP effluent is a necessary practice to minimize the acute risk 

associated with exposure to microbial pathogens, however it must be balanced with the chronic 

risk posed by the creation of disinfection byproducts (DBPs). DBPs are a class of chemical 

compounds that can be harmful to both aquatic and human health (Boorman, 1999; 

Nieuwenhuijsen et al., 2000; Mizgireuv et al., 2004; Villanueva et al., 2004; Muellner et al., 

2007; Richardson et al., 2007; Watson et al., 2012).  

DBPs are formed when DBP precursors, generally organic carbonaceous or nitrogenous 

compounds, are oxidized during chlorination or chloramination (Christman et al., 1983). By 

regulation, certain DBPs are managed at drinking water treatment plants, as their presence in 
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water supplies poses a direct threat to human health (Sedlak and Gunten, 2011; US EPA, 2015c). 

Furthermore, as water recycling and reclamation programs expand (and as indirect potable reuse 

continues), management of DBPs and DBP precursors has become increasingly important at the 

WWTP as well (Krasner et al., 2008; Tang et al., 2012). 

The importance of DBP and DBP precursor control at WWTPs has been growing in 

recent years for several reasons. First, the type of precursors formed through biological 

wastewater treatment are complex and, although overlapping with, are in many ways dissimilar 

from the natural organic matter (NOM)-derived precursors of drinking water-based DBPs. 

Therefore, lessons learned in drinking water DBP formation prediction and control are not 

directly translatable to WWTPs (Drewes and Croue, 2002; Tang et al., 2012). Additionally, there 

has been increasing concern over emerging and more toxic nitrogenous DBPs such as 

nitrosamines, halonitroalkanes, haloacetonitriles (HANs) and haloacetamides (Westerhoff and 

Mash, 2002; Joo and Mitch, 2007; Lee et al., 2007), which can be produced to varying degrees 

from dissolved organic nitrogen (DON) found in wastewater and WWTP effluent. 

Haloacetamides and HANs in particular are approximately two orders of magnitude more 

cytotoxic and genotoxic than the regulated trihalomethanes (THMs) and haloacetic acids (HAAs) 

(Muellner et al., 2007; Plewa and Wagner, 2009). The concentration of ammonia further 

complicates DBP formation kinetics, favoring the formation of certain groups at high 

concentrations and others at low (Krasner et al., 2008; Krasner et al., 2009b; Sedlak and Gunten, 

2011). Similarly, chlorination practices, which can vary considerably between WWTPs, can have 

large effects on the overall formation of DBPs and, in combination with ammonia 

concentrations, can favor certain DBP groups over others. It is therefore important that 

comparisons of treatment configurations with differing nitrification and denitrification 

capabilities take into account multiple groups of DBPs that can capture these relative benefits 

and drawbacks. 

For this study, models for DBP formation potential (FP) were used to compare the 

differences in DBP formation between study treatment configurations. FP is determined using a 

standardized procedure, eliminating variability from case study data that may arise owing to 

different disinfection practices. Ultimately, this allows for a clearer distinction between the 

effects of different treatment approaches on precursor control. To model disinfection byproduct 

formation potential (DBPFP), a comprehensive dataset linking effluent water quality of 23 

different WWTPs to DBPFP was used (Krasner et al., 2008). The DBP and DBP groups included 

in the study include the regulated carbonaceous DBPs (THMs and HAAs) along with emerging 

and more toxic carbonaceous and nitrogenous DBPs (Table 2-5). 

Table 2-5. Summary of Study Disinfection Byproducts 

DBP (group/compound) Characteristics Precursors Limit 

Regulatory 

Authority 

Trihalomethanes (THM)a,b 

  Chloroform 

carbonaceous, 

halogenated 

influent 

refractory NOM, 

EfOM, nitrified 

effluent, humic 

compounds 

80 µg/L 

(TTHM) 

U.S. EPA, 

Stage 1/2 DBP 

Rule 

  Bromodichloromethane (BDCM) 

  Chlorodibromomethane (DBCM) 

  Bromoform 
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Table 2-5. Summary of Study Disinfection Byproducts 

DBP (group/compound) Characteristics Precursors Limit 

Regulatory 

Authority 

Haloacetic Acids (HAA)b,c 

  Monochloroacetic acid 

carbonaceous, 

halogenated 

influent 

refractory NOM, 

EfOM, nitrified 

effluent, humic 

compounds 

60 µg/L 

(HAA5) 

U.S. EPA, 

Stage 1/2 DBP 

Rule 

  Dichloroacetic acid (DXAA) 

  Trichloroacetic acid (TXAA) 

  Bromoacetic acid 

  Dibromoacetic acid 

Nitrosaminesd 

  

N-nitrosodimethylamine (NDMA) nitrogenous, 

unhalogenated 

DON, 

dimethylamine 
10 ng/L 

CA (action 

level) 

Aldehydes 

  Formaldehyde 

carbonaceous, 

halogenated 

DON, amino 

acids 
N/A N/A 

  Acetaldehyde 

  Chloroacetaldehyde 

  Dichloroacetaldehyde 

  Trichloroacetaldehyde (chloral hydrate) 

Haloacetonitriles (HANs) 

  Chloroacetonitrile 

nitrogenous, 

halogenated 

DON, amino 

acids 
N/A N/A 

  Bromoacetonitrile 

  Iodoacetonitrile 

  Trichloroacetonitrile 

  Bromodichloroacetonitrile 

  Dibromochloroacetonitrile 

  Tribromoacetonitrile 

a - The four compounds together comprise the four primary trihalomethanes, sometimes referred to as TTHM or 

THM4 

b - https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P100C8XW.txt (U.S. EPA, 2015b) 

c - These five compounds together comprise the five primary haloacetic acids, sometimes referred to as HAA5 

d - California Department of Health Services, action level (CDHS, 2018) 

 

Multiple linear regression models were constructed linking relevant water quality 

parameters with DBPFP. This was done by first performing a linear correlation analysis, which 

indicated COD and TKN to be the most influential predictors. Next, models were built for each 

DBP group (Table 2-5) using the adjusted coefficient of determination (R2). Final models were 

significant at a >95% confidence level with the exception of NDMA, which was significant at a 

93% confidence level. Table 2-6 gives model results for the nine study treatment configurations. 

Further discussion of methods, model construction and model results can be found in Appendix 

D. 
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Table 2-6. DBPFP Model Results for Study Treatment Configurations 

Study Configuration 

THMs HANs DXAAs TXAAs 

dihaloacet- 

aldehydes 

trihaloacet- 

aldehydes NDMA 

µg/L ng/L 

Level 1, AS 204 32 145 127 8.8 95 692 

Level 2-1, A2O 274 14 129 113 4.9 54 680 

Level 2-2, AS3 95 4.9 43 40 1.5 18 230 

Level 3-1, B5 41 0.78 14 15 0.16 3.3 83 

Level 3-2, MUCT 41 0.78 14 15 0.16 3.3 83 

Level 4-1, B5/Denit 124 5.2 54 49 1.7 21 292 

Level 4-2, MBR 144 6.6 65 59 2.2 26 347 

Level 5-1, B5/RO 23 0.010 5.4 7.4 0.010 0.010 36 

Level 5-2, MBR/RO 32 0.066 10 11 0.010 0.87 58 
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3. LIFE CYCLE COST ANALYSIS METHODOLOGY 

This section presents ERG’s methodology for developing life cycle costs for the nine 

greenfield wastewater treatment configurations included in this study. As such, the costs 

presented in the report are not applicable to operations that retrofit existing treatment systems to 

achieve further nutrient removal, and the difference from one treatment level to another may not 

represent the incremental retrofit costs due to existing infrastructure and site-specific conditions. 

In addition, the costs (as well as life cycle impacts discussed later in the report) are for the entire 

wastewater treatment configuration, not just those steps used to achieve nutrient removal.  

The life cycle costs in the study are based primarily on the use of CAPDETWorks™, a 

model that performs planning-level design and cost estimation of WWTP construction projects. 

These planning-level costs do not include site-specific factors that may impact the costs (e.g., 

high groundwater table, shallow bedrock, deep excavation) as they are intended to represent the 

national average. These costs are supplemented with costs for additional unit processes that are 

not included in CAPDETWorks™ to provide costs for the entire wastewater treatment 

configuration. Section 3.1 describes CAPDETWorks™ and the data sources used for the 

additional unit processes. Section 3.2 describes the engineering cost estimation methodology. To 

the extent possible, purchased equipment and annual cost results are developed by unit process to 

allow for consistent presentation alongside results of the LCA model. Section 3.3 describes the 

life cycle cost analysis (LCCA) calculations that provide for a plant-level comparison of costs 

that occur throughout the life of the wastewater treatment configurations. The total plant costs 

are presented as: 1) total capital costs and total annual costs and 2) net present value that 

combines the one-time capital costs and annual costs into one value. The capital costs include the 

purchased equipment, direct costs (e.g., site preparation, site electrical, yard piping), and indirect 

costs (e.g., land, engineering design fee, interest during the 3-year construction period). The 

annual costs include the operating and maintenance labor, materials including replacement 

equipment, chemicals, and energy. In general, the purchased equipment costs were based on 

equipment sizing for the 20 MGD peak flow rate, while the annual costs were based on the 10 

MGD annual average flow rate. For the net present value, the construction costs (in present 

value) are combined with the discounted annual costs during the WWTP planning period. 

Section 3.4 describes the quality of the data sources used in the LCCA. 

3.1 Data Sources 

ERG obtained cost data from the following sources or categories of sources: 

• CAPDETWorks™ Version 3.0 (Hydromantis, 2014) 

• EPA reports and fact sheets 

• Striking the Balance Between Nutrient Removal in Wastewater Treatment and 

Sustainability (Falk et al, 2011) 

• Wastewater treatment design textbooks 

• Personal communication with technology vendors 

• RSMeans Building Construction Cost Data (RSMeans, 2010) 

• RSMeans Construction Cost Index (RSMeans, 2017) 
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The majority of the life cycle costs are based on CAPDETWorks™ Version 3.0 

(Hydromantis, 2014) modeling output, supplemented with costs for unit processes that are not in 

CAPDETWorks™ (see Section 3.2.2 for details). EPA and the U.S. Army Corps of Engineers 

originally developed CAPDETWorks™ as a planning tool for WWTPs; Hydromantis 

Corporation now maintains and updates CAPDETWorks™. As described in Section 4.2.1 of 

Municipal Nutrient Removal Technologies Reference Document (U.S. EPA, 2008b), 

CAPDETWorks™ is used as follows: 

The user generates a process layout involving a number of unit operations. The user can 

also define input variables, including wastewater flow rate, wastewater influent quality, 

and desired effluent quality or other performance coefficients. Alternatively, the user can 

choose to use default values developed by Hydromantis. The software then calculates the 

required sizes of the unit operations and uses cost-curve models from the software’s 

database to estimate the capital, labor, chemical, and energy costs that would be incurred. 

…The model uses several standard indices to update costs to current dollars: the 

Engineering News-Record (ENR) Construction Cost Index, the Marshall & Swift Index, 

and the Pipe Index. Values were obtained from a U.S. Department of Agriculture Web 

site (USDA, 2007) that transcribes historical values of these indices.  

The cost functions included in CAPDETWorks™ Version 3.0 (the version used for this study) 

were updated in 2014. CAPDETWorks™ also allows users to input design values for each unit 

process (e.g., solids retention time, surface overflow rate) or use the default values developed by 

Hydromantis. CAPDETWorksTM also allows users to input unit costs (e.g., concrete, 

construction labor rate, polymer). 

ERG relied primarily on the following two EPA reports to evaluate and modify, as 

necessary, the default input design values in CAPDETWorks™ and support development of 

costs for the unit processes that are not in CAPDETWorks™: 

• Municipal Nutrient Removal Technologies Reference Document (U.S. EPA, 2008b) 

• Nutrient Control Design Manual (U.S. EPA, 2010) 

The Municipal Nutrient Removal Technologies Reference Document (U.S. EPA, 2008b) 

is intended to provide information to assist local decision makers and regional and state 

regulators in planning cost-effective nutrient removal projects for WWTPs. This EPA report 

provides capital and operation and maintenance costs for case study WWTPs, as well as costs 

estimated using CAPDETWorks™. The purpose of the Nutrient Control Design Manual (U.S. 

EPA, 2010) is to provide guidance and design considerations for nitrogen and phosphorus 

control using biological nutrient removal and chemical phosphorus removal for WWTPs.  

ERG also relied on Striking the Balance Between Nutrient Removal in Wastewater 

Treatment and Sustainability (Falk et al, 2011), a report published by Water Environment 

Research Foundation (WERF). This report is an LCA/LCCA evaluation of WWTPs with 

nitrogen and phosphorus treatment technologies to achieve five levels of effluent nutrient targets 

that match the five levels included in this study. While the WERF study used a different cost 

estimation tool, ERG used the WERF design input values to evaluate and modify, as necessary, 

the default input design values in CAPDETWorks™. ERG also used Wastewater Engineering – 
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Treatment and Resource Recovery (Tchobanoglous et al., 2014), a wastewater treatment design 

textbook, and the following documents to verify the default input design values and unit costs in 

CAPDETWorks™: 

• Wastewater Technology Fact Sheet – Screening and Grit Removal (U.S. EPA, 2003b) 

• Biosolids Technology Fact Sheet – Gravity Thickening (U.S. EPA, 2003a) 

• May 2016 National Industry-Specific Occupational Employment and Wage Estimates 

for NAICS 221300 – Water, Sewage and Other Systems (U.S. DOL, 2017) 

EPA’s wastewater and biosolids technology fact sheets provide general design and cost 

information. ERG used these technology fact sheets to evaluate and modify, as necessary, the 

default input design values in CAPDETWorksTM. ERG also compared the purchased equipment 

process costs from CAPDETWorksTM to the technology fact sheets and updated the purchased 

equipment costs where appropriate. The May 2016 National Industry-Specific Occupational 

Employment and Wage Estimates for NAICS 221300 – Water, Sewage and Other Systems (U.S. 

DOL, 2017) calculates average wages from data collected in a national survey of employers of 

every size, state, and industry for metropolitan and nonmetropolitan areas. ERG used this report 

to verify and update as necessary the labor rates in CAPDETWorksTM where appropriate. 

The primary source of costs for the unit processes that are not in CAPDETWorks™ are 

from personal communication with technology vendors. ERG contacted companies that 

manufacture, distribute, or install dechlorination, ultrafiltration, reverse osmosis, and deep well 

injection systems. The vendors provided the following types of information for EPA’s analysis: 

• Operations and maintenance requirements (e.g., equipment replacement frequency) 

• Ancillary equipment required for the system (e.g., antiscalant chemicals) 

• Capital cost information 

• Operations and maintenance cost information, including energy requirements 

ERG used vendor contacts from previous studies for the dechlorination system costs 

(ERG, 2011a; ERG, 2011b; ERG, 2011c) and contacted vendors for information on 

ultrafiltration, reverse osmosis, and deep well injection as part of this study (ERG, 2015a; ERG, 

2015b). The majority of the vendors provided supporting documentation, which were also used 

to develop the cost estimates for the unit processes not included in CAPDETWorksTM. 

ERG supplemented the information provided by vendors with unit costs for building 

components from the RSMeans Building Construction Cost Data (RSMeans, 2010) to calculate 

costs for general components of the unit processes not in CAPDETWorks™ (e.g., reinforced 

concrete basins). ERG used RSMeans Construction Cost Index (RSMeans, 2017) to convert 

costs obtained outside of CAPDETWorks™ to 2014 $ for consistency. 

3.2 Engineering Cost Estimation 

ERG developed engineering cost estimates that included the following components: 

• Capital costs (one-time costs). 
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• Operation and maintenance costs that reoccur annually or on a set frequency (e.g., 5-

year recurring costs for equipment replacement). 

Capital costs include the purchased equipment, direct, and indirect costs to design and 

build the wastewater treatment configuration. Operating and maintenance costs include the 

operation and maintenance labor, materials, chemicals, and energy required to ensure long-term 

operation of the WWTP. In general, the capital costs are based on the 20 MGD maximum flow 

rate, while the operating and maintenance costs are based on the 10 MGD average flow rate. 

Section 3.2.1 presents the calculations to convert all of the costs to a consistent dollar 

basis. Section 3.2.2 presents ERG’s methodology for calculating the capital and operating and 

maintenance costs for the individual unit processes included in the wastewater treatment 

configurations. These unit process costs are presented alongside results from the LCA model and 

used in the LCCA. Discussion of the methodology for estimating the wastewater treatment 

configuration-wide direct and indirect costs is presented in Section 3.3. 

3.2.1 Dollar Basis 

The majority of the life cycle costs are based on CAPDETWorks™ modeling output, 

supplemented with costs for unit processes that are not in CAPDETWorks™. output is provided 

in 2014 dollars. As a result, ERG standardized and presented all costs in 2014 dollars using 

Equation 1 and the RS Means Historical Cost Index, presented in Figure 3-1. 

 Cost (2014 $) = Cost (20XX $) ×
2014 Cost Index

20XX Cost Index
  

Equation 1 

 

where: 

Cost (2014 $) = Cost in 2014 dollars 

Cost (20XX $) = Cost in pre- or post-2014 dollars, where XX represents the specific year 

2014 Cost Index = 204.9 

20XX Cost Index = See Figure 3-1, using the Historical Cost Index where January 1, 

1993=100 
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Source: (RSMeans, 2017). 

Figure 3-1. RSMeans Historical Cost Indexes 

3.2.2 Unit Construction and Labor Costs 

As mentioned in Section 2, ERG developed the purchased equipment and annual cost 

results by unit process to allow for consistent presentation alongside results of the LCA model 

and use in the LCCA. ERG used CAPDETWorks™ Version 3.0 (Hydromantis, 2014), a 

software package designed for estimating the cost of wastewater treatment configurations, to 

calculate the unit process costs for each wastewater treatment configuration. Each of the 

wastewater treatment configurations used the same influent wastewater composition and flow 

rate discussed in Section 1.2.2 and presented in Table 1-3. 

CAPDETWorksTM includes default unit construction and labor costs that are used to 

calculate the purchased equipment and annual costs. ERG reviewed the CAPDETWorksTM 

default unit construction and labor costs against those used in Striking the Balance Between 

Nutrient Removal in Wastewater Treatment and Sustainability (Falk et al, 2011). The most 

notable differences were for wall and slab concrete, and construction labor rate. For wall and 

slab concrete, ERG used the average of the costs from CAPDETWorksTM and Striking the 

Balance Between Nutrient Removal in Wastewater Treatment and Sustainability (Falk et al, 

2011), as presented in Table 3-1. 
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Table 3-1. Unit Construction and Labor Costs 

Unit Construction Cost 

CAPDETWorksTM 

Default Cost ($/cuyd) 

Falk et al, 2011 Cost 

($/cuyd) Average Cost ($/cuyd) 

Wall Concrete 350 750 550 

Slab Concrete 650 1,250 950 

 

For the construction labor rate, ERG used the average of seven labor rates for 

construction activities relevant to construction of a WWTP from the May 2016 National 

Industry-Specific Occupational Employment and Wage Estimates for NAICS 221300 – Water, 

Sewage and Other Systems (U.S. DOL, 2017). The seven labor categories that ERG used and 

their labor rates in 2016 $ were: 

• First-Line Supervisor of Construction Trades: $34.38/hr 

• Construction Laborers: $17.88/hr 

• Construction Equipment Operators: $23.12/hr 

• Electricians: $31.60/hr 

• Pipelayers, Plumbers, Pipefitters, and Steamfitters: $22.16/hr 

• Construction Trades Helpers: $15.91/hr 

• Other Construction and Related Workers: $21.91/hr 

The resulting average labor rate is $23.85/hr in 2016 $, which is $23.58/hr in 2014 $ 

using Equation 1 in Section 3.2.1. The U.S. DOL wages do not include overhead to account for 

employee benefits. ERG assumed that contractors would be used for the construction and applied 

a 2.1 private industry (i.e., contractors) multiplier (consultant multipliers typically range from 2-

2.2), resulting in an average construction labor rate of $49.51/hr. ERG rounded the construction 

labor rate to $50/hr for use in this study. 

3.2.3 Unit Process Costs 

As mentioned in Section 2, ERG developed the purchased equipment and annual cost 

results by unit process to allow for consistent presentation alongside results of the LCA model 

and use in the LCCA. ERG used CAPDETWorks™ Version 3.0 (Hydromantis, 2014), a 

software package designed for estimating the cost of wastewater treatment configurations, to 

calculate the unit process costs for each wastewater treatment configuration. Each of the 

wastewater treatment configurations used the same influent wastewater composition and flow 

rate discussed in Section 1.2.2 and presented in Table 1-3. 

CAPDETWorks™ includes all of the unit processes included in the nine wastewater 

treatment configurations for this study with the exception of: 

• Dechlorination. Included in all nine wastewater treatment configurations. 

• Fermentation. Included in: 

— Level 3-1 B5 

— Level 3-2 MUCT 



Section 3: Life Cycle Cost Analysis Methodology 

EP-C-16-003; WA 2-37  3-7 

— Level 4-1 B5/Denit 

— Level 5-1 B5/RO 

— Level 5-2 MBR/RO 

• 4-Stage Biological Nutrient Removal. Included in: 

— Level 3-2 MUCT 

— Level 4-2 MBR 

• Methanol addition as a biological nutrient removal supplemental carbon source. 

Included in Level 4-2 MBR.5  

• Ultrafiltration. Included in Level 5-1 B5/RO. 

• Reverse Osmosis and Antiscalant Chemical Injection Pretreatment. Included in: 

— Level 5-1 B5/RO 

— Level 5-2 MBR/RO 

• Deep Well Injection. Included in: 

— Level 5-B5/RO 

— Level 5-2 MBR/RO 

Details on the approach developed for these unit processes are presented in the following 

subsections. The unit process costs for these unit processes were incorporated into the 

CAPDETWorks™ output for comparison to the LCA model results and development of the total 

plant costs. 

Each of the nine wastewater treatment configurations was developed in 

CAPDETWorks™. As part of this study, ERG reviewed the Municipal Nutrient Removal 

Technologies Reference Document (U.S. EPA, 2008b), Nutrient Control Design Manual (U.S. 

EPA, 2010), Striking the Balance Between Nutrient Removal in Wastewater Treatment and 

Sustainability (Falk et al., 2011), Wastewater Engineering: Treatment and Resource Recovery 

(Tchobanoglous et al., 2014), and additional EPA wastewater treatment process fact sheets to 

confirm that the CAPDETWorks™ default design values were appropriate for use for this study. 

Based on our review, ERG used the CAPDETWorks™ default design values for the unit 

processes below that are included in one or more of the wastewater treatment configurations. 

Appendix E.1 includes the key parameters and default design values for the unit processes that 

were modeled using the CAPDETWorks™ default design values. For the remaining unit 

processes below, ERG revised the CAPDETWorks™ default design values. See Appendix E.1 

for the details on the revised default design values. Note that ERG used these design values in 

the initial CAPDETWorks™ model for each wastewater treatment configuration. ERG then 

revised some of the design values to eliminate errors in CAPDETWorks™ (e.g., subsequent unit 

process designs were outside recommended design values) and achieve the effluent wastewater 

objectives for each of the treatment levels. The final design values used for each wastewater 

 
5 Methanol addition is also required for Level 2-2 AS3 for the denitrification – suspended growth unit process and 

Level 4-1 B5/Denit and Level 5-1 B5/RO for the denitrification filters. However, CAPDETWorksTM includes the 

methanol addition for these unit processes. 
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treatment configuration are included in the final CAPDETWorks™ cost output discussed in 

Section 5. 

• Default Design Values Used: 

— Membrane Bioreactor 

— Sand Filter 

— Centrifugation – Sludge  

• Design Values Revised: 

— Preliminary Treatment – Screening 

— Preliminary Treatment – Grit Removal 

— Primary Clarifier 

— Plug Flow Activated Sludge 

— Biological Nutrient Removal 3/5 Stage 

— Denitrification – Suspended Growth 

— Denitrification – Attached Growth 

— Nitrification – Suspended Growth 

— Chemical Phosphorus Removal 

— Secondary Clarifier 

— Chlorination 

— Gravity Thickener 

— Anaerobic Digestion – Sludge 

— Haul and Landfill – Sludge  

 

ERG updated the CAPDETWorksTM default anaerobic digestion energy costs for all nine 

wastewater treatment configurations to rely on natural gas rather than using the produced gas for 

the reasons discussed in Section 3.2.3.8. ERG also determined that the CAPDETWorks™ default 

electricity cost of $0.10/kWh was appropriate for use for this study based on the national average 

electricity price as of May 2014 (U.S. EIA, 2015). The 2014 electricity costs match the 2014-

dollar basis discussed in Section 3.2.1. 

3.2.3.1 Dechlorination 

Dechlorination is not a unit process available in CAPDETWorksTM. Therefore, ERG 

developed a costing methodology for dechlorination based on the CAPDETWorks™ 

chlorination unit process and vendor costs, which was then incorporated into the 

CAPDETWorks™ outputs to calculate the total costs of all nine wastewater treatment 

configurations. 

Capital cost elements for dechlorination include the dechlorination contact tank, 

dechlorination building, chemical storage building, sodium bisulfite liquid feed system, and 

miscellaneous items (e.g., grass seeding, site cleanup, piping). The dechlorination contact tank, 

dechlorination building, chemical storage building, and miscellaneous items are similar to the 
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components included in the CAPDETWorks™ chlorination unit process. As a result, ERG 

estimated costs for these capital cost elements using the CAPDETWorks™ chlorination unit 

process with design values for contact time and chemical dose to simulate dechlorination. ERG 

estimated purchase costs for the sodium bisulfite liquid feed system based on cost information 

provided by a vendor. 

Operating and maintenance cost elements for dechlorination include operating labor, 

maintenance labor, materials and supplies costs, sodium bisulfite chemicals, and energy. ERG 

estimated operating and maintenance labor, materials, and supplies costs using the 

CAPDETWorks™ chlorination unit process with design values for contact time and chemical 

dose to simulate dechlorination. Estimated energy costs for the sodium bisulfide feed system 

pump is based on energy usage provided by the vendor and the energy rate used for the 

CAPDETWorks™ costing ($0.10/kWh). Sodium bisulfite chemical costs are estimated using the 

following sodium bisulfite dosages with the chlorination effluent flow rate provided from the 

CAPDETWorks™ chlorination unit process: 

• 1.5 mg/L for Levels 1, 2-1, 2-2, 3-1, 3-2, 4-1, and 4-2 wastewater treatment 

configurations. 

• 3.0 mg/L for Levels 5-1 and 5-2 that includes 1.5 mg/L for the dechlorination 

requirement and 1.5 mg/L for the reverse osmosis pretreatment requirement. 

ERG used a 40% sodium bisulfite solution cost of $344/ton in 2010 $ as provided by a 

vendor, converted to 2014 $ using the methodology presented in Section 3.2.1. 

Detailed descriptions of the dechlorination costing approach are provided in Appendix 

E.2, including all cost bases, assumptions, and calculations. 

3.2.3.2 Fermentation 

Fermentation is not a unit process available in CAPDETWorks™. However, as detailed 

in Municipal Nutrient Removal Technologies Reference Document (EPA, 2008), a fermenter is 

an oversized gravity thickener with additional piping and mixers. In the Municipal Nutrient 

Removal Technologies Reference Document, the fermenter was modeled using the 

CAPDETWorks™ gravity thickener module and escalating the results by 50 percent (EPA, 

2008). ERG used best professional judgement to confirm this approach and modeled the gravity 

thickener unit process in CAPDETWorks™ and multiplied the capital, operating, and 

maintenance costs by 1.5 to account for the larger size, additional equipment, and associated 

increased energy. 

3.2.3.3 4-Stage Biological Nutrient Removal (Modified UCT and 4-Stage Bardenpho) 

CAPDETWorks™ does not include a 4-stage biological nutrient removal (BNR) unit 

process, like those included in Level 3-2 as a 4-stage Modified University of Cape Town (UCT) 

and Level 4-2 as a 4-stage Bardenpho with membrane bioreactor. However, CAPDETWorks™ 

includes 3-stage and 5-stage BNR unit processes. For each of the wastewater treatment 

configurations with 4-stage BNR unit processes, ERG developed two separate 

CAPDETWorks™ models that included all of the same unit processes, except model 1 included 
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the 3-stage BNR unit process and model 2 included the 5-stage BNR unit process. ERG 

combined the CAPDETWorks™ output from models 1 and 2 to estimate the capital, operating, 

and maintenance costs for the 4-stage BNR units, as described below. 

Capital cost elements for BNRs include the BNR tank, blower system, internal recycle 

pumps, and sludge recycle pumps. Operating and maintenance cost elements for BNRs include 

operating labor, maintenance labor, materials costs, and energy. 

For the 4-stage Modified UCT in Level 3-2, ERG modeled the 3-stage version using a 3-

stage BNR with two internal recycle pumps to reflect the multiple recycles in the Modified UCT. 

ERG used the Level 3-1 wastewater treatment configuration for the 5-stage version. The capital 

costs for the BNR tanks, blower system, and BNR sludge recycle pumps were averaged for the 

3- and 5-stage models, while the capital costs from the 3-stage model were used for the BNR 

internal recycle pumps. The capital costs for all other unit processes in these models had the 

same capital costs. The operating and maintenance costs for the BNR tank, BNR sludge recycle 

pumps, and blower system were averaged for the 3- and 5-stage models; the 3-stage model costs 

were used for the BNR internal recycle pumps; and the 5-stage model costs were used for the 

chemical phosphorus removal and alum feed system because the Modified UCT will achieve 

biological phosphorus removal closer to the 5-stage BNR model and, therefore, would require 

less alum to achieve the target effluent phosphorus concentration. The operating and 

maintenance costs for all other unit processes in these models had negligible differences between 

the 3- and 5-stage models. 

For the 4-stage Bardenpho with membrane bioreactor, ERG modeled the 3-stage model 

using the 3-stage BNR with membrane bioreactor and 5-stage model using the 5-stage BNR with 

membrane bioreactor. The capital, operating, and maintenance costs for the BNR tank, BNR 

internal recycle pumps, and BNR sludge recycle pumps were averaged for the 3- and 5-stage 

models. The capital costs for all other unit processes in these models had negligible differences 

in the capital costs. The operating and maintenance costs for the chemical phosphorus removal 

and alum feed system from the 5-stage model were used because the 4-stage Bardenpho with 

membrane bioreactor will achieve biological phosphorus removal closer to the 5-stage BNR 

model and, therefore, would require less alum to achieve the target effluent phosphorus 

concentration. The operating and maintenance costs for all other unit processes in these models 

had negligible differences between the 3- and 5-stage models. 

Details on how the 3- and 5-stage models were combined for the Level 3-2 and Level 4-2 

wastewater treatment configurations are included in Section 5. 

3.2.3.4 Methanol Addition for Biological Nutrient Removal Supplemental Carbon for 

Level 4-2 MBR 

Biological nitrogen removal requires an adequate supply of carbon for denitrification. 

CAPDETWorksTM includes an external carbon source (i.e., methanol addition) to: 

• Level 2-2 AS3’s denitrification – suspended growth 

• Level 4-1 B5/Denit’s denitrification filter 

• Level 5-1 B5/RO’s denitrification filter 
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ERG included fermenters to provide an internal carbon source for biological nitrogen 

removal occurring in the Bardenpho and Modified University of Cape Town reactors in: 

• Level 3-1 B5 

• Level 3-2 MUCT 

• Level 4-1 B5/Denit 

• Level 5-1 B5/RO 

• Level 5-2 MBR/RO 

However, there is no internal carbon source for denitrification in Level 4-2 MBR. As a 

result, the Level 4-2 wastewater treatment configuration required methanol addition from an 

external carbon source. CAPDETWorksTM Version 3.0 does not include a stand-alone methanol 

addition unit process. Therefore, ERG developed a costing methodology for supplemental 

methanol addition based on the effluent nitrate target in CAPDETWorksTM denitrification filter 

unit process, which was then incorporated into the CAPDETWorksTM outputs to calculate the 

total costs for the Level 4-2 wastewater treatment configuration. CAPDETWorksTM calculates 

the methanol addition in the denitrification filter unit process based on 3 mg methanol per mg 

nitrate removed (Hydromantis, 2014). ERG determined the CAPDETWorksTM effluent nitrate 

target for the denitrification filter unit process as 1.95 mg/L nitrate based on the required 

denitrification to achieve the 3 mg/L total nitrogen for Level 4 (total Kjeldahl nitrogen effluent is 

1.05 mg/L).   

Capital cost elements for methanol addition include a methanol liquid feed system, 

chemical storage area, and miscellaneous items (e.g., grass seeding, site cleanup, piping). The 

methanol liquid feed system is the same as the methanol liquid feed system included in 

CAPDETWorksTM denitrification filter unit process with design values for the effluent nitrate 

target to simulate the denitrification requirement. CAPDETWorksTM does not include separate 

methanol storage area costs or miscellaneous items in the denitrification filter unit process. As 

such, ERG assumed that these costs are minimal and would be accounted for in the 4-stage 

Bardenpho costs. 

Operating and maintenance cost elements for methanol addition include operating labor, 

maintenance labor, materials and supplies costs, methanol chemicals, and energy. ERG estimated 

methanol chemicals using the CAPDETWorksTM denitrification filter unit process with design 

values for the effluent nitrate target to simulate the denitrification requirement. 

CAPDETWorksTM does not include separate operating labor, maintenance labor, materials and 

supplies costs, and energy costs for the methanol system in the denitrification filter unit process. 

As a result, ERG assumed that these costs are minimal and would be accounted for in the 4-stage 

Bardenpho operating and maintenance costs. Methanol chemical costs are based on the 

CAPDETWorksTM default cost of $0.60/lb methanol in 2014 $ (Hydromantis, 2014). 

Detailed descriptions of the methanol addition for biological nutrient removal 

supplemental carbon are provided in Appendix E.4, including all cost bases, assumptions, and 

calculations. 
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3.2.3.5 Ultrafiltration 

Ultrafiltration is not a unit process available in CAPDETWorks™ Version 3.0. 

Therefore, ERG developed a costing methodology for ultrafiltration outside of 

CAPDETWorks™ and then incorporated the cost elements into the CAPDETWorks™ outputs to 

calculate the total cost of each wastewater treatment configuration that includes ultrafiltration 

(Level 5-1 B5/RO). 

Capital cost elements for ultrafiltration include the membrane filtration system 

(membrane equipment and all appurtenances such as feed pumps, backwash system, and clean-

in-place system) and a building to house the membrane filtration system. ERG estimated 

purchased equipment costs for the membrane filtration system based on cost information 

provided by a vendor. ERG estimated capital costs for the building using a CAPDETWorks™ 

building unit total capital cost of $110/square foot and an estimated building footprint provided 

by the vendor. 

Operating and maintenance cost elements for ultrafiltration include operating labor, 

maintenance labor, materials costs (assumed a 7-year membrane life), chemicals (membrane 

cleaning), and energy. Operating and maintenance labor costs were estimated using a 

combination of information provided by the vendor, best professional judgement, and labor rates 

from CAPDETWorks™. Membrane replacement and chemicals costs are based on cost 

information provided by the vendor. Estimated energy usage for the membrane filtration system 

is based on a combination of information provided by the vendor and literature sources. ERG 

then calculated estimated energy costs by multiplying the estimated energy usage by the energy 

rate used for the CAPDETWorks™ costing ($0.10/kWh). 

Detailed descriptions of our ultrafiltration costing approach are provided in Appendix 

E.5, including all cost bases, assumptions, and calculations. 

3.2.3.6 Reverse Osmosis (RO) 

RO is not a unit process available in CAPDETWorks™ Version 3.0. Therefore, ERG 

developed a costing methodology for RO outside of CAPDETWorks™ and then incorporated the 

cost elements into the CAPDETWorks™ outputs to calculate the total cost of for each 

wastewater treatment configuration that includes RO (Level 5-1 B5/RO and Level 5-2 

MBR/RO). 

Capital cost elements for RO include the RO system (membrane equipment and all 

appurtenances such as feed pumps, backwash system, and clean-in-place system), a chlorine gas 

feed system, a dechlorination feed system, an antiscalant feed system, a brine surge sump, and a 

building to house the RO system. ERG estimated purchased equipment costs for the RO system 

based on cost information provided by a RO vendor. ERG estimated capital costs for the building 

using a CAPDETWorks™ building unit total capital cost of $110/square foot and an estimated 

building footprint provided by the RO vendor. Costs for the chlorination feed system are 

included within the CAPDETWorks™ chlorination module discussed previously in this section. 

Costs for the dechlorination and antiscalant feed systems were estimated based on cost 

information provided by a feed system vendor. For the brine surge sump, ERG first estimated the 
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required sump volume, assuming a 60-minute hydraulic residence time, based on best 

professional judgement. ERG then estimated the brine sump total capital costs using online RS 

Means Building Construction Cost Data. 

Operating and maintenance cost elements for RO include operating labor, maintenance 

labor, materials costs (assumed a 4-year membrane life), chemicals (membrane cleaning, 

antiscalant, chlorine gas, and sodium bisulfite dechlorination), and energy. Operating and 

maintenance labor costs were estimated using a combination of information provided by the RO 

vendor, best professional judgement, and labor rates from CAPDETWorksTM. Membrane 

replacement and membrane cleaning chemical costs are based on cost information provided by 

the vendor. Antiscalant chemical costs were estimated using the dosage rate provided by the RO 

vendor and a chemical cost provided by a chemical vendor. Chlorine gas and sodium bisulfite 

chemical costs are included within the CAPDETWorks™ chlorination module and the 

supplemental dechlorination module developed by ERG discussed previously in this section. 

Estimated energy usage for the RO system is based on a combination of information provided by 

the RO vendor and literature sources; estimated energy usage for the dechlorination and 

antiscalant feed systems is based on information provided by the chemical feed system vendor. 

ERG then calculated estimated RO and feed system energy costs by multiplying the estimated 

energy usage by the energy rate used for the CAPDETWorks™ costing ($0.10/kWh). 

Detailed descriptions of our RO system costing approach are provided in Appendix E.6, 

including all cost bases, assumptions, and calculations.  

3.2.3.7 Deep Injection Well 

Deep well injection is not a unit process available in CAPDETWorks™ Version 3.0. 

Therefore, ERG developed a costing methodology for deep well injection outside of 

CAPDETWorks™ and then incorporated the cost elements into the CAPDETWorks™ outputs to 

calculate the total cost of each wastewater treatment configuration that includes brine disposal 

(Level 5-1 B5/RO and Level 5-2 MBR/RO). 

Capital cost elements for deep well injection include injection well pumps, a building to 

house the injection pumps and electrical control panel and drilling the underground injection 

well. Purchase costs for the injection well pumps were based on information provided by a pump 

vendor; pump freight costs were estimated based on information from an equipment supply 

vendor. ERG estimated capital costs for the building using a CAPDETWorks™ building unit 

total capital cost of $110/square foot and an estimated building footprint developed based on best 

professional judgement. ERG estimated costs for drilling a new underground injection well 

based on cost information provided by a waste disposal vendor. 

Operating and maintenance cost elements for deep well injection include operating labor, 

maintenance labor, materials costs, and energy. Operating and maintenance labor costs were 

estimated using a combination of best professional judgement and labor rates from 

CAPDETWorksTM. Materials costs were estimated as 2 percent of injection well pump purchase 

cost, based on CAPDETWorks™ methodology. ERG estimated energy usage for the injection 

well pumps using the pump HP rating and assuming continuous operation. ERG then calculated 
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estimated injection well pump energy costs by multiplying the estimated energy usage by the 

energy rate used for the CAPDETWorks™ costing ($0.10/kWh). 

Detailed descriptions of our deep well injection costing approach are provided in 

Appendix E.7, including all cost bases, assumptions, and calculations. 

3.2.3.8 Anaerobic Digester Natural Gas Usage 

CAPDETWorksTM assumes that the gas produced by the anaerobic digester is used to 

supply heat to the anaerobic digester. If the digester gas produced is insufficient, 

CAPDETWorksTM uses natural gas for the difference. Because most WWTPs flare the digester 

gas, ERG revised the energy calculations for the anaerobic digester to assume that all the heat 

required was provided by natural gas using Equation 2 and Equation 3, and that all digester gas 

produced was flared. 

 Energy Costs = Electricity Cost + Total Natural Gas Required × Natural Gas Cost  

Equation 2 
 

where: 

Energy Costs (2014 $/yr) = Energy cost to run the anaerobic digester for a year 

Electricity Cost (2014 $/yr) = Electricity cost from CAPDETWorksTM to run the 

anaerobic digester for a year 

Total Natural Gas Required (1,000 cuft/yr) = Natural gas required to heat the anaerobic 

digester (see Equation 3) 

Natural Gas Cost (2014 $/1,000 cuft) = $15,500/1,000 cuft 

 

Total Natural Gas Required= 
Heat Required 

Boiler Efficiency × Heat Exchanger Efficiency
  

 × 
Hours per Year Conversion

Natural Gas Heating Value
 × Unit Conversion  

Equation 3 

 

where: 

Total Natural Gas Required (1,000 cuft/yr) = Natural gas required to heat the anaerobic 

digester 

Heat Required (BTU/hr) = Heat required to heat the anaerobic digester 

Boiler Efficiency (%) = 80% 

Heat Exchanger Efficiency (%) = 90% 

Hours per Year Conversion (hr/yr) = 8,760 hr/yr 

Natural Gas Heating Value (BTU/cuft) = 1,000 BTU/cuft 

Unit Conversion (1,000 cuft/cuft) = 1,000 cuft (with 1,000 cuft as the unit)/ 1,000 cuft 

(with cuft as the unit) 
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3.3 LCCA 

LCCA enables a total cost comparison of the nine wastewater treatment configurations 

including all of the relevant costs that occur throughout the life of the treatment alternatives. The 

total plant costs are presented in two ways: 1) total capital costs along with total annual costs 

(see Section 3.3.1) and 2) net present value (see Section 3.3.2). The net present value is a method 

to combine one-time capital costs and periodic (annual) operating and maintenance costs into 

one value for direct comparison of costs for alternative wastewater treatment configurations. 

3.3.1 Total Capital and Total Annual 

The total capital costs include the purchased equipment, direct costs, and indirect costs. 

The purchased equipment includes the cost to purchase the equipment and freight to get the 

equipment to the WWTP site. The direct costs are costs incurred as a direct result of installing 

the WWTP. For this study, the direct costs include mobilization, site preparation, site electrical, 

yard piping, instrumentation and control, and lab and administration building. The indirect costs 

are non-direct costs incurred as a result of installing the WWTP. For this study, the indirect costs 

include land, miscellaneous items, legal costs, engineering design fee, inspection costs, 

contingency, technical, interest during construction, and profit. The total capital costs are 

calculated using Equation 4 for each wastewater treatment configuration. 

 Total Capital Costs = Purchased Equipment Costs + Direct Costs  

 + Indirect Costs   

Equation 4 

 

where: 

Total Capital Cost (2014 $) = Total capital costs 

Purchased Equipment Costs (2014 $) = Costs to purchase the equipment for the WWTP, 

including ancillary equipment and freight costs (see the following subsection for details) 

Direct Costs (2014 $) = Costs incurred as a direct result of installing the WWTP (see the 

following subsection for details) 

Indirect Costs (2014 $) = Costs for all non-direct costs incurred as a result of 

installing the WWTP (see the following subsection for details) 

 

The total annual costs (often referred to as O&M) include the operation and maintenance 

labor, materials, chemicals, and energy. CAPDETWorks™ includes the periodic replacement of 

equipment parts (e.g., membranes, filter media, pumps) in the materials’ annual costs. ERG used 

the same methodology for the membrane replacement costs for ultrafiltration and RO, which are 

detailed in Sections 3.2.3.4 and 3.2.3.6. ERG calculated total annual costs using Equation 5. 

 Total Annual Costs = Operation Costs + Maintenance Costs + Materials Costs  

 + Chemical Costs + Energy Costs   
Equation 5 
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where: 

Total Annual Costs (2014 $/year) = Total annual operation and maintenance costs 

Operation Costs (2014 $/year) = Labor costs for manual labor required to operate the 

WWTP for a year, including operation, administrative, and laboratory labor 

Maintenance Costs (2014 $/year) = Labor costs for manual labor required to maintain the 

WWTP for a year 

Materials Costs (2014 $/year) = Materials costs for operation and maintenance of the 

WWTP for a year, including replacement equipment 

Chemical Costs (2014 $/year) = Chemical costs for chemicals required for WWTP 

operation (e.g., alum, polymer) for a year 

Energy Costs (2014 $/year) = Electricity costs to run the WWTP for a year 

 

CAPDETWorks™ calculates the operation and maintenance costs based on labor 

required and average salary for each job description: administrative, operation, maintenance, and 

laboratory. The administrative and laboratory labor hours are based on the WWTP flow rate, 

while the operation and maintenance hours are calculated for each process based on factors like 

the flow rate, number of units in each process, wastewater characteristics (e.g., total dissolved 

solids), and process design factors (e.g., required air rate). CAPDETWorks™ calculates the 

materials costs for operation and maintenance for each unit process based on factors like flow 

rate, unit capacity, and total construction cost. CAPDETWorks™ calculates the chemical costs 

based on the specific unit processes and the dosage rate. CAPDETWorks™ calculates the energy 

costs using the energy consumption requirements for the unit processes and $0.10/kWh. As of 

May 2014, the average price of electricity for all sectors was $0.1023/kWh as published by the 

U.S. Energy Information Administration (US EIA, 2015). As a result, ERG used the 

CAPDETWorks™ default electricity price, which is reflective of 2014 to match the 2014-dollar 

basis discussed in Section 3.2.1.  

ERG used the CAPDETWorks™ total annual costs for unit processes in 

CAPDETWorksTM. For unit processes not in CAPDETWorksTM, ERG calculated total annual 

costs including the same components as CAPDETWorksTM, as applicable for the specific unit 

process. 

Purchased Equipment Costs 

ERG costed the purchased equipment primarily using CAPDETWorksTM, as described in 

Section 3.2.2 above. However, certain unit processes comprising the system configurations are 

not available in CAPDETWorksTM. For these unit processes, ERG developed costs outside of 

CAPDETWorks™ and then incorporated these cost elements into the CAPDETWorks™ outputs 

to calculate the total purchased equipment costs for each wastewater treatment configuration, as 

presented in Equation 6. 

 Purchased Equipment Costs = ∑ Unit Process Equipment Costs  

Equation 6 
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where: 

Purchased Equipment Costs (2014 $) = Costs to purchase the equipment for the WWTP, 

including ancillary equipment and freight costs 

Unit Process Equipment Costs (2014 $) = Costs to purchase the equipment for each unit 

process at the WWTP, including costs from CAPDETWorks™ and developed outside of 

CAPDETWorks™ (see Section 3.2.2 for details) 

 

Direct Costs 

CAPDETWorks™ includes direct costs for mobilization, site preparation, site electrical, 

yard piping, instrumentation and control, and lab and administration building. These direct costs 

account for the portions of the wastewater treatment configuration that are not directly associated 

with a unit process. CAPDETWorks™ calculates direct costs proportional to the WWTP flow 

based on cost curves generated from EPA’s Construction Costs for Municipal Wastewater 

Treatment Plants: 1973-1978 (U.S. EPA, 1980). Using this approach would not account for 

differences in the direct costs due to the increasing complexity of the nine wastewater treatment 

configurations. The CAPDETWorks™ approach is also inconsistent with standard engineering 

costing that calculates direct costs as a percentage of purchased equipment costs (Peters and 

Timmerhaus, 1991; Falk et al., 2011). As a result, ERG used the CAPDETWorks™ results from 

the Level 1 wastewater treatment configuration with the CAPDETWorksTM default unit process 

inputs to calculate direct cost factors for each direct cost element as a percentage of total 

purchased equipment cost as presented in Equation 7. Because CAPDETWorks™ calculates the 

same direct costs for all nine wastewater treatment configurations, calculating the direct cost 

factors using the lowest purchased equipment costs of the nine wastewater treatment 

configurations (i.e., Level 1), will result in the highest direct costs factors. ERG confirmed the 

calculated direct cost factors were reasonable based on other engineering sources (Falk et al., 

2010). 

 Direct Cost Factor = 
Level 1 Direct Cost

Level 1 Purchased Equipment Cost
  

Equation 7 

 

where: 

Direct Cost Factor (%) = Direct cost factor for each direct cost element, see Table 1 

below 

Level 1 Purchased Equipment Cost (2014 $) = $19,600,000 (see Appendix E.8) 

Level 1 Direct Cost (2014 $) = see Table 3-2 below 

 

Table 3-2. Direct Cost Factors 

Direct Cost Elements Level 1 Direct Costs (2014 $) Direct Cost Factor (%) 

Mobilization $818,000 4% 

Site Preparation $1,090,000 6% 

Site Electrical $2,360,000 12% 
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Table 3-2. Direct Cost Factors 

Direct Cost Elements Level 1 Direct Costs (2014 $) Direct Cost Factor (%) 

Yard Piping $1,550,000 8% 

Instrumentation and Control $1,240,000 6% 

Lab and Administration Building $1,930,000 10% 

Source: Appendix E.8. 

 

ERG applied the direct cost factors from Table 3-2 to the total purchased equipment cost 

for each of the nine wastewater treatment configurations using Equation 8 to calculate the direct 

costs for each direct cost element. 

 Direct Cost = Direct Cost Factor ×  Purchased Equipment Cost  

Equation 8 

 

where: 

Direct Cost (2014 $) = Direct cost for each direct cost element 

Direct Cost Factor (%) = Direct cost factor for each direct cost element, see Table 3-2 

Purchased Equipment Cost (2014 $) = Total purchased equipment cost for each 

wastewater treatment configuration (see Equation 6) 

 

Indirect Costs 

CAPDETWorks™ includes indirect costs for land, miscellaneous items, legal costs, 

engineering design fee, inspection costs, contingency, technical, interest during construction, and 

profit. ERG used Equation 9 to calculate the total indirect costs. 

 Indirect Costs = Land Cost + Remaining Indirect Costs  

 + Interest During Construction  

Equation 9 

 

where: 

Indirect Costs (2014 $) = Costs for all non-direct costs incurred as a result of installing 

the WWTP 

Land Cost (2014 $) = Total cost for the land required for the WWTP, see Equation 10 

below 

Remaining Indirect Costs (2014 $) = Indirect costs associated with miscellaneous costs, 

legal costs, engineering design fee, inspection costs, contingency, technical, and profit, 

see Equation 11 below 

Interest During Construction (2014 $) = Interest paid during construction, see Equation 

12 below 
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ERG used CAPDETWorks™ land costs, which are calculated using Equation 10. 

 Land Cost = Treatment Area × Land Unit Cost  

Equation 10 

 

where: 

Land Cost (2014 $) = Total cost for the land required for the WWTP 

Treatment Area (acres) = Required treatment area for the WWTP based on the unit 

processes costed from CAPDETWorksTM6 

Land Unit Cost (2014 $/acre) = $20,000/acre, the CAPDETWorks™ default land unit 

cost, (Hydromantis, 2014) 

 

For the remaining indirect costs ERG used contingency cost percentage based on cost 

estimate recommended practices (ACCEI, 2016) and CAPDETWorksTM’ indirect cost 

percentages (Table 3-3) to calculate indirect costs as a percentage of purchased equipment cost 

and direct construction costs for each wastewater treatment configuration as presented in 

Equation 11. 

 Remaining Indirect Costs = Indirect Cost Factor  

 × (Purchased Equipment Cost + Direct Cost)  

Equation 11 

 

where: 

Remaining Indirect Cost (2014 $) = Indirect costs associated with miscellaneous costs, 

legal costs, engineering design fee, inspection costs, contingency, technical, and profit 

Indirect Cost Factor (%) = Indirect cost factor for each indirect cost element, see Table 

3-3 

Purchased Equipment Cost = Total purchased equipment cost (see Equation 6) 

Direct Cost (2014 $) = Total direct costs (see Equation 8) 

 

Table 3-3. Indirect Cost Factors 

Indirect Cost Elements Indirect Cost Factor (%) 

Miscellaneous Costs 5% 

Legal Costs 2% 

Engineering Design Fee 15% 

 
6 All unit processes in the wastewater treatment configurations for Levels 1 through 4 are included in 

CAPDETWorksTM land area calculations. For the Level 5 wastewater treatment configurations, ERG determined 

that the land requirements for the non-CAPDETWorksTM unit processes (i.e., Level 5-1: ultrafiltration, reverse 

osmosis, and deep injection well; Level 5-2: reverse osmosis and deep injection well) was minimal and would fit 

within the CAPDETWorksTM land area. 
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Table 3-3. Indirect Cost Factors 

Indirect Cost Elements Indirect Cost Factor (%) 

Inspection Costs 2% 

Contingency 20% 

Technical 2% 

Profit 15% 

Source: Hydromantis, 2014; AACEI, 2016. 

 

 

For the interest during construction, ERG used Equation 12. 

Interest During Construction = (Purchased Equipment Cost + Direct Costs + Select Indirect Costs)  

 × Construction Period × 
Interest Rate During Construction

2
   

Equation 12 

 

where: 

Interest During Construction (2014 $) = Interest paid during construction 

Purchased Equipment Cost (2014 $) = Total purchased equipment cost for each 

wastewater treatment configuration (see Equation 6) 

Direct Costs (2014 $) = Total direct costs (see Equation 8) 

Select Indirect Costs (2014 $) = Indirect costs, including miscellaneous items, legal costs, 

engineering design fee, inspection costs, contingency, and technical 

Construction Period (years) = 3 years based on CAPDETWorks™ default construction 

period (Hydromantis, 2014) 

Interest Rate During Construction (%) = Interest rate during construction 

 

ERG used 3% and 5% interest rates during construction, which are the same values ERG 

used for the discount rates discussed in Section 3.3.2. The 3% interest rate represents a 

conservative interest rate for a State Revolving Fund (SRF) loan as the SRF average loan rate 

was 1.7% in April 2016 (U.S. EPA, 2016a). The 5% interest rate represents a worse-case 

scenario reflective of rates that WWTPs in poor financial shape, but still able to borrow, would 

be able to obtain. 

3.3.2 Net Present Value 

ERG calculated the net present value using Equation 13. This equation assumes that the 

only value remaining in the WWTP at the end of the planning period is in the land, which 

increases in value by 3% over the planning period using CAPDETWorksTM’ approach. 

 NPV = 
(1+i)

PP
-1)

i × (1+i)
PP × (Amortized Construction Cost + Total O&M Cost)  
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+ Land × (1 - (1.03PP) × 
1

(1 + i)PP
) 

Equation 13 

 

where: 

NPV (2014 $) = Net present value of all costs necessary to construct and operate the 

WWTP 

Amortized Construction Cost (2014 $/yr) = Total construction costs amortized over the 

WWTP planning period, see Equation 14 below 

Total O&M Costs (2014 $/yr) = Total annual operation and maintenance costs, see the 

previous subsection 

Land (2014 $) = Land costs from CAPDETWorks™ models for each wastewater 

treatment configuration 

i (%) = Real discount rate 

PP (years) = WWTP planning period 

1.03 = Factor to account for a 3% increase in land value over the WWTP planning period 

 

ERG used 3% and 5% real discount rates, which are the same values ERG used to 

calculate the interest during construction. See the indirect costs subsection within Section 3.3.1 

for a discussion on the basis for the selected interest rates. The real discount rate approximates 

the marginal pretax rate of return on an average investment in the private sector in recent years 

and has been adjusted to eliminate the effect of expected inflation. As a result, ERG did not 

adjust the construction or O&M costs for inflation. ERG used 20 years as the WWTP planning 

period. 

ERG calculated amortized construction costs using Equation 14. 

 Amortized Construction Cost = -12 × PMT (
i

12
, PP, Total Capital Cost, 0, 0)  

Equation 14 

 

where: 

Amortized Construction Cost (2014 $) = Total construction costs amortized over the 

WWTP planning period 

PMT = Excel® function that calculates the stream of equal periodic payments that has the 

same present value as the actual stream of unequal payments over the project life at a 

constant interest rate (for example, a mortgage converts the one-time cost of a house to a 

stream of constant monthly payments) 

i (%) = 3% and 5% discount rates 

PP (years) = WWTP planning period (20 years) 

Total Capital Cost (2014 $) = Total capital costs, see Equation 4 
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3.4 Data Quality 

In accordance with the project’s Quality Assurance Project Plan (QAPP) entitled Quality 

Assurance Project Plan for Life Cycle and Cost Assessments of Nutrient Removal Technologies 

in Wastewater Treatment Plants approved by EPA on March 25, 2015 (ERG, 2015c), ERG 

collected existing data7 to develop cost estimates for the nine wastewater treatment 

configurations in this study. As discussed in Section 3.1, the cost estimate data sources include 

CAPDETWorks™ Version 3.0 (Hydromantis, 2014), EPA reports, peer-reviewed literature, 

publicly available equipment costs from and communication with technology vendors, and 

industry-accepted construction cost data and indices. ERG evaluated the collected information 

for completeness, accuracy, and reasonableness. In addition, ERG considered publication date, 

accuracy/reliability, and costs completeness when reviewing data quality. Finally, ERG 

performed conceptual, developmental, and final product internal technical reviews of the costing 

methodology and calculations for this study. 

Table 3-4 presents the data quality criteria ERG used when evaluating collected cost data. 

ERG documented the data quality for each data source for each criterion in a spreadsheet for 

EPA’s use in determining whether the cost data are acceptable for use. All of the references used 

to develop the costs met all of the data quality criteria with the exceptions of EPA’s Wastewater 

Technology Fact Sheet – Dechlorination (U.S. EPA. 2000), EPA’s Biosolids Technology Fact 

Sheet – Gravity Thickening (U.S. EPA, 2003a), and EPA’s Wastewater Technology Fact Sheet – 

Screening and Grit Removal (U.S. EPA, 2003b). These references did not meet the criteria for 

currency (up to date). ERG used the Wastewater Technology Fact Sheet – Dechlorination to 

develop the contact time required to dechlorinate the residual chlorine. Although this EPA report 

is not current, the contact time for dechlorination has not changed since the fact sheet was 

published. ERG used the Biosolids Technology Fact Sheet – Gravity Thickening to revise the 

gravity thickener default CAPDETWorksTM values for depth and standard cost for a 90 ft 

diameter thickener. ERG used the Wastewater Technology Fact Sheet – Screening and Grit 

Removal to revise the CAPDETWorksTM purchased equipment cost for the preliminary 

treatment unit process (i.e., screening and grit removal). Although these EPA reports are not 

current, ERG revised the default values based on feedback from Falk et al. (2017) that the 

CAPDETWorksTM default values, designed in the 1970s, were no longer appropriate.  

Table 3-4. Cost Data Quality Criteria 

Quality Criterion: Cost Data Description/Definition 

Current (up to date) 
Report the time period of the data. Year of publication (or presentation, if a 

paper presented at a conference) is 2005 or after. 

Complete Identify if all units are reported. Identify the cost per year basis reported. a 

Representative 
Report if the costs are for unit processes used in the selected nutrient 

wastewater treatment configurations. 

 
7 Existing data means information and measurements that were originally produced for one purpose that are 

recompiled or reassessed for a different purpose. Existing data are also called secondary data. Sources of existing 

data may include published reports, journal articles, LCI and government databases, and industry publications. 
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Table 3-4. Cost Data Quality Criteria 

Quality Criterion: Cost Data Description/Definition 

Accurate/Reliable 

Document the source of the data. Were the data (1) obtained from well-known 

technical references for engineering design and cost information, as well as for 

general cost factors (e.g., engineering, permitting, scheduling), or (2) from 

selected vendors that are the leaders within their areas of expertise determined 

based on the use of their technologies at municipal facilities that have well 

designed and operated wastewater treatment systems? 

a – See Section 3.2.1 for the calculation ERG used to convert all costs to a standard year basis using RSMeans 

Construction Cost Index (RSMeans, 2017). 

 

ERG developed the CAPDETWorks™ input files containing all the necessary 

information and data required for the tool to execute the wastewater treatment designs and 

engineering costing. All CAPDETWorks™ input files were reviewed by a team member 

knowledgeable of the project, but who did not develop the input files. The reviewer ensured the 

accuracy of the data transcribed into the input files, the technical soundness of methods and 

approaches used (i.e., included all of the cost components and LCA inputs) and the accuracy of 

the calculations (i.e., used the methodology in Section 3.3 to calculate the costs).   

ERG developed the supplemental cost estimates for ultrafiltration, reverse osmosis, and 

deep well injection in an Excel® Workbook. A team member knowledgeable of the project, but 

who did not develop the Excel® workbook, reviewed the workbook to ensure the accuracy of the 

data transcribed into the workbook, the technical soundness of methods and approaches used, 

and the accuracy of calculations. 
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4. LCA METHODOLOGY 

This chapter covers the data collection process, data sources, assumptions, methodology 

and parameters used to construct the LCI model for this study. Following the LCI discussion, 

details on the impact assessment are provided. 

4.1 Life Cycle Inventory Structure 

LCI data are the foundation of any LCA study. Every element included in the analysis is 

modeled as its own LCI unit process entry (see Appendix G for an example). It is the connection 

of LCI unit process data that constitutes the LCA model. A simplified depiction of a subset of 

this structure for this study is shown in Figure 4-1. The overall system boundaries were 

previously presented in Figure 1-1, and include all unit processes associated with plant 

operations and disposal of sludge, not just those processes associated with nutrient removal. It is 

not possible to display this type of figure for the entire LCA model, as each LCA model includes 

thousands of connected unit process inputs and outputs. Each box in the figure represents an LCI 

unit process. The full system is a set of nested LCIs where the primary process outputs, in red, of 

one process serve as inputs, in blue, to another process. Within each nested level, there can be 

flows both to and from the environment. Flows from the environment are written in black in 

Figure 4-1 and are represented by the thin black arrows crossing the system boundary from 

nature. Emissions to the environment are listed in green, and it is these flows that are tabulated in 

the calculation of environmental impacts. Intermediate inputs are shown in blue text. 

Intermediate inputs are those that originate from an extraction or manufacturing process within 

the supply-chain. 

The distinction between the foreground and background systems is not a critical one. The 

foreground system tends to be defined as those LCIs that are the focus of the study. In this case, 

that is the WWTP itself. Foreground information was drawn directly from the CAPDETWorks™ 

Version 3.0 modeling software or calculated separately for input and output flows not captured 

by the software. Background LCI information is comprised of extractive and manufacturing 

processes that create material and energy inputs required by the wastewater treatment systems. 

Background data are drawn from a version of the U.S. LCI as well as ecoinvent databases that 

have been harmonized and modified by EPA’s Office of Research and Development (ORD) 

(LCA Research Center, 2015). Details on the data sources for the background databases used is 

provided in Section 4.2 and detailed data sources and input and output flow values for the 

foreground unit processes are provided in Section 4.3. 
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Figure 4-1. Subset of LCA Model Structure with Example Unit Process Inputs and Outputs

Background System Primary Treatment Foreground System

Inputs

     Influent (m3)

Coal Power      Grid Electricity (kWh)

Inputs Outputs:

     Processed Coal (kg)      Primary effluent (m3)

     Transport (tkm)

     Grid Electricity (kWh)

Outputs: Electricity Mix Biological Treatment

     Coal electricity (kWh) Inputs Inputs

     CO2 to air (kg)      Coal electricity (kWh)      Primary effluent (m3)

     SOx to air (kg)      Gas electricity (kWh)      Grid Electricity (kWh)

     Nuclear electricity (kWh)      Cement (m3)

     Hydro electricity (kWh)      Steel (kg)

     Line Losses (kWh)      Earthwork (m3)

     Potable Water (m3)

Outputs: Outputs:

     Grid electricity (kWh)      Secondary effluent (m3)

     CO2 to air (kg)      CH4 to air (kg)

     PM2.5 to air (kg)      N2O to air (kg)

Coal Extraction

Inputs

     Raw Coal (kg) Post-Biological Treatment 

     Grid Electricity (kWh) Inputs

     Diesel (L)      Secondary effluent (m3)

Outputs:      Grid Electricity (kWh) Receiving Stream

     Processed coal (kg) Outputs: Inputs

     PM2.5 to air (kg)      Effluent (m3)      Treated H2O (m3)

Outputs:

     N2O to air (kg)

     NH3 to water (kg)

Notes:

Blue text Intermediate inputs Background system Each individual box represents an example unit process.

Green text Emissions to environment Foreground system Inputs and outputs as well us unit processes listed are provided

Red text Primary process output Flow between unit processes  as an example, and are not considered exhaustive.

Orange text Raw inputs from nature Flow to or from nature

Nature

Nature

KEY

Raw Wastewater and 
Intermediate  Inputs Treated Wastewater
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4.2 LCI Background Data Sources 

The supply chains of inputs to the wastewater treatment processes are represented where 

possible using the EPA ORD LCA database (U.S. EPA, 2015f), which is a modified combination 

of the National Renewable Energy Laboratory’s U.S. Life Cycle Inventory database (U.S. LCI) 

and ecoinvent Version 2.2 (NREL, 2015; Ecoinvent Centre, 2010b). The U.S. LCI is a publicly 

available life cycle inventory database widely used by LCA practitioners. Ecoinvent is also a 

widely used global LCI database available by paid subscription. Both allow the user access to 

inputs to and outputs from each unit process. Ecoinvent Version 3.2 is used to fill any gaps 

where data do not exist in the EPA ORD LCA database, U.S. LCI or ecoinvent Version 2.2 

(Ecoinvent Centre, 2015). The list of background unit processes and their associated database 

source used in the LCA model is presented in Table 4-1. 

Table 4-1. Background Unit Process Data Sources 

Background Input Original Unit Process Name LCI Database 

Electricity Electricity, at industrial user EPA ORD LCA Database 

Natural Gas 
Natural gas, combusted in industrial 

equipment 

U.S. LCI 

Chlorine Gas 
chlorine, gaseous, diaphragm cell, at 

plant 

ecoinvent v2.2 

Polymer polyacrylamide ecoinvent v3.2 

Sodium Bisulfite (40%) 
Sodium hydrogen Sulfite, 40% in 

solution 

ecoinvent v3.2 

Sodium Bisulfite (12.5%) 
Sodium hydrogen Sulfite, 12.5% in 

solution 

ecoinvent v3.2 

Truck Transport 

Truck transport, class 8, heavy 

heavy-duty (HHD), diesel, short-

haul, load factor 0.5 

ecoinvent v2.2 

Al Sulfate 
Aluminium sulphate, powder, at 

plant 

ecoinvent v2.2 

Calcium Carbonate 
Lime, from carbonation, at regional 

storehouse 

ecoinvent v2.2 

Methanol Methanol, at plant ecoinvent v2.2 

Antiscalant 

Polycarboxylates, 40% active 

substance | polycarboxylates 

production, 40% active substance 

ecoinvent v3.2 

Citric Acid Citric acid | citric acid production ecoinvent v3.2 

Sodium Hypochlorite 
Sodium hypochlorite, 15% in H2O, 

at plant 

ecoinvent v2.2 

Sulfuric Acid 

Sulphuric acid, liquid, at plant_50% 

in solution 

ecoinvent v2.2 

Sodium Hydroxide 

Sodium hydroxide, 50% in H2O, 

production mix, at plant 

ecoinvent v2.2 

Earthwork Excavation, hydraulic digger ecoinvent v2.2 

Concrete 

Ready mixed concrete, 20 MPa, at 

plant 

EPA ORD LCA Database 
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Table 4-1. Background Unit Process Data Sources 

Background Input Original Unit Process Name LCI Database 

Building Building, hall, steel construction ecoinvent v2.2 

Steel Steel, low-alloyed, at plant ecoinvent v2.2 

Gravel Gravel, crushed, at mine ecoinvent v2.2 

Anthracite Anthracite, sand filter media ecoinvent v2.2 

Sand Silica sand, at plant ecoinvent v2.2 

 

Electricity is a key background unit process for all the wastewater treatment 

configurations investigated. Table 4-2 displays the U.S. average electrical grid mix applied in the 

LCA model. This grid mix represents the weighted average of all U.S. grid regions, and as such 

is not representative of the grid mix in any specific location. For electricity at an industrial user, 

there is assumed to be a 21% increase in required electrical production attributable to losses 

during distribution and the energy industries own use. These data are based on the Emissions & 

Generation Resource Integrated Database (eGRID) information from 2009, which is currently 

applied in the EPA ORD LCA Database (LCA Research Center, 2015). 

Table 4-2. U.S. Average Electrical Grid Mix 

Fuel % 

Coal 44.8% 

Natural Gas 24.0% 

Nuclear 19.6% 

Hydro 6.18% 

Wind 2.29% 

Woody Biomass 1.36% 

Oil 1.02% 

Geothermal 0.37% 

Other Fossil 0.35% 

Solar 0.03% 

 

4.3 LCI Foreground Data Sources 

As discussed earlier, for this study, the foreground system is defined as the WWTP itself. 

For each of the nine wastewater treatment configurations evaluated, foreground information was 

drawn directly from the CAPDETWorks™ Version 3.0 modeling software or calculated 

separately for input and output flows not captured by the software. This section describes the unit 

process LCI calculations, the methods used to estimate wastewater treatment process air 

emissions, and a summary of the LCI foreground data used. The foreground LCI unit process 

data developed for this study for all levels are summarized in Appendix H in Table H-1 through 

Table H-10. Table H-11 displays the sludge quantity produced and sent to landfill for each of the 

nine wastewater treatment configurations. 
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4.3.1 Foreground Unit Processes Calculations 

Table 4-3 provides an overview of the foreground unit processes that make up each of the 

wastewater treatment configurations evaluated in this study. The quantity and quality of water 

inputs to and outputs from each unit process are tracked throughout the wastewater treatment 

configurations. Energy, chemical, and material inputs (e.g., background unit processes) to each 

of the unit processes are tracked in terms of energy, mass, or volume units. Also, rough estimates 

of the construction and maintenance requirements of the infrastructure for each unit process are 

tracked based on greenfield installations of the wastewater treatment configurations. In the case 

of infrastructure and capital equipment requirements, past analyses have shown the contribution 

of infrastructure to the overall results to be relatively insignificant (Emmerson et al., 1995). In 

general, these types of capital equipment are used to treat large volumes of wastewater over a 

useful life of many years. Thus, energy and emissions associated with the production of these 

facilities and equipment generally become negligible. Only major infrastructure elements such as 

concrete, earthwork, and buildings were, therefore, included in the study. Buildings were 

modeled using a general material inventory per square meter of floor area (Ecoinvent, 2010b).  

Releases to air and water as well as waste outputs are also tracked for each unit process. 

Releases to air and water are tracked together with information about the environmental 

compartment to which they are released to allow for appropriate characterization of their 

impacts. Waste streams are connected to supply chains associated with providing waste 

management services such as landfilling. 

Table 4-3. Foreground Unit Processes Included in Each Wastewater Treatment 

Configuration 

Unit Process 

Wastewater Treatment Configuration 

Level 

1, 

AS 

Level 

 2-1, 

A2O 

Level 

 2-2, 

AS3 

Level 

 3-1, 

B5 

Level 

 3-2, 

MUCT 

Level 

 4-1, 

B5/Denit 

Level 

 4-2, 

MBR 

Level 

 5-1, 

B5/RO 

Level 

 5-2, 

MBR/RO 

Preliminary Treatment – 

Screening 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Preliminary Treatment – 

Grit Removal 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Primary Clarification ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Plug Flow Activated 

Sludge 
✔  ✔       

Biological Nutrient 

Removal – 3-Stage 
 ✔        

Fermenter    ✔ ✔ ✔  ✔ ✔ 

Biological Nutrient 

Removal – 4-Stage 
    ✔  ✔   

Biological Nutrient 

Removal – 5-Stage 
   ✔  ✔  ✔ ✔ 

Chemical Phosphorus 

Removal 
   ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
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Table 4-3. Foreground Unit Processes Included in Each Wastewater Treatment 

Configuration 

Unit Process 

Wastewater Treatment Configuration 

Level 

1, 

AS 

Level 

 2-1, 

A2O 

Level 

 2-2, 

AS3 

Level 

 3-1, 

B5 

Level 

 3-2, 

MUCT 

Level 

 4-1, 

B5/Denit 

Level 

 4-2, 

MBR 

Level 

 5-1, 

B5/RO 

Level 

 5-2, 

MBR/RO 

Nitrification – Suspended 

Growth 
  ✔       

Denitrification – 

Suspended Growth 
  ✔       

Secondary Clarifier ✔ ✔ ✔ ✔ ✔ ✔  ✔  

Membrane Filter a, b       ✔  ✔ 

Tertiary Clarification   ✔ c       

Denitrification – Attached 

Growth 
     ✔  ✔  

Filtration – Sand Filter    ✔ ✔ ✔  ✔  

Chlorination ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Dechlorination ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Ultrafiltration a        ✔  

Reverse Osmosis a, d        ✔ ✔ 

WWTP Effluent Discharge ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Sludge – Gravity 

Thickening 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Sludge – Anaerobic 

Digestion 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Sludge – Centrifugation ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Sludge – Haul and Landfill ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Brine – Underground 

Inject 
       ✔ ✔ 

✔ Indicates unit process is relevant for select wastewater treatment configuration. 

a – Periodic chemical cleaning is included for all membranes. 

b – Membrane bioreactor wastewater treatment configurations use a membrane filter for the solid-liquid separation 

process instead of a traditional secondary clarifier. 

c – This configuration includes two instances of tertiary clarification. 

d – Includes chlorination and dechlorination pretreatment. 

 

Foreground information was drawn directly from the CAPDETWorks™ Version 3.0 

modeling software or calculated separately for input and output flows not captured by the 

software. Although CAPDETWorks™ is designed for cost estimation, the underlying models 

include a number of parameters which can be accessed and used to describe the physical 

processes involved at each stage in the wastewater treatment configurations, such as sludge 

generation or treatment chemical usage. An example of converting CAPDETWorks™ output to 
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LCI is provided in Appendix G. Where CAPDETWorks™ parameters are not available for 

populating relevant items in the unit processes underlying the LCA model, values are estimated 

based on the best available information identified through literature review. Values for GHG 

emissions from the wastewater treatment processes are not provided by CAPDETWorks™ and, 

therefore, are estimated independently (See Section 4.3.2 and Appendix F). Calculation of inputs 

and outputs for unit processes not covered in CAPDETWorks™ are also described separately in 

Appendix E: Sections E.2 through E.7) 

4.3.2 Process Air Emissions Estimation Methodologies 

For this study it is necessary to separately estimate process-based greenhouse gas (GHG) 

emissions for the nine wastewater treatment configurations. Emissions are already captured in 

the background existing unit processes for fuel production and combustion as well as material 

and chemical production (e.g., unit processes listed in Table 4-1). Estimates of process-based air 

emissions are made for methane (CH4) production from biological treatment, anaerobic 

digestion, landfill disposal of biosolids, and biogas flaring at the anaerobic digester. Estimates of 

nitrous oxide (N2O) emissions from biological treatment and receiving waters are also included 

in the analysis (IPCC, 2006). Separate methodologies have been developed based on the 

available literature for each of these sources of GHGs. Carbon dioxide (CO2) emissions from 

wastewater treatment processes are not included in the calculation of GHG emissions from 

wastewater treatment processes because they are of biogenic origin and are not included in 

national total emissions in accordance with IPCC Guidelines for national inventories (IPCC, 

2006). The methodology for calculating GHG emissions associated with wastewater treatment is 

generally based on guidance provided in the IPCC Guidelines for national inventories; however, 

more specific emission factors for both CH4 and N2O are used based on site-specific emissions 

data from representative systems. A detailed discussion of the process GHG emission values 

incorporated in the model is provided in Appendix F. Appendix F also provides the GHG 

emissions methodology developed for biogas flaring at the anaerobic digester (Table F-3) as well 

as the GHG emissions methodology associated with avoided electricity from landfill CH4 

recovery (Table F-7). 

4.4 LCI Limitations 

Some of the main limitations that readers should understand when interpreting the LCI 

data and findings are as follows: 

• Support Personnel Requirements: Support personnel requirements are included in 

the cost analysis but excluded from the LCA model. The energy and wastes 

associated with research and development, sales, and administrative personnel or 

related activities are not included, as energy requirements and related emissions are 

assumed to be quite small for support personnel activities. 

• Representativeness of Background Data: Background processes are representative 

of either U.S. average data (in the case of data from U.S. EPA ORD or U.S. LCI) or 

European or Global average (in the case of ecoinvent) data. In some cases, European 

ecoinvent processes were used to represent U.S. inputs to the model (e.g., for 

chemical inputs) due to lack of available representative U.S. processes for these 
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inputs. The background data, however, met the criteria listed in the project QAPP for 

completeness, representativeness, accuracy, and reliability. 

• Process GHG Estimates: There is uncertainty in estimating CH4 and N2O process 

emissions from biological treatment and in differentiating the various treatment levels 

due to the limited measurement data associated with the different wastewater 

treatment configurations evaluated. Based on current international guidance, many 

governments ignore CH4 GHG emissions in their national inventories from 

centralized aerated treatment plants because they are considered negligible when 

compared to other sources. The source of emission can be highly variable from 

facility to facility and is not associated with the type of treatment configuration. 

Facility-level process GHGs are also highly dependent on the specific operational 

characteristics of a system used at one plant versus another, including pH, 

temperature, and level of aeration. Minimum thresholds for determining differences 

in GHG results between the waste treatment configurations are discussed in Section 

4.6.15. 

• Full LCI Model Data Accuracy and Uncertainty: In a complex study with literally 

thousands of numeric entries, the accuracy of the data and how it affects conclusions 

is truly a difficult subject, and one that does not lend itself to standard error analysis 

techniques. The reader should keep in mind the uncertainty associated with LCI 

models (and the underlying CAPDETWorks™ model) when interpreting the results. 

Comparative conclusions should not be drawn based on small differences in impact 

results. For this study, minimum threshold guidelines to determine differences in 

impact results are provided by category in Section 4.6.15. 

• Temporal Considerations: The LCI model does not distinguish based on temporal 

correlations and treat short-term and long-term impacts similarly. between emissions 

or discharges that occur immediately and those that are long-term. For instance, long-

term emissions of COD in landfill leachate from sludge disposal is incorporated in the 

model. For the first 100 years, it is assumed the leachate is sent to a WWTP. 

However, after 100 years it is assumed the landfill ceases to operate and there are still 

some residual leachate emissions. 

• Transferability of Results: The LCI data presented here relate to a theoretical 

average U.S. WWTP with a greenfield installation and the conditions specified in 

Section 1.2. LCI results may vary substantially for case-specific operating conditions 

and facilities, and for retrofits of existing systems. 

4.5 LCA Modeling Procedure 

Development of an LCA requires significant input data, an LCA modeling platform, and 

impact assessment methods. This section provides a brief summary of the LCA modeling 

procedure. Each unit process in the life cycle inventory was constructed independently of all 

other unit processes. This allows objective review of individual data sets before their 

contribution to the overall life cycle results has been determined. Also, because these data are 

reviewed individually, EPA reviewed assumptions based on their relevance to the process rather 

than their effect on the overall outcome of the study. In most cases, individual unit processes 

were parameterized to dynamically represent multiple treatment levels and configurations. 
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The model was constructed in OpenLCA Version 1.4.2, an open-source LCA software 

package provided by GreenDelta (GreenDelta, 2015). This open-source format allowed seamless 

sharing of the LCA model between project team members. For all novel foreground unit 

processes developed under this work, individual unit process templates were completed into the 

United States Department of Agriculture (USDA) and U.S. EPA’s US Federal LCA Commons 

Life Cycle Inventory Unit Process Template (USDA and U.S. EPA, 2015). The OpenLCA model 

was reviewed to ensure that all inputs and outputs, quantities, units, and metadata correctly 

matched the unit process templates. Associated metadata for each unit process was recorded in 

the unit process templates along with the model values. This metadata includes detailed data 

quality indicators (DQI) for each flow within each unit process. 

Once all necessary data were input into the OpenLCA software and reviewed, system 

models were created for each treatment level configuration. The models were reviewed to ensure 

that each elementary flow (e.g., environmental emissions, consumption of natural resources, and 

energy demand) was characterized under each impact category for which a characterization 

factor was available. The draft final system models were also reviewed prior to calculating 

results to make certain all connections to upstream processes and weight factors were valid. 

LCIA results were then calculated by generating a contribution analysis for the selected 

treatment configuration product system based on the defined functional unit of treatment of one 

cubic meter of wastewater. The subsequent section discusses the detailed LCIA methods used to 

translate the LCI model in OpenLCA into the impact categories assessed in this study. 

4.6 Life Cycle Impact Assessment (LCIA) 

LCIA is defined in ISO 14044 section 3.4 as the “phase of life cycle assessment aimed at 

understanding and evaluating the magnitude and significance of the potential environmental 

impacts for a product system throughout the life cycle of the product (ISO, 2006b).” Within 

LCIA, the multitude of environmental LCI flows throughout the entire study boundaries (e.g., 

raw material extraction through chemical and energy production and through wastewater 

treatment and effluent release) are classified according to whether they contribute to each of the 

selected impact categories. Following classification, all of the relevant pollutants are normalized 

to a common reporting basis, using characterization factors that express the impact of each 

substance relative to a reference substance. One well known example is the reporting of all GHG 

emissions in CO2-eq. The LCI and LCIA steps together compromise the main components of a 

full LCA. 

ISO 14040 recommends that an LCA be as comprehensive as possible so that “potential 

trade-offs can be identified and assessed (ISO, 2006a).” Given this recommendation, this study 

applies a wide selection of impact categories that encompass both environmental and human 

health indicators. The selected LCIA categories address impacts at global, regional, and local 

scales. 

This study considers 12 impact categories in assessing the environmental burdens of the 

nine wastewater treatment configurations. The majority of impact categories address air and 

water environmental impacts, while three of the selected impact categories are human health 

impact indicators. There are two main methods used to develop LCIA characterization factors: 

midpoint and endpoint. The impact categories selected for this study are all midpoint indicators. 
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Midpoint indicators are directly associated with a specific environmental or human health 

pathway. Specifically, midpoint indicators lie at the point along the impact pathway where the 

various environmental flows that contribute to these issues can be expressed in a common unit 

(e.g., CO2-eq). Units such as CO2 equivalents express a relevant environmental unit, in this case 

radiative forcing (W-yr/m2/kg), in the context of a reference substance. This is mentioned to 

reinforce the fact that there are physical mechanisms underlying all of the impact assessment 

methods put forward. Endpoint indicators build off of these midpoint units and translate them 

into impacts more closely related to the final damage caused by the substance, which include: (1) 

human health, (2) man-made environment, (3) natural environment, and (4) natural resources 

(Udo de Haes et al., 1999). It is commonly believed that endpoint indicators are easier for many 

audiences to understand, but suffer due to the fact that they significantly increase the level of 

uncertainty associated with the results because the translation to final damage are typically less 

understood and lack data. To reduce uncertainty of the results, this work generally focuses on 

indicators at the midpoint level. 

The LCIA method provided by the Tool for the Reduction and Assessment of Chemical 

and Environmental Impacts (TRACI), version 2.1, developed by the U.S. EPA specifically to 

model environmental and human health impacts in the U.S., is the primary LCIA method applied 

in this study (Bare, 2012). Additionally, the ReCiPe LCIA method is recommended to 

characterize fossil fuel depletion and water use (Goedkoop et al., 2009). Energy is tracked based 

on point of extraction using the cumulative energy demand method developed by ecoinvent 

(Ecoinvent Centre, 2010a). 

Summaries of each of the 12 impact categories evaluated as part of this study are 

provided in the subsequent sections. Each summary includes a table of the main substances 

considered in the impact category, associated substance characterization factor, and the 

compartment (e.g., air, water, soil) the substance is released to or extracted from (in the case of 

raw materials). These tables highlight key substances but should not be considered 

comprehensive. 

4.6.1 Eutrophication Potential 

Eutrophication occurs when excess nutrients (e.g., nitrogen or phosphorus) are introduced 

to surface and coastal water causing the rapid growth of aquatic plants. This growth (generally 

referred to as an “algal bloom”) reduces the amount of dissolved oxygen in the water, thus 

decreasing oxygen available for other aquatic species. Eutrophication midpoint indicators, 

applied in this study, can lead to a number of negative endpoint effects on human and ecosystem 

health. Oxygen depletion or changing nutrient availability can affect species composition and 

ecosystem function. Additionally, the proliferation of certain algal species can result in toxic 

releases that directly impact human health (Henderson, 2015). 

Table 4-4 provides a list of common substances that contribute to eutrophication along 

with their associated characterization factors. As indicated in the table, air emissions can also 

contribute to eutrophication through the atmospheric deposition of nitrogen compounds. The 

TRACI 2.1 eutrophication method considers emissions to both fresh and coastal waters. TRACI 

2.1 characterization factors for eutrophication are the product of a nutrient factor and a transport 

factor (Bare et al., 2003). The nutrient factor is based on the amount of algae growth caused by 
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each pollutant. The relative eutrophying effect of a nitrogen or phosphorus species is determined 

by its stoichiometric relationship to the Redfield ratio (Norris, 2003). The Redfield ratio is the 

average C:N:P ratio of phytoplankton, and describes the necessary building blocks to facilitate 

algal growth and reproduction (Redfield, 1934). The transport factor accounts for the likelihood 

that the pollutant will reach a body of water based on the average hydrology considerations for 

the U.S. The transport factor is used to account for the fact that a nutrient reaching a body of 

water where it is not limiting will not contribute to eutrophication. Both air and water emissions 

have the potential to contribute to eutrophication; however, the fraction of air emissions which 

make their way into bodies of water is often lower, which is reflected in a smaller transport 

factor, and the correspondingly lower characterization factors of nitrogen oxide air emissions in 

Table 4-4. 

Both BOD and COD are also shown in Table 4-4 as contributing to eutrophication 

impacts. Although the mechanism of oxygen consumption differs from that associated with 

nutrient emissions of nitrogen and phosphorus, the result remains the same. Only COD (and not 

BOD) values are characterized in this study to avoid double-counting (Norris, 2003). 

In this study, U.S. average characterization factors are used, which are created as a 

composite of all water basins in the U.S. For a discussion of the procedure used to produce 

composite U.S. characterization factors, see Norris (2003). Using these factors, the results 

account for regional variation in nutrient and transport factors, although that regional variability 

is not presented in a disaggregated form. This is appropriate for the scope of this study as our 

aim is to estimate average U.S. impacts of wastewater treatment. However, it must be recognized 

that context specific features of an individual WWTP could serve to ameliorate or increase site-

specific impacts. In addition, waterbody-specific nutrient limitations and local transport 

characteristics tend to be the most decisive factors in determining regional differences in 

eutrophication impacts (Henderson, 2015).  

Table 4-4. Main Pollutants Contributing to Eutrophication Potential Impacts 

(kg N eq/ kg Pollutant) 

Pollutant Chemical Formula Compartment Characterization Factor 

BOD5, Biological Oxygen Demand N/A Water 0.05 

COD, Chemical Oxygen Demand N/A Water 0.05 

Ammonia NH3 Water 0.78 

Nitrate NO3- Water 0.24 

Nitrogen dioxide NO2 Air 0.04 

Nitrogen monoxide NO Air 0.04 

Nitrogen oxides NOx Air 0.04 

Nitrogen, organic bound N/A Water 0.99 

Phosphate PO4
3− Water 2.4 

Phosphorus a P Water 7.3 

Selected Method— TRACI 2.1 

a – Represents phosphorus content of unspecified phosphorus pollutants (e.g., “total phosphorus” in effluent 

composition).  
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4.6.2 Cumulative Energy Demand 

The cumulative energy requirements for a system can be categorized by the fuels from 

which energy is derived. This method is not an impact assessment, but rather is a cumulative 

inventory of all energy extracted and utilized. Energy sources consist of non-renewable fuels 

(natural gas, petroleum, nuclear and coal) and renewable fuels. Renewable fuels include 

hydroelectric energy, wind energy, energy from biomass, and other non-fossil sources. 

Cumulative energy demand (CED) includes both renewable and non-renewable sources as well 

as the embodied energy in biomass and petroleum feedstocks. CED is measured in MJ/kg. 

Energy is tracked based on the higher heating value (HHV) of the fuel at the point of extraction. 

Table 4-5 includes a few examples of fuels that contribute to CED in this project and their 

associated characterization factors. 

Table 4-5. Main Energy Resources Contributing to Cumulative Energy Demand 

Energy Resource Compartment Units 

Characterization 

Factor 

Energy, gross calorific value, in biomass Resource (biotic) MJ/kg 1.0 

Coal, hard, unspecified, in ground Resource (in ground) MJ/kg 19 

Gas, natural, in ground Resource (in ground) MJ/kg 47 

Oil, crude, in ground Resource (in ground) MJ/kg 46 

Selected Method— Ecoinvent 

4.6.3 Global Warming Potential 

Global warming refers to an increase in the earth’s temperature in relation to long-

running averages. In accordance with IPCC recommendations, TRACI’s GWP calculations are 

based on a 100-year time frame and represent the heat-trapping capacity of the gases relative to 

an equal weight of carbon dioxide. Relative heat-trapping capacity is a function of a molecule’s 

radiative forcing value as well as its atmospheric lifetime. Table 4-6 provides a list of the most 

common GHGs along with their corresponding GWPs, or CO2 equivalency factors, used in 

TRACI 2.1. Contributing elementary flows can be characterized using GWPs reported by the 

IPCC in either 2007 (Fourth Assessment Report) or in 2013 (Fifth Assessment Report) (IPCC, 

2007; IPCC, 2013). While the 2013 GWPs are the most up-to-date, the 2007 GWPs have been 

officially adopted by the United Nations Framework Convention on Climate Change (UNFCCC) 

for international greenhouse gas reporting standards and are used by EPA in their annual 

greenhouse gas emissions report. The baseline results in this study apply the 2007 GWPs, but 

results with the 2013 GWPs are provided in a sensitivity analysis in Chapter 9. 

Table 4-6. Main GHG Emissions Contributing to Global Warming Potential Impacts 

(kg CO2 eq/kg GHG) 

GHG 

Chemical 

Formula Compartment GWP (IPCC 2007) GWP (IPCC 2013) 

Carbon dioxide CO2 Air 1.0 1.0 

Nitrous oxide N2O Air 3.0E+2 2.7E+2 
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Table 4-6. Main GHG Emissions Contributing to Global Warming Potential Impacts 

(kg CO2 eq/kg GHG) 

GHG 

Chemical 

Formula Compartment GWP (IPCC 2007) GWP (IPCC 2013) 

Methane CH4 Air 25 28 

Sulfur 

hexafluoride 
SF6 Air 

2.3E+4 2.4E+4 

   

Selected Method— IPCC 2007 or 2013 100a 

4.6.4 Acidification Potential 

The deposition of acidifying substances such as those listed in Table 4-7 have an effect 

on the pH of the terrestrial ecosystem. Each species within these ecosystems has a range of pH 

tolerance, and the acidification of the environment can lead to shifting species composition over 

time. Acidification can also cause damage to buildings and other human infrastructure (Bare, 

2012). The variable buffering capacity of terrestrial environments yields a correspondingly 

varied response per equivalent unit of acidification. Due to a lack of data, the variable sensitivity 

of receiving regions is not captured in TRACI characterization factors (Norris, 2003). The 

acidification method in TRACI utilizes the results of an atmospheric chemistry and transport 

model, developed by the US National Acid Precipitation Assessment Program (NAPAP), to 

estimate total North American terrestrial deposition of expected SO2 equivalents due to 

atmospheric emissions of NOx and SO2 and other acidic substances such as HCl and HF, as a 

function of the emissions location (Bare et al., 2003). Emissions location is modeled in this study 

as average U.S. using TRACI’s composite annual North American emissions average of U.S. 

states. 

Table 4-7. Main Pollutants Contributing to Acidification Potential Impacts 

(kg SO2 eq/kg Pollutant) 

Pollutant Chemical Formula Compartment 

Characterization 

Factor 

Sulfur dioxide SO2 Air 1.0 

Ammonia NH3 Air 1.9 

Nitrogen dioxide NO2 Air 0.70 

Nitrogen oxides NOx Air 0.70 

Hydrogen chloride HCl Air 0.88 

Hydrogen fluoride HF Air 1.6 

Hydrogen sulfide H2S Air 1.9 

  

Selected Method— TRACI 2.1 
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4.6.5 Fossil Depletion 

Fossil depletion is a measure of the study systems demand for non-renewable energy 

resources. As non-renewable resources, the availability of fossil energy will not change (i.e., new 

fossil energy will not be produced) on relevant human timescales. When these resources are 

depleted and resource quality declines, the cost and environmental impact of accessing a given 

quantity of energy increases. Fossil depletion is measured in kg oil equivalent based on each 

fuel’s heating value. Renewable energy systems and uranium are not included in the fossil 

depletion metric but are assessed within the CED methodology previously discussed. Table 4-8 

presents common fossil fuel flows and their associated characterization factors for this impact 

category. 

Table 4-8. Main Fossil Fuel Resource Contributing to Fossil Depletion (kg oil eq/kg Fossil 

Fuel Resource) 

Fossil Fuel Resource Compartment Characterization Factor 

Oil, crude, 42 MJ per kg Resource (in ground) 1.0 

Coal, 18 MJ per kg Resource (in ground) 0.43 

Coal, 29.3 MJ per kg Resource (in ground) 0.70 

Gas, natural, 30.3 MJ per kg Resource (in ground) 0.72 

Gas, natural, 35 MJ per m3 Resource (in ground) 0.83 

Methane Resource (in ground) 0.86 

Selected Method— ReCiPe 

4.6.6 Smog Formation Potential 

The smog formation impact category characterizes the potential of airborne emissions to 

cause photochemical smog. The creation of photochemical smog occurs when sunlight reacts 

with NOx and volatile organic compounds (VOCs), resulting in tropospheric (ground-level) 

ozone (O3) and particulate matter. Potential endpoints of such smog creation include increased 

human mortality, asthma, and deleterious effects on plant growth. Smog formation potential 

impacts are measured in kg of O3 equivalents. Table 4-9 includes a list of smog forming 

chemicals expected to be associated with this project along with their characterization factors. 

Table 4-9. Main Pollutants Contributing to Smog Formation Impacts (kg O3 eq/kg 

Pollutant) 

Pollutant 

Chemical 

Formula Compartment Characterization Factor 

Sulfur monoxide SO Air 1.0 

Carbon monoxide CO Air 0.06 

Methane CH4 Air 0.01 

Nitrogen dioxide NO2 Air 17 

Nitrogen oxides NOx Air 25 

VOC, volatile organic compounds N/A Air 3.6 
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Table 4-9. Main Pollutants Contributing to Smog Formation Impacts (kg O3 eq/kg 

Pollutant) 

Pollutant 

Chemical 

Formula Compartment Characterization Factor 

  

Selected Method— TRACI 2.1 

4.6.7 Human Health—Particulate Matter Formation Potential 

Particulate matter (PM) emissions have the potential to negatively impact human health. 

Respiratory complications are particularly common among children, the elderly, and individuals 

with asthma (U.S. EPA, 2008a). Respiratory impacts can result from a number of types of 

emissions including PM10, PM2.5, and precursors to secondary particulates such as sulfur 

dioxide and nitrogen oxides. Respiratory impacts are a function of the fate of responsible 

pollutants as well as the exposure of human populations. Table 4-10 provides a list of common 

pollutants contributing to impacts in this category along with their associated characterization 

factors. Impacts are measured in relation to PM2.5 emissions. 

Table 4-10. Main Pollutants Contributing to Human Health-Particulate Matter Formation 

Potential 

(kg PM2.5 eq/kg Pollutant) 

Pollutant 

Chemical 

Formula Compartment Characterization Factor 

Particulates, < 2.5 µm N/A Air 1.0 

Particulates, > 2.5 µm, and < 

10 µm 
N/A Air 

0.23 

Ammonia NH3 Air 0.07 

Nitrogen oxides NOx Air 7.2E-3 

Sulfur oxides SOx Air 0.06 

Selected Method— TRACI 2.1 

4.6.8 Ozone Depletion Potential 

Stratospheric ozone depletion is the reduction of the protective ozone within the 

stratosphere caused by emissions of ozone-depleting substance (e.g., CFCs and halons). The 

ozone depletion impact category characterizes the potential to destroy ozone based on a 

chemical’s reactivity and atmospheric lifetime. Potential impacts related to ozone depletion 

includes skin cancer, cataracts, immune system suppression, crop damage, other plant and animal 

effects. Ozone depletion potential is measured in kg CFC-11 equivalents. Table 4-11 lists 

common ozone depleting chemicals and their associated characterization factors in TRACI 2.1. 

Nitrous oxide is incorporated in the results based on the ReCiPe hierarchies midpoint method 

(Goedkoop et al., 2009). 
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Table 4-11. Main Pollutants Contributing to Ozone Depletion Potential Impacts 

(kg CFC11 eq/kg Pollutant) 

Pollutant 

Chemical 

Formula Compartment Characterization Factor 

Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, 

CFC-113 C2Cl3F3 Air 
1.0 

Methane, bromochlorodifluoro-, Halon 

1211 
CBrClF2 Air 

7.1 

Methane, bromotrifluoro-, Halon 1301 CBrF3 Air 16 

Methane, chlorodifluoro-, HCFC-22 CHClF2 Air 0.05 

Methane, trichlorofluoro-, CFC-11 CCl3F Air 1.0 

Nitrous oxide N2O Air 0.01 

  

Selected Method— TRACI 2.1, ReCiPe 

4.6.9 Water Depletion 

Water use results are displayed on a consumptive basis (i.e., depletion). When water is 

withdrawn from one water source and returned to another watershed this is considered 

consumption, as there is a net removal of water from the original water source. For instance, it is 

assumed that deepwell injection of the brine fluid from RO is consumptive water use, since water 

is being diverted from a watershed making it unavailable for subsequent environmental or human 

uses. Consumption also includes water that is withdrawn and evaporated or incorporated into the 

product. Cooling water that is closed-loop circulated, and does not evaporate, is not considered 

consumptive use. Water consumption is only included as an inventory category in this study, 

which is a simple summation of water inputs. The analysis does not attempt to assess water-

related damage factors. For instance, there is no differentiation between water consumption that 

occurs in water-scarce or water-abundant regions of the world. Water consumption in this study 

includes values for upstream fuel and electricity processes. In addition to water consumption 

associated with thermal generation of electricity from fossil and nuclear fuels, the water 

consumption for power generation includes evaporative losses due to establishment of dams for 

hydropower. Table 4-12 shows some of the common flows associated with water use along with 

their characterization factors. Section 4.6.15 also discusses some of the uncertainty associated 

with calculating water depletion in LCA. 

Table 4-12. Main Water Flows Contributing to Water Depletion 

Water Flow Compartment Units Characterization Factor 

Water, lake Resource (in water) m3 H2O/m3 1.0 

Water, river Resource (in water) m3 H2O/m3 1.0 

Water, unspecified natural origin Resource (in water) m3 H2O/m3 1.0 

Water, well, in ground Resource (in water) m3 H2O/m3 1.0 

Water, unspecified natural origin/kg Resource (in water) m3 H2O/kg 1.0E-3 

  

Selected Method— ReCiPe 
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4.6.10 Human Health—Cancer Potential 

Carcinogenic human health results in this study are expressed on the basis of 

Comparative Toxic Units (CTUh) based on the USEtox™ method (Huijbregts et al. 2010). 

Characterization factors within the USEtox™ model are based on fate, exposure, and effect 

factors. Each chemical included in the method travels multiple pathways through the 

environment based on its physical and chemical characteristics. The potential for human 

exposure (e.g., ingestion or inhalation) varies according to these pathways. The effect factor 

characterizes the probable increase in cancer-related morbidity for the total human population 

per unit mass of a chemical emitted (i.e., cases per kg) (Rosenbaum et al., 2008). The full 

USEtox™ model contains over 3,000 chemicals of global relevance and is the product of an 

international project to harmonize the approach to evaluation of toxicity effects. The USEtox™ 

model develops characterization factors at the continental and global scale. The exclusion of 

more localized parameters is justified in that it was found during the harmonization process that 

site-specific parameters have a far lower impact on results than do the substances themselves.  

Global midpoint characterization factors are employed from the most recent version of 

USEtox™ available in OpenLCA, version 2.02. An updated version of USEtox™, version 2.11, 

was released in April 2019. Characterization factors for the heavy metals, toxic organics and 

DBPs were updated in the OpenLCA USEtox™ LCIA method to match version 2.11. All other 

characterization factors remain at the default value for OpenLCA’s USEtox version 2 

(recommended+interim) database. Not all heavy metals, toxic organics and DBPs have 

established characterization factors in the USEtox™ method. Several additional sources were 

used to identify appropriate characterization factors. When no appropriate characterization factor 

was identified, the pollutant was assigned a characterization factor equal to the median 

characterization factor for its trace pollutant group. Table B-5, Table C-8, and Table D-4 list 

values and sources of characterization factors for all heavy metals, toxic organics, and DBPs. For 

illustration purposes, Table 4-13 lists five of the primary chemicals contributing to cancer human 

health impacts in the US and Canada (Ryberg, 2014) along with their associated characterization 

factors.  

The developers of the USEtox™ method are clear to point out that some of the 

characterization factors associated with human health effects should be considered interim, 

owing to uncertainty in their precise values ranging across one to three orders of magnitude. 

Sources of uncertainty are often attributable to the use of one exposure route as a proxy for 

another (route-to-route extrapolation). For a more detailed discussion of uncertainty present in 

these models, see the USEtox™ User’s Manual (Huijbregts et al., 2010). Appropriate 

interpretation of results must consider the uncertainty associated with the use of interim 

characterization factors. 

Table 4-13. Main Pollutants Contributing to Human Health - Cancer Potential Impacts 

(CTUh/kg Pollutant) 

Pollutant Chemical Formula Compartment Characterization Factor 

Arsenic As Soil 1.8E-4a 

Formaldehyde CH2O Air 2.5E-5 
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Table 4-13. Main Pollutants Contributing to Human Health - Cancer Potential Impacts 

(CTUh/kg Pollutant) 

Pollutant Chemical Formula Compartment Characterization Factor 

Chromium VI Cr Soil 5.0E-3a 

Chromium VI Cr Air, urban 3.8E-3a 

Chromium VI Cr Water 0.01a 

  

Selected Method— USEtox™ 2.11 

a – Designates an interim characterization factor. 

4.6.11 Human Health—Noncancer Potential 

Non-carcinogenic human health results in this study are expressed on the basis of 

Comparative Toxic Units (CTUh) based on the USEtox™ method, which is incorporated in 

TRACI 2.1. The impact method characterizes the probable increase in noncancer related 

morbidity for the total human population per unit mass of a chemical emitted (i.e., cases per kg) 

(Rosenbaum et al., 2008). These impacts are calculated using the same approach as that taken for 

human health - cancer (Section 4.6.10).  

Global midpoint characterization factors are employed from the most recent version of 

USEtox™ available in OpenLCA, version 2.02.  An updated version of USEtox™, version 2.11, 

was released in April 2019. Characterization factors for the heavy metals, toxic organics and 

DBPs were updated in the OpenLCA USEtox™ LCIA method to match version 2.11. All other 

characterization factors remain at the default value for OpenLCA’s USEtox version 2 

(recommended+interim) database. Not all heavy metals, toxic organics and DBPs have 

established characterization factors in the USEtox™ method. Several additional sources were 

used to identify appropriate characterization factors. When no appropriate characterization factor 

was identified, the pollutant was assigned a characterization factor equal to the median 

characterization factor for its trace pollutant group. Table B-5, Table C-8, and Table D-4 list 

values and sources of characterization factors for all heavy metals, toxic organics, and DBPs. For 

illustration purposes, Table 4-14 lists the main chemicals contributing to noncancer, human 

health impacts (Ryberg, 2014) along with their associated characterization factors.  

As is discussed in Section 4.6.10, uncertainty in USEtox factors can range across one to 

three orders of magnitude for interim characterization factors, which are identified in Table 4-14. 

At the current time, all characterization factors for metal compounds are considered interim. 

Appropriate interpretation of results must consider the uncertainty associated with the use of 

interim characterization factors.  

Table 4-14. Main Pollutants Contributing to Human Health—Noncancer Potential 

Impacts (CTUh/kg Pollutant) 

Pollutant Chemical Formula Compartment Characterization Factor 

Acrolein C3H4O Soil 3.4E-5 

Zinc, ion Zn2+ Soil 1.4E-4a 
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Table 4-14. Main Pollutants Contributing to Human Health—Noncancer Potential 

Impacts (CTUh/kg Pollutant) 

Pollutant Chemical Formula Compartment Characterization Factor 

Arsenic, ion As3+ Soil 0.01a 

Zinc, ion Zn2+ Air, urban 5.7E-3a 

Mercury (+II) Hg(II) Air, urban 1.24a 

Selected Method— USEtox™ 2.11 

a – Designates an interim characterization factor. 

4.6.12 Ecotoxicity Potential 

Ecotoxicity is a measure of the effect of toxic substances on ecosystems. The effects on 

freshwater ecosystems are used as a proxy for general ecological impact. Characterization factors 

within the ecotoxicity model are based on fate, exposure, and effect factors. Each chemical 

included in the method travels multiple pathways through the environment. As a result of these 

pathways, various compartments (e.g., freshwater, terrestrial) and the species they contain will 

have differing opportunities to interact with the chemical in question (exposure). The effect 

factor refers to the potential negative consequences on ecosystem health when exposure does 

occur (Huijbregts, 2010). The exclusion of more localized parameters is justified in that it was 

found during the harmonization process that these parameters have a far lower impact on results 

than do the substances themselves. Ecotoxicity impacts are measured in terms of the Potentially 

Affected Fraction of species due to a change in concentration of toxic chemicals (PAF m3 

⸱day/kg). These units are also known as comparative toxicity units (CTUe).  

Global midpoint characterization factors are employed from the most recent version of 

USEtox™ available in OpenLCA, version 2.02.  An updated version of USEtox™, version 2.11, 

was released in April 2019. Characterization factors for the heavy metals, toxic organics and 

DBPs were updated in the OpenLCA USEtox™ LCIA method to match version 2.11. All other 

characterization factors remain at the default value for OpenLCA’s USEtox version 2 

(recommended+interim) database. Not all heavy metals, toxic organics and DBPs have 

established characterization factors in the USEtox™ method. Several additional sources were 

used to identify appropriate characterization factors. When no appropriate characterization factor 

was identified, the pollutant was assigned a characterization factor equal to the median 

characterization factor for its trace pollutant group. Table B-5, Table C-8, and Table list values 

and sources of characterization factors for all heavy metals, toxic organics, and DBPs. For 

illustration purposes, Table 4-15 lists some of the main chemicals found to contribute to 

ecotoxicity impacts (Ryberg, 2013) and their USEtox™ global characterization factors. 

As is discussed in Section 4.6.10, uncertainty in USEtox factors can range across one to 

three orders of magnitude for interim characterization factors, which are identified in Table 4-15. 

At the current time, all characterization factors for metal compounds are considered interim. 

Appropriate interpretation of results must consider the uncertainty associated with the use of 

interim characterization factors. 
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Table 4-15. Main Pollutants Contributing to Ecotoxicity Potential Impacts 

(CTUe [PAF m3.day/kg Pollutant]) 

Pollutant 

Chemical 

Formula Compartment Characterization Factor 

Zinc, ion Zn2+ Ground water 1.3E+5a 

Chromium VI Cr(VI) Ground water 1.0E+5a 

Nickel, ion Ni2+ Ground water 3.0E+5a 

Chromium VI Cr(VI) River 1.0E+5a 

Arsenic, ion As3+ Ground water 1.5E+4a 

  

Selected Method— USEtox™ within TRACI 2.11 

a – Designates an interim characterization factor. 

4.6.13 Normalization 

Normalization is an optional step in LCIA that aids in understanding the significance of 

the impact assessment results. Normalization is conducted by dividing the impact category 

results by a normalized value. The normalized value is typically the environmental burdens of 

the region of interest either on an absolute or per capita basis. The results presented in this study 

are normalized to reflect person equivalents in the U.S. using TRACI v2.1 normalization factors 

(Ryberg et al., 2013). Only impacts with TRACI normalization factors are shown. Some 

categories like water use and CED are excluded due to lack of available normalization factors. 

4.6.14 LCIA Limitations 

While limitations of the LCI model are specifically discussed in Section 4.4, some of the 

main limitations that readers should understand when interpreting the life cycle impact 

assessment findings are as follows: 

• Coverage of Emissions Leading to Toxicity: The scope for the results for the three 

USEtox™ categories (human health - cancer, human health - noncancer, and 

ecotoxicity) excludes toxicity from wastewater effluent and should be considered 

with low confidence. These category results are largely dependent on toxic pollutants 

from sludge in a landfill. However, these toxic pollutants may also be present in the 

effluent release at the WWTP. The toxicity impacts associated with the sludge and the 

effluent are limited to pollutants selected in Chapter 2.  Such toxic pollutants in the 

effluent were not assessed in the baseline LCA model; therefore, the toxicity impact 

categories are showing incomplete results. 

• Transferability of Results: While this study is intended to inform decision-making 

for a wide range of stakeholders, the impacts presented here relate to a theoretical 

average U.S. WWTP. For instance, this study does not address geographic differences 

that could impact WWTP design, cost options, or local variation in environmental 

impacts. Further work is recommended to understand the variability of key 

parameters across specific regional and facility-level situations. Also, the study 
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looked at greenfield installations only so impacts or benefits would vary for 

retrofitted operations. 

• LCIA Method Uncertainty: In addition to the uncertainty of the LCI data, there is 

uncertainty associated with the application of LCIA methodologies and normalization 

factors to aggregated LCI. For example, two systems may release the same total 

amount of the same substance, but one quantity may represent a single high-

concentration release to a stressed environment while the other quantity may 

represent the aggregate of many small dilute releases to environments that are well 

below threshold limits for the released substance. The actual impacts would likely be 

very different for these two scenarios, but the LCI does not track the temporal and 

spatial resolution or concentrations of releases in sufficient detail for the LCIA 

methodology to model the aggregated emission quantities differently. Therefore, it is 

not possible to state with complete certainty that differences in potential impacts for 

two systems are significant differences. Although there is uncertainty associated with 

LCIA methodologies, all LCIA methodologies are applied to different wastewater 

treatment configurations uniformly. Therefore, comparative results can be determined 

with a greater confidence than absolute results for one system. Minimum threshold 

values for determining meaningful impact differences between wastewater treatment 

configurations by category are provided in the next section. 

4.6.15 Interpreting LCIA Results Differences 

Interpretation of LCIA results requires interpretation of the uncertainty associated with 

inventory data (lists of compounds and resources emitted or extracted by the system under study) 

and the impact models used to characterize inventory data, translating emissions into impacts.  

Note that there is also uncertainty associated with the definition of system boundaries, and 

determination of cutoff values for exclusion of data. 

The current state of practice in life cycle assessment includes a quantitative analysis of 

the uncertainty in inventory data. In this study, much of the background process data, which is 

part of the ecoinvent database, includes such uncertainty analyses. Possible underestimations of 

uncertainty associated with ecoinvent are known (Weidema et al., 2011); however, ecoinvent and 

agricultural inventory uncertainties are expected to be lower overall than impact uncertainty. 

At the impact level, uncertainty is not yet typically included in LCA studies; indeed, not 

all LCA software has this ability. A spatially explicit model of aquatic acidification (Roy et al., 

2014) analyzed both parameter uncertainty (via a Monte Carlo approach) and spatial uncertainty.  

At the characterization factor level, parameter uncertainty contributed a factor of 100 

uncertainty, whereas spatial variability ranged from 5 to 8 orders of magnitude for different 

acidifying compounds. 

At the analysis level, it is important to consider that uncertainty in inventory or 

characterization is not purely multiplicative when considering differences between systems 

(Hong et al., 2010). For many LCA analyses, many background and some foreground processes 

will be shared between systems. For example, background electricity generation is often shared, 

while chemical additives or concrete could be shared foreground processes for wastewater 

treatment.  Therefore, analyses of differences between systems must account for these shared 
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processes.  Within confidence bounds, systems may be different even if the difference between 

their impact scores is less than the absolute uncertainty on the corresponding characterization 

factor (e.g., factor 100 for acidification, from above). 

In a case study, Humbert et al. (2009) provide guidelines for determining whether 

differences in LCA impact results are meaningful. In the energy and global warming category, 

this minimum significant difference is a 10 percent threshold (i.e., in comparing contributions to 

this category, a difference lower than 10 percent is not considered to be significant). For 

particulate matter formation, smog formation, acidification, ozone depletion, and eutrophication, 

the minimum significant difference is 30 percent. For the toxicity categories, an order of 

magnitude (factor 10) difference is typically required for a difference to be significant, especially 

if the dominant emissions are different between scenarios or are dominated by long-term 

emissions from landfills that can be highly uncertain. In the absence of a detailed uncertainty 

analysis, these threshold guidelines may serve to help interpretation. This study uses the percent 

difference thresholds defined by the Humbert et al. 2009 case study with the exception of GWP 

impact results. As discussed in Section 4.4, there are case-specific uncertainties for estimating 

GHG emissions from biological treatment. Therefore, this study uses a higher threshold of 30 

percent to determine whether a notable GWP difference exists between wastewater treatment 

configurations. There are also specific considerations for uncertainty thresholds for water 

depletion results as discussed below. 

There is currently a lack of water use data on a unit process level for LCIs. In addition, 

water use data that are available from different sources do not use a consistent method of 

distinguishing between consumptive use and non-consumptive use of water or clearly identifying 

the water sources used (freshwater versus saltwater, groundwater versus surface water). A recent 

article in the International Journal of Life Cycle Assessment summarized the status and 

deficiencies of water use data for LCA, including the statement, “To date, data availability on 

freshwater use proves to be a limiting factor for establishing meaningful water footprints of 

products” (Koehler, 2008). The article goes on to define the need for a standardized reporting 

format for water use, taking into account water type and quality as well as spatial and temporal 

level of detail.  

Water consumption is modeled using values reported in literature. In some cases, 

consumptive use data may not be available. The ecoinvent database includes water in the life 

cycle inventory as an input and does not record water released to the environment (i.e., as an 

emission) or water consumed. However, ecoinvent is currently one of the most comprehensive 

LCI sources on water for upstream processes; many other available databases do not report water 

input/use as an inventory item. Therefore, when case-specific data were not available, ecoinvent 

data were utilized for the water calculations. When utilizing ecoinvent, the data are adapted to 

represent consumptive use to the extent possible: fresh water removed from the environment that 

is not internally recirculated. 

Because water consumption values are uncertain, a minimum 30 percent difference is 

required to consider water consumption results significantly different. Comparative results can 

be determined with a greater confidence than absolute results for one system. 
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5. LIFE CYCLE COST BASELINE RESULTS 

This section presents the LCCA results for the nine wastewater treatment configurations 

included in this study. Table 5-1 presents the total capital, total annual, and net present value for 

each of the wastewater treatment configurations. As discussed in Section 3.3.2, the net present 

value combines the one-time capital costs and periodic (annual) operating and maintenance costs 

into one value for direct comparison of costs. The following sections provide additional 

discussion differences with the results of the total capital and annual costs (Section 5.1) and net 

present value (Section 5.2). The results are discussed by unit process and aggregated treatment 

group, as shown in Table 5-2. For treatment groups, the unit processes are generally grouped 

sequentially; however, preliminary treatment stages are grouped with disinfection, even though 

these are not sequential unit processes because, in this study, these unit processes do not vary 

between wastewater treatment configurations. Complete cost results are presented in Appendix 

H. 

Table 5-1. Total Costs by Wastewater Treatment Configuration 

Wastewater Treatment 

Configuration 

Total Capital Cost  

(2014 $) 

Total Annual Cost a  

(2014 $/yr) 

Net Present Value  

(2014 $) 

Level 1, AS $55,300,000  $5,140,000  $204,000,000  

Level 2-1, A2O $71,400,000  $5,470,000  $236,000,000  

Level 2-2, AS3 $93,100,000  $10,150,000  $378,000,000  

Level 3-1, B5 $86,400,000  $5,800,000  $267,000,000  

Level 3-2, MUCT $88,900,000  $5,960,000  $275,000,000  

Level 4-1, B5/Denit $92,800,000  $6,840,000  $301,000,000  

Level 4-2, MBR $90,100,000  $6,340,000  $285,000,000  

Level 5-1, B5/RO $160,000,000  $8,320,000  $439,000,000  

Level 5-2, MBR/RO $144,000,000  $8,070,000  $409,000,000  

a – Total annual cost includes operational labor, maintenance labor, materials, chemicals, and energy (see Section 

3.3 for details). 

 

Table 5-2. Unit Processes by Treatment Group 

Treatment Group Unit Processes Included in the Stage 

Preliminary/Primary/Disinfection Screening and Grit Removal Chlorination 

Primary Clarifier Dechlorination 

Biological Treatment Activated Sludge Tertiary Clarification, Nitrification 

Secondary Clarifier Denitrification, Suspended Growth 

Anaerobic/Anoxic/Oxic (A2O) Nitrification, Suspended Growth 

4-Stage Bardenpho Membrane Filter 

5-Stage Bardenpho Fermentation 

Tertiary Clarification, Denitrification Modified University of Cape Town 

Post-Biological Treatment Sand Filtration Ultrafiltration 

Reverse Osmosis Chemical Phosphorus Removal 

Denitrification, Attached Growth   
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Table 5-2. Unit Processes by Treatment Group 

Treatment Group Unit Processes Included in the Stage 

Sludge Processing and Disposal Centrifuge Sludge Hauling and Landfill 

Anaerobic Digester Gravity Thickener 

Effluent Release Effluent Release 

Brine Injection Brine Injection 

 

5.1 Total Capital and Total Annual Cost Results 

As described in Section 3.3, the total plant costs are presented as the total capital costs 

along with the total annual costs. This section presents the total capital and total annual costs and 

describes the differences in cost by process contribution and treatment group. 

5.1.1 Total Capital Costs 

Total capital costs generally increase from Level 1 to Level 5, as presented in Figure 5-1. 

For Level 2, the Level 2-1 A2O total capital costs are almost $22 million lower than the Level 2-

2 AS3 total capital costs. The total capital costs for Level 2-2 AS3 are also over $4 million 

higher than both Level 3 wastewater treatment configurations. This is because the Level 2-2 AS3 

wastewater treatment configuration includes three separate biological units (plug-flow activated 

sludge, nitrification, and denitrification) with dedicated clarifiers, while the Level 2-1 A2O, 

Level 3-1 B5, and Level 3-2 MUCT wastewater treatment configurations only include one 

biological unit that have three to five chambers with a secondary clarifier. The multiple clarifiers 

in Level 2-2 AS3 also results in more sludge generation and, as a result, has larger sludge 

processing and disposal units, which also contribute to the higher total capital cost for Level 2-2 

AS3 compared to Level 2-1 A2O and both Level 3 wastewater treatment configurations. The 

total capital cost for Level 2-2 AS3 is more comparable to both Level 4 wastewater treatment 

configurations. Increasing effluent quality from Level 4 to Level 5 increases the total capital 

costs by over $50 million because of the added post-biological treatment units (i.e., 

ultrafiltration, reverse osmosis, and deep injection well for Level 5-1 B5/RO and reverse osmosis 

and deep injection well for Level 5-2 MBR/RO). Total capital costs for the 

preliminary/primary/disinfection treatment group are included but are comparable for all of the 

wastewater treatment configurations, as there are no significant design differences between these 

portions of the wastewater treatment configurations.  

For this study, the total capital costs for the biological treatment group generally 

increases with increasing effluent quality because the biological treatment units are designed to 

achieve increased nitrogen and phosphorus removals; increased nitrogen and phosphorus 

removals require a larger sized and/or more complex biological treatment unit. Note that there 

are biological treatment units outside of the study that may not follow this trend. However, the 

Level 5-1 B5/RO biological treatment group total capital costs are similar to both Level 3 and 

Level 4-1 B5/Denit biological treatment group costs because they have the same biological unit 

processes (BNR plus secondary clarifier) and are designed to achieve the same nitrogen and 

phosphorus removals. The Level 4-2 MBR and Level 5-2 B5/RO have higher biological 
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treatment group costs by more than $5 million. Although they are designed to achieve the same 

nitrogen and phosphorus removals as Level 3, Level 4-1 B5/Denit, and Level 5-1 B5/RO, the 

Level 4-2 MBR and Level 5-2 B5/RO have membrane bioreactors instead of secondary 

clarifiers, which increases cost. For all these wastewater treatment configurations, the nitrogen 

and phosphorus removed beyond the Level 3 targets is achieved through post-biological 

treatment units (e.g., denitrification filter, ultrafiltration, reverse osmosis).  

The post-biological treatment group is a component of all levels except Level 1 AS and 

Level 2-1 A2O since these levels do not require chemical phosphorus removal or additional 

nutrient control unit processes. The lowest post-biological treatment capital costs are for Level 2-

2 AS3 and Level 4-2 MBR, which only require chemical phosphorus removal. There is a large 

jump in post-biological treatment capital costs for the Level 5 wastewater treatment system 

configurations due to the addition of ultrafiltration and the reverse osmosis unit. The Level 5-1 

B5/RO post-biological treatment capital cost is more than double the Level 5-2 MBR/RO 

because Level 5-1 B5/RO also includes the sand filter, ultrafiltration, and has a larger reverse 

osmosis unit.  

The sludge processing and disposal treatment group capital costs are comparable for all 

the wastewater treatment configuration except for Level 2-2 AS3, which has a larger anaerobic 

digester, larger centrifuge, increased number of vehicles (hauling and land filling), and larger 

onsite sludge storage shed (hauling and land filling) capital costs. As discussed previously, the 

Level 2-2 AS3 system has three separate clarifiers and a very high alum dose that increases the 

quantity of sludge generated even beyond that of higher performing wastewater treatment 

configurations, which are able to achieve their level of phosphorus removal performance through 

a combination of chemical precipitation and other unit processes.  

The Level 5 wastewater treatment configurations both have RO which requires brine 

disposal capital costs, while the other wastewater treatment configurations do not. The other 

capital costs include the direct and indirect costs that are calculated as a percentage of the 

purchased equipment cost component of the total capital cost (see Section 3.3.1 for details). As a 

result, the other capital costs increase as the other components of the total capital costs increase. 
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Figure 5-1. Total Capital Costs by Aggregated Treatment Group 

5.1.2 Total Annual Costs 

Figure 5-2 presents the total annual costs for all the wastewater treatment configurations 

broken into the annual cost components. The total annual costs are highest for Level 2-2 AS3, 

followed by Level 5-1 B5/RO and Level 5-2 MBR/RO. The annual costs for operation labor is 

highest for Level 2-2 AS3 because of the increased sludge processing and disposal from the 3-

sludge system. The maintenance labor for Level 1, Level 2-1 A2O, and both Level 3 wastewater 

treatment configurations is generally comparable, while the maintenance labor for Level 2-2 

AS3, both Level 4, and both Level 5 wastewater treatment configurations is generally 

comparable. The maintenance labor for Level 2-2 AS3, both Level 4, and both Level 5 

wastewater treatment configurations is higher because these wastewater treatment configurations 

have more unit processes. The materials annual costs are highest for Level 2-2 AS3, again due to 

the increased sludge processing and disposal from the 3-sludge system. Level 2-2 AS3 annual 

chemical costs are between 3.3 times (Level 5-1 B5/RO) and almost 8.5 times (Level 2-1 A2O) 

higher than the other wastewater treatment configurations due to the large alum dose for 

chemical phosphorus removal in Level 2-2 AS3. This large dose is needed compared to other 

wastewater treatment configurations because Level 2-2 AS3 achieves phosphorus removal solely 

through chemical phosphorus precipitation while the other wastewater treatment configurations 

have some level of biological phosphorus removal. The annual costs for Levels 5-1 B5/RO and 
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5-2 MBR/RO are driven by the annual energy costs, which are between 2 times (Level 4-1 

B5/MBR) and almost 4 times (Level 1 AS) higher than the annual energy costs for the other 

wastewater treatment configurations because both Level 5 configurations include an energy-

intensive reverse osmosis unit. 

 

Figure 5-2. Annual Costs by Wastewater Treatment Configuration 

Figure 5-3 presents the total annual costs for all the wastewater treatment configurations 

broken out according to treatment group. The total annual costs for the 

preliminary/primary/disinfection treatment group are comparable for all of the wastewater 

treatment configurations, as there are no significant operating differences between the various 

wastewater treatment configurations. 

The biological treatment total annual costs are the highest for Level 2-2 AS3 due to the 

operational labor, maintenance labor, and chemical costs associated with the three separate 

biological units. The only chemical addition in the biological treatment portion of Level 2-2 AS3 

is for methanol addition in the suspended growth denitrification process unit. The 4-stage and 5-

stage Bardenpho and Modified University of Cape Town unit processes in Level 3-1 through 

Level 5-2 have comparable total annual costs, however the total annual costs for the membrane 
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wastewater treatment configurations are high. These wastewater treatment configurations have 

higher annual operational labor due to the membrane bioreactor and membrane cleaning 

chemical costs. The Level 4-2 MBR also has supplemental methanol addition immediately 

preceding the 4-stage Bardenpho reactor, which accounts for the higher chemical costs than 

Levels 2-1 A2O and both Level 3 wastewater treatment configurations. The Level 4-1 B5/Denit 

wastewater treatment configuration also has supplemental methanol addition to the 

denitrification filter, but the methanol dose is lower than the Level 4-2 MBR.  

The total annual costs for post-biological treatment are highest for Level 5-1 B5/RO, 

followed by Levels 2-2 AS3, Level 4-1 B5/Denit, and Level 5-2 MBR/RO, which are all 

comparable. The Level 5-1 B5/RO annual costs are the highest because of the high energy 

demand for the ultrafiltration, reverse osmosis unit, and brine injection well, along with having 

high material replacement costs for the ultrafiltration and reverse osmosis membranes. The Level 

2-2 AS3 post-biological treatment annual costs are driven by the alum chemical costs for 

chemical phosphorus removal. Level 4-1 B5/Denit post-biological treatment annual costs are 

driven by operational and maintenance labor. The Level 5-1 MBR/RO post-biological treatment 

annual costs are driven by energy demand for the reverse osmosis and brine injection well, along 

with the materials replacement cost for the reverse osmosis membranes.  

The sludge processing and disposal costs are comparable for all of the wastewater 

treatment configurations, except for Level 2-2 AS3, which is about $1 million/year more than the 

other configurations due to the additional sludge generated from the three clarifiers and high 

alum dose for chemical phosphorus removal.  

The Level 5 wastewater treatment configurations both have brine disposal, while the 

other wastewater treatment configurations do not. The annual costs for the brine disposal are the 

same for both Level 5 configurations. 
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Figure 5-3. Annual Costs by Aggregated Treatment Group 

5.2 Net Present Value Cost Results 

The net present value, presented in Figure 5-4, trends similarly to the total annual costs 

discussed in Section 5.2. The net present value for Level 1 AS is the lowest, while the Level 5-1 

B5/RO the highest. In general, the net present value increases with increasing nutrient control 

levels, except for Level 2-2 AS3, which has a net present value almost as high as the Level 5-2 

MBR/RO wastewater treatment configuration due to the high annual costs associated with the 

three separate biological units as discussed in Section 5.1.2. The net present value for both Level 

3 wastewater treatment configurations are similar, with only a $8 million difference. The net 

present value for both Level 4 wastewater treatment configurations are also similar, with only a 

$2 million difference. 
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Figure 5-4. Net Present Value by Wastewater Treatment Configuration 
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energy use, and sludge generation, were reasonable based on engineering judgement of the 

relative size and complexity of the units and systems. 

ERG validated the LCCA results by comparing them against available data that were not 

used in the project to develop the LCCA. For the CAPDETWorks™ costing, ERG compared the 

total capital and total annual costs and net present value costs for Level 1 AS, Level 2-1 A2O, 

Level 3-1 B5, Level 4-1 B5/Denit, and Level 5-1 B5/RO to similar treatment systems in Falk et 

al., 2011, which are presented in Table 5-3. ERG was unable to identify additional literature that 

included planning-level costs for greenfield wastewater treatment plants with similar wastewater 

treatment configurations. The other wastewater treatment configurations were not included in 

Falk et al., and are therefore not included in Table 5-3. In general, Falk et al. included limited 

detail for a direct comparison with the wastewater treatment configurations included in this 

study. As an example, Falk et al. did not provide the software used to develop the costs, only 

included select design parameters for select unit processes, and did not present the unit process-

specific costs. The total capital costs in this study are 50-66% of the capital costs presented in 

Falk et al. Falk (2017) noted that Falk et al. included a raw sewage pump station, more 

conservative construction assumptions associated with site conditions (e.g., sheeting, shoring, 

dewatering), and higher concrete unit costs than for this study. The total annual costs for this 

study are between 1.5 and 5.0 times higher than the total annual costs in Falk et al. This 

difference is predominately due to the scope of the annual costs; this study included operational 

labor, maintenance labor, materials, chemicals, and energy, while Falk et al. only included 

chemicals and energy. For this study, the operational labor, maintenance labor, and materials 

accounted for 63 to 82% of the total annual costs. Although there are differences between the 

costs developed for this study and presented in Falk et al., literature sources indicate that 

CAPDETWorks™ construction estimates are within 20% of actual construction costs (U.S. EPA 

OWM, 2008b). The net present value for this study are $66 million to $104 million higher than 

the net present value from Falk et al. This is primarily due to the differences in total annual costs 

discussed above, but also because Falk et al. used 5% discount rate and 3.5% escalation rate for 

capital, energy, and non-energy components. This study calculated net present value using 3% 

discount rate and did not escalate any costs. 

Table 5-3. Total Costs Compared to Falk et al., 2011 

Wastewater 

Treatment 

Configuration 

Total Capital 

Cost  

(2014 $) 

Falk et al. 

Total Capital 

Costs  

(2014 $) a 

Total 

Annual Cost 

(2014 $/yr) 

Falk et al. 

Total Annual 

Costs  

(2014 $) a 

Net Present 

Value 

(2014 $) 

Falk et al. Net 

Present Value 

(2014 $) a 

Level 1, AS $55,300,000 $103,000,000 $5,140,000 $1,020,000 $204,000,000 $123,000,000 

Level 2-1, A2O $71,400,000 $142,000,000 $5,470,000 $1,410,000 $236,000,000 $167,000,000 

Level 3-1, B5 $93,100,000 $161,000,000 $10,150,000 $2,620,000 $378,000,000 $201,000,000 

Level 4-1, 

B5/Denit 
$86,400,000 $171,000,000 $5,800,000 $3,570,000 $267,000,000 $234,000,000 

Level 5-1, 

B5/RO 
$88,900,000 $243,000,000 $5,960,000 $5,570,000 $275,000,000 $335,000,000 

a – ERG converted Falk et al.’s costs from 2010 dollars to 2014 dollars using the calculations presented in Section 

3.2.1. 
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b – Total annual cost includes operational labor, maintenance labor, materials, chemicals, and energy (see Section 

3.3 for details). 

 

Validation of the cost results for ultrafiltration, reverse osmosis, and brine disposal was 

difficult as these technologies represent the state-of-the-art in the municipal wastewater 

treatment industry with few or no applications in the U.S. and little or no published data. For 

ultrafiltration, ERG compared the cost results to Noble et al., 2003. Noble et al. describes a study 

of the performance of a pilot-scale microfiltration treatment system, and provides detailed capital 

and O&M cost estimates for a full-scale 5 MGD system. The vendor, US Filter, is a major 

membrane technology provider. The study regards surface-water treatment, rather than domestic 

wastewater treatment, and is somewhat dated. ERG found the capital costs for the two data 

sources differed by approximately 11%, which is well within the range of uncertainty for 

planning-level costs. ERG did not compare the operating and maintenance costs, as the Noble et 

al., 2003 costs are specific to treatment of surface water and are not applicable to domestic 

wastewater treatment. 

For reverse osmosis, ERG compared the cost results to costs published by the Orange 

County Water District, 2010. The Orange County report described the estimated capital costs for 

a planned 30 MGD expansion of their Groundwater Replenishment System, which includes 

treatment of domestic wastewater using reverse osmosis and other technologies. We found the 

reverse osmosis capital costs for the two data sources differed by approximately 9%, which is 

well within the range of uncertainty for planning-level costs. 

Energy usage is a significant component of total operating and maintenance costs for 

membrane technologies such as ultrafiltration and reverse osmosis. ERG validated the estimated 

energy usage provided by vendors to a literature source WateReuse Research Foundation, 2014. 

For ultrafiltration, estimated energy usage by the vendor (ERG, 2015a) and WateReuse Research 

Foundation, 2014 were 0.5 kWh/kgal and 0.75 to 1.1 kWh/kgal, respectively. Due to concerns 

regarding the validity of estimated energy usage, for the final ultrafiltration costs estimates, ERG 

used the average estimated energy usage reported by these two sources (see Appendix E.5). For 

reverse osmosis, estimated energy usage by the vendor (ERG, 2015b) and WateReuse Research 

Foundation, 2014 were 1.2 to 2.4 kWh/kgal and 1.9 to 2.3 kWh/kgal, respectively. These two 

estimates are similar and overlap for much of their range. For consistency with the ultrafiltration 

cost methodology, for the final reverse osmosis cost estimates, ERG used the average estimated 

energy usage reported by these two sources (see Appendix E.6). 

ERG was unable to validate estimated brine disposal costs as published costs for deep 

well disposal of domestic wastewater are not available. 
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6. LIFE CYCLE IMPACT ASSESSMENT BASELINE RESULTS BY TREATMENT GROUP 

This section presents the LCA results for the nine wastewater treatment configurations by 

impact category. Throughout this section, results calculated at the unit process level have been 

aggregated by treatment group, as shown in Table 5-2. For the treatment groups, the unit 

processes are generally grouped sequentially; however, preliminary treatment stages are grouped 

with disinfection, even though these are not sequential unit processes because, in this study, 

these unit processes do not vary by wastewater treatment configuration. In general, add-on 

technologies that occur in the treatment train after the main biological treatment unit process are 

classified as post-biological treatment, regardless of their treatment mechanism. The figures 

presented in this section include the abbreviated wastewater treatment configuration names. The 

associated full names with information on the differentiating unit processes were previously 

provided in Table 1-2. Full LCIA results by unit process are provided separately in Appendix I. 

For three high priority impact categories, eutrophication potential, CED, and GWP, results are 

also presented according to the underlying processes that contribute to results regardless of their 

treatment group. For example, all of the electricity use from each of the wastewater treatment 

unit processes are combined to show the cumulative contribution of electricity use to each impact 

category. It is important to note that uncertainties in life cycle data and LCIA are present in all 

modeled treatment configurations. As discussed in Section 4.6.15,  any difference lower than 10 

percent is not considered significant for CED. Differences lower than 30 percent are not 

considered significant for particulate matter formation, acidification, eutrophication, water 

depletion, smog formation, fossil depletion, and ozone depletion. For the toxicity categories, an 

order of magnitude (factor 10) difference is typically required to be meaningful. Because of this 

uncertainty magnitude, the toxicity results are presented and discussed separately in Section 7. 

Although there is uncertainty associated with LCIA methodologies, all LCIA methodologies are 

applied to different treatment configurations uniformly. Therefore, comparative results can be 

determined with a greater confidence than absolute results for one treatment configuration. 

6.1 Eutrophication Potential 

Given the focus of this project on wastewater treatment nutrient removal capacity, 

eutrophication is a critical metric for measuring the environmental performance of the nine 

studied treatment configurations. As discussed in Section 4.6.1, eutrophication occurs when 

excess nutrients are introduced to surface and coastal water causing the rapid growth of aquatic 

plants. Table 6-1 presents the nutrient concentrations and annual loads for the influent and 

effluent from the nine wastewater treatment configurations. Although the modeled 

concentrations and resulting loads are not identical between the two alternatives for some of the 

levels, the treatment objectives are the same and would generally result in the same effluent 

quality, with the possible exception of Level 2. The results associated with the Level 2 treatment 

configuration is provided in the next paragraph. 

For this study, ERG designed the wastewater treatment configuration models in 

CAPDETWorks™ to achieve specific effluent nutrient concentrations. As such, there is a step-

wise decreasing trend in total nitrogen and total phosphorus effluent concentrations and loads 

with increasing treatment levels. The only exception to this is the total phosphorus effluent 

concentration for Level 2-1 A2O, which is lower than the Level 2 total phosphorus effluent 

target of 1 mg/L. This is due to the way CAPDETWorksTM calculates effluent total phosphorus 
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from secondary clarifiers. To achieve total suspended solids of 20 mg/L for Level 2-1 A2O, the 

total phosphorus effluent concentration is about 0.3 mg/L; revising the clarifier design 

parameters to achieve total phosphorus effluent concentration of 1 mg/L results in total 

suspended solids around 70 mg/L, which is over the secondary treatment standards.  

Table 6-1. Nutrient Discharges by Wastewater Treatment Configuration 

Wastewater 

Treatment 

Configuration 

Total Nitrogen Total Phosphorus 

Long-Term Average 

Concentration (mg/L) 

Annual Load 

(lb/yr) 

Long-Term Average 

Concentration (mg/L) 

Annual Load 

(lb/yr) 

Influent 40 1,220,000  5.0 152,000  

Effluent Concentrations 

Level 1, AS 30  908,000  4.9  150,000  

Level 2-1, A2O 8.0  244,000  0.29  8,570  

Level 2-2, AS3 7.8  237,000  1.0  30,500  

Level 3-1, B5 6.0  183,000  0.22  6,770  

Level 3-2, MUCT 6.0  183,000  0.22  6,770  

Level 4-1, B5/Denit 3.0  91,100  0.10  3,050  

Level 4-2, MBR 3.0  91,500  0.10  3,020  

Level 5-1, B5/RO 0.78  23,800  0.02  457  

Level 5-2, MBR/RO 1.9  58,800  0.02  549  

 

Figure 6-1 presents eutrophication potential results grouped according to treatment group. 

Eutrophication is the combined effect of direct nutrient discharges in the effluent, landfilled 

sludge leachate, and the water discharges and air emissions from upstream inputs to the 

treatment steps such as electricity and chemical production. The green bar represents the 

eutrophication potential related to effluent release and is directly related to the designed 

performance of each treatment level. As expected, the potential eutrophication impact from 

effluent release for the conventional activated sludge configuration (Level 1) are significantly 

greater compared to the other treatment configurations. The impact of effluent drops off 

markedly for Level 2 treatment configurations and remain consistently lower throughout the 

remaining treatment levels. Eutrophication impact potential is very similar for Levels 3 and 4; 

although the effluent nitrate values for Level 4 are lower than Level 3, they are offset by an 

increase in COD in the effluent (as shown in the effluent characteristics in Table 1-4). 

The release of organic nitrogen, ammonia and phosphorus in the effluent drives the 

observed potential eutrophication impact for the majority of wastewater treatment configurations 

evaluated, whereas the contributions to eutrophication of the sludge and biological treatment 

groups are relatively consistent across Levels 2 through 5. The eutrophication potential impact 

from sludge disposal are primarily related to the long-term release of COD in landfill leachate 

described previously in Section 4.4. Sludge processing and disposal eutrophication impact 

generally does not vary substantially since the wastewater treatment configurations produce a 

similar quantity of sludge sent to landfill, with the exception of Level 2-2. Level 2-2 has higher 

eutrophication impact for the sludge processing and disposal treatment group because of the 

higher sludge generation in this level from the significant use of chemical phosphorus 

precipitation. The biological treatment step for conventional activated sludge has a noticeably 
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lower impact than the other levels, which is due to the lower energy intensity of the more basic 

activated sludge treatment process. Overall, it is apparent that the potential cumulative 

eutrophication impact generally decreases between Level 1 and Level 2 and then again between 

Level 2 and Level 3 and Level 4. Level 5 results in an increase in eutrophication impact 

compared to Level 4 due to the high energy intensity of RO and brine injection, which off-set the 

reduction in impact associated with the effluent release. However, based on the uncertainty 

thresholds for impact results, the eutrophication potential difference between Level 3, Level 4 

and Level 5 wastewater treatment configurations is not considered significant. As discussed in 

Section 4.6.1, both indirect and direct air and water emissions have the potential to contribute to 

eutrophication. Eutrophication from these energy intensive unit processes is largely due to the 

portion of the nitrogen oxide air emissions from upstream fuel combustion for electricity 

production that is modeled as deposited in water bodies. Nitrogen oxide emissions are largely 

associated with deposition from the combustion of coal in the average US electrical grid (coal is 

currently estimated to contribute approximately 45 percent to the average U.S. electrical grid as 

shown in Table 4-2, Section 4.2, which comes from 2009). For more detail, Table J-1 in 

Appendix J shows the contribution of each individual unit process to the overall eutrophication 

potential for each wastewater treatment configuration. To compare electricity consumption 

across the wastewater treatment configurations refer to Table H-1 through Table H-10 in 

Appendix H.  

 

Figure 6-1. Eutrophication Potential Results by Treatment Group 

 

The impact of increased energy use, particularly in Level 5, is visible in Figure 6-2. As 

previously discussed, disposal of sludge in a municipal solid waste landfill also contributes to 

eutrophication impact, primarily related to the long-term release of COD in landfill leachate. 
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Natural gas, infrastructure, chemicals, process emissions, and sludge transport cumulatively 

contribute between 0.3 and 4 percent of eutrophication impact depending on treatment level. 

 

Figure 6-2. Eutrophication Potential Results by Process Contribution 

6.2 Cumulative Energy Demand 

Figure 6-3 and Figure 6-4 present CED results grouped according to treatment group and 

by process contribution. The CED results are driven by direct energy use in the form of 

electricity and natural gas at the WWTP as well as energy consumption associated with upstream 

chemical and infrastructure production. Fuel inputs for transportation and landfill management 

are also incorporated in the CED results. 

The separation processes selected for use in this study to remove nutrients from 

wastewater require energy, and this energy requirement generally increases with the level of 

separation. Between 43 and 88 percent of CED is attributable to electricity use associated with 

each wastewater treatment configuration, including supply-chain electricity use. Natural gas 

consumption, primarily to provide heat for anaerobic digestion, is the second largest contributor 

to CED, accounting for between five and 30 percent of CED. 

The biological treatment units and sludge processing and disposal from Level 2 through 

Level 5 all produce a relatively consistent energy demand. More significant differences in energy 

demand between treatment systems are associated with the post-biological treatment units, such 

as denitrification, membrane bioreactors, ultrafiltration, and RO. For Levels 5-1 and 5-2, RO 

filtration and brine injection cumulatively contribute 48 and 49 percent of CED impact, 

respectively. For more detail, Table J-2 shows the contribution of each individual unit process to 

the overall CED for each wastewater treatment configuration. The upstream energy demand of 
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chemical production is visible in Figure 6-4, particularly for Level 2-2. Level 2-2 CED from 

chemical production is largely associated with the methanol requirement for denitrification and 

aluminum sulfate used for chemical phosphorus precipitation. 

As discussed in Section 1.2.3, it may be possible, depending on the demand, to recycle 

the effluent from Levels 1 through 5 for a variety of reuse applications ranging from landscape 

irrigation to indirect potable reuse (U.S. EPA 2012b). While recycled water was not considered 

in the system boundaries of this study, recycling the water would likely offset some of the 

increased CED of the higher nutrient removal wastewater treatment configurations by displacing 

production of potable water elsewhere. The magnitude of the offset would depend upon the 

current source of water for that reuse application.  

The effect of biogas energy recovery on CED is discussed in Section 9.5. 

 

Figure 6-3. Cumulative Energy Demand Results by Treatment Group 
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Figure 6-4. Cumulative Energy Demand Results by Process Contribution 

6.3 Global Warming Potential 

Figure 6-5 presents the GWP results grouped according to treatment group. Overall, the 

GWP of the treatment configurations increases with the stringency of effluent quality criteria, as 

additional unit processes are required. The total GWP of Level 5 is over three times greater than 

that for Level 1. The GWP of the biological treatment subcategory increases by approximately 

415 percent as we progress from Level 1 to Level 3. GWP impact associated specifically with 

biological treatment then remains relatively constant between Levels 3 and 5. The increase 

between Level 1 and Level 3, is due both to the increasing energy demand of the biological 

treatment configurations as well as the increased production of process GHG emissions. The 

advanced biological treatment units contain a combination of aerobic, anoxic, and anaerobic 

stages, in which both CH4 and N2O emissions may be generated and ultimately emitted from the 

treatment system. Based on available data to characterize these types of treatment configurations, 

as described in Appendix F, CH4 emissions from biological treatment are the most impactful 

process GHGs; however, there is uncertainty associated with estimating these process GHGs and 

in differentiating the various treatment levels due to the limited measurement data associated 

with the different treatment configurations evaluated. 

RO and brine injection together increase the GWP of Levels 5-1 and 5-2 by 

approximately 35 percent. The attached growth denitrification filter contributes just over 10 

percent of GWP impact to Level 4-1. Sludge processing and disposal, shown in yellow, 

contributes between 0.22 and 0.27 kg of CO2 eq. per cubic meter of wastewater for each 

treatment system. Over half of the sludge processing and disposal impact is attributable to 

operation of anaerobic digesters. Although the absolute contribution demonstrates consistency 

between treatment levels, the relative contribution to total impact scores decreases from a high of 

53 percent for Level 1 to only 12 percent for Level 5-1. Fugitive release of CH4 from landfilled 

biosolids at end-of-life (EOL) is responsible for approximately one-quarter of total sludge 
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processing and disposal GWP emissions.  While indirect N2O emissions from wastewater after 

discharge of effluent into receiving waters contribute less than three percent of GWP impact for 

Levels 2 through 5, this source of GHG emissions constitutes nearly 13 percent of Level 1 GWP. 

These emissions decrease across the treatment levels corresponding to increased removal of 

nitrogen from the final effluent. Nitrous oxide emissions from wastewater effluent are the result 

of denitrification processes that occur in the receiving water after wastewater is discharged from 

the treatment facility. Documentation of the N2O GHG calculations for receiving waters is 

provided in Appendix F. 

For more detail, please refer to Table J-3 and Table J-4, which shows the contribution of 

individual unit processes to the overall GWP. 

 

Figure 6-5. Global Warming Potential Results by Treatment Group 

Figure 6-6 aggregates GWP impact according to process contribution, highlighting the 

dominant contribution of electricity use to GWP impact. The relative percentage of GWP impact 

provided by electricity use increases from a low of 28 percent for Level 1 to a high of 64 percent 

for Level 5-2. Process GHG emissions from biological treatment units and anaerobic digestion 

are the second largest source of GWP impact and are similar in magnitude to electricity 

contributions for several treatment levels. The relative contribution of GHG process emissions is 

greatest for Levels 3 and 4 due to the unit processes used to attain the high degree of nutrient 

removal combined with a relatively lower energy footprint as compared to Level 5 

configurations. For Level 1, the release of N2O emissions is shifted to receiving streams. 

Natural gas use and landfill disposal of biosolids are both noticeable contributors to GWP 

impact, remaining consistent across treatment configurations. Natural gas contributes between 

four and 18 percent of GWP impact. Fugitive landfill methane emissions contribute a further 
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three to 13 percent, depending upon the configuration. It is important to remember that fugitive 

landfill emissions occur over long periods of time as the anaerobic degradation of sludge 

proceeds in the landfill environment. Although the fugitive landfill methane releases occur 

gradually over many years, the approach used here models the impacts of the aggregated 

emissions using 100-year GWPs. This is consistent with the use of 100-year GWPs used for all 

other life cycle GHG emissions, as discussed in Section 4.6.3. Future refinements to landfill 

LCA modeling may include time-scale modeling of landfill methane emissions; however, this is 

not part of the current study. Such future refinements of time scale modeling of long-term GHGs 

may lead to exclusion of methane emissions released after 100 years. As discussed in Appendix 

F Section F.1.5, this study has assumed landfill gas capture and energy recovery is based on 

average municipal landfill statistics in the U.S. There are a few instances where relative impact 

associated with these unit process categories can rise above ten percent for a specific treatment 

level. Effluent release, landfill emissions, and natural gas use contribute 14, 13, and 18 percent of 

Level 1 impact, respectively. Chemical use in Level 2-2, which relies heavily on chemical 

phosphorus precipitation, contributes 11 percent of GWP impact.  

 

Figure 6-6. Global Warming Potential Results by Process Contribution 

6.4 Acidification Potential 

Figure 6-7 presents results for acidification potential grouped according to treatment 

group. Acidification impact associated with biological treatment, post-biological treatment, and 

brine disposal are the dominant treatment groups contributing to acidification impact. Electricity 

use attributable to these treatment processes is the primary source of acidifying emissions. 

Eighty-eight percent of Level 1 impact in this category is associated with electricity use, and the 

relative contribution rises to over 95 percent for Level 5. Approximately 70 to 80 percent of 
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acidification impact is associated with sulfur dioxide and nitrogen oxide emissions from coal 

combustion. The contribution of biogas flaring to acidification impact, again from sulfur oxides 

and nitrogen oxide emissions, varies between 0.1 and 9 percent depending on the treatment level 

with lower levels having higher relative contributions from biogas flaring. The effect of biogas 

energy recovery on acidification potential impact is discussed in Section 9.5. For more detail, 

Table J-4. presents the contribution of individual unit processes to acidification potential impact. 

 

Figure 6-7. Acidification Potential Results by Treatment Group 

6.5 Fossil Depletion 

Figure 6-8 presents the fossil depletion results according to treatment group. 

Approximately 50 percent of fossil depletion impact for the Level 1 treatment system are 

attributable to electricity consumption. Electricity contributes over 90 percent of total fossil 

depletion impact for Level 5 configurations. Within electricity consumption, the contribution to 

fossil depletion is associated with coal, natural gas, and crude oil in a static ratio of 

approximately 2:1:1. An electricity credit, derived from the combustion of landfill gas, is 

reflected in the figure and serves to reduce relative fossil depletion impact by between one and 

six percent depending upon the treatment level, with greater relative decreases being associated 

with lower levels of nutrient removal. 

Natural gas combustion used to provide process heat for anaerobic digestion contributes 

31 percent of the relative impact for Level 1. The relative contribution of natural gas combustion 

decreases for higher treatment levels. Truck transport of processed biosolids to the landfill also 
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figures prominently in the results, contributing approximately 13 percent of the impact 

associated with Level 1. The absolute contribution of sludge hauling to fossil depletion is 

greatest for Level 2-2 due to the increase in sludge volume associated with chemical 

precipitation. The contribution of chemical use to fossil depletion amounts to over five percent of 

impact for Level 1 and over nine percent for Level 4-1. The increase associated with Level 4-1 is 

due to the use of methanol for denitrification. For more detail, Table J-5 shows the contribution 

of individual unit processes to fossil depletion potential. 

The high energy use in the biological treatment group is due to the biological treatment 

units (e.g., 3-stage Bardenpho, Modified University of Cape Town) and membrane filtration 

solids separation in Levels 4-2 and 5-2. For the biological treatment units, energy use is due to 

aeration, mixing, internal recycle and return activated sludge pumping. Membrane filtration use 

energy for aeration, permeate pumping, and internal recycle. Energy use for the post-biological 

treatment group is high for Levels 4-1, 5-1, and 5-2. For Level 4-1, over 95 percent of post-

biological energy use is associated with the denitrification filter. For Level 5-1, post-biological 

energy use is approximately 70 percent for the RO and 25 percent for ultrafiltration. For Level 5-

2, close to 100 percent post-biological energy use is for RO. 

 

Figure 6-8. Fossil Depletion Results by Treatment Group 

6.6 Smog Formation Potential 

Figure 6-9 presents the smog formation potential results by treatment group. Greater than 

95 percent of smog formation potential is linked to air emissions of nitrogen oxides from fuel 

combustion processes. Coal combustion, which is primarily associated with electricity 

generation, produces high nitrogen oxide emissions. For the Level 5 wastewater treatment 

configurations, coal combustion contributes most of the impact. However, only about half of the 
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smog formation potential is due to coal combustion for the conventional activated sludge system 

configuration. For Level 1, the relative smog formation impact of biogas flaring is 27 percent, 

with the absolute impact of biogas flaring consistent across wastewater treatment configuration. 

Other typical combustion processes such as transport and industrial manufacturing contribute 

less than one percent of cumulative impact in this category. For more detail, Table J-6 shows the 

contribution of individual unit processes to smog formation potential. 

 

Figure 6-9. Smog Formation Potential Results by Treatment Group 

6.7 Human Health-Particulate Matter Formation Potential 

Figure 6-10 presents the PM formation potential results by treatment group. PM 

formation is considered a human health impact category due to its close association with 

respiratory conditions, leading to increased morbidity (Bare, 2012). Over 92 percent of the 

impact in this category is attributable to the combustion of fossil fuels for electricity production. 
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impact in this category. Recovery of methane energy at the landfill, and the corresponding 

electricity off-set, provides a credit that reduces impact in this category by just under 12 percent 

for the Level 1 treatment system. The relative contribution of electricity off-sets to reductions in 

particulate matter formation potential impact decreases with increasing energy intensity as the 

level of nutrient removal increase. For more detail, Table J-7 shows the contribution of 

individual unit processes to particulate matter formation potential. 
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Figure 6-10. Human Health Particulate Matter Formation Potential Results by Treatment 

Group 

6.8 Ozone Depletion Potential 

Figure 6-11 presents ozone depletion potential results by treatment group. Results are 
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depletion potential. Electricity related impact is driven by the assumed use of three refrigerant 
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the normalized impact from ozone depletion tends to be lower compared to other impacts 

assessed in this study due to the benefits realized from the Montreal Protocol, see Table 8-3. For 

more detail, Table J-8 shows the contribution of individual unit processes to ozone depletion 

potential. 
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Figure 6-11. Ozone Depletion Potential Results by Treatment Group 

6.9 Water Depletion 
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for Level 4-1, despite the rise in energy intensity. For Level 2-2, the use of alum for chemical 
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from surface or groundwater, and diversion to deepwell injection makes it unavailable for 
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system boundaries of this study, which is a possibility for all treatment levels, and would serve to 

reduce water depletion impact. Table J-9 shows the contribution of individual unit processes to 

water depletion. 
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Figure 6-12. Water Depletion Results by Treatment Group 
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7. TOXICITY LCIA RESULTS 

Toxicity results are presented for the three USEtox™ impact categories. Presented results 

include impacts associated with metals, toxic organics and DBPs in effluent and sludge for each 

wastewater treatment configuration as well as upstream impacts associated with energy, 

chemical and material production. 

Figure 7-1 presents summary contribution results for all nine treatments systems in the 

three toxicity impact categories. The figure is intended to highlight the most important aspects of 

each treatment configuration that contributes to toxicity impacts. All results in Figure 7-1 are 

standardized such that the total impact of each treatment configuration equals 100%. 

Contributions to impact are aggregated in the following groups: material and energy inputs, 

effluent metals, effluent toxic organics, effluent DBPs, metals in sludge, and toxic organics in 

sludge. Metals in liquid effluent are the dominant contributor among the three trace pollutant 

categories. For treatment Levels 1 thorough 4-1, metals in liquid effluent are the single largest 

contributor to ecotoxicity and non-cancer human health impacts. For Levels 4-2 through 5-2, 

contributions from plant material and energy inputs dominate toxicity impacts. As treatment 

becomes more rigorous from Level 1 to Level 5, the contributions of trace pollutants to toxicity 

impact decrease. There is a slight increase in toxicity impacts associated with sludge landfilling 

along the same continuum, however total toxicity contributions from sludge disposal never 

exceed 10%. Contributions from toxic organic chemicals, either in sludge or liquid effluent, are 

only visible for the non-cancer human health impact category amounting to four percent or less 

of total impact for all treatment configurations. DBPs contribute greater than 10% of total impact 

for the cancer human health impact category in Levels 1, 2-1, and 4-2. 

It is important to consider the uncertainty inherent in the calculation of toxicity related 

impacts using the USEtox™ method (Huijbregts et al., 2010). Many of the characterization 

factors used to quantify impacts in these categories are considered interim by USEtox™ 

developers. All toxicity related characterization factors associated with metals and metal ions, 

which dominate the results of this study, are considered interim at this time. Moreover, the 

characterization factors assume impacts result from a specific ionic form of each metal species 

that is not necessarily the same form in which the metal is emitted from treatment systems. This 

is a common limitation of the USEtox™ method, and it implies the assumption that once 

emitted, transformations to a more toxic form may occur within the receiving environment. 

Overall, the uncertainty associated with interim characterization factors is between one and three 

orders of magnitude (Huijbregts et al., 2010).  
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Figure 7-1. Contribution Analysis of Cumulative Toxicity Impacts 
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7.1 Human Health-Cancer Potential 

Figure 7-2 presents the human health-cancer results by treatment group. Error bars in the 

figure represent the range of results generated by applying minimum and maximum removal 

efficiency scenario assumptions outlined in Sections 2.1 and 2.2 for metals and toxic organic 

pollutants, respectively. Contributions to toxicity impact from metals, toxic organics and DBPs 

summarized in Figure 7-1 are included in this figure within the effluent release and sludge 

processing and disposal treatment groups. 

This figure reinforces the important contribution of metals in treatment plant effluent to 

cumulative human health-cancer impacts for the lower treatment Levels. The figure also 

demonstrates that for Level 5 treatment configurations, the increasing contribution of plant 

material and energy inputs outweighs the benefits of effluent improvements. Electricity 

consumption of the RO filter and brine injection system is primarily responsible for this increase. 

The Level 2-2 treatment system is associated with the highest cancer potential impacts 

attributable largely to aluminum sulphate production for chemical phosphorus precipitation.  

When considering the average removal efficiency scenario, Levels 3-2 and 4-2 most 

effectively balance improvements in effluent quality against the increase in material and energy 

inputs required to achieve this goal. This is in large part due to the effectiveness of the MUCT 

unit process (Level 3-2) and the MBR unit process (Level 4-2) in removing metals from the 

liquid effluent. The MBR unit process, in particular, showed metal removal performance almost 

on par with RO, though without the detrimentally high energy requirements. 

The range of impacts found for Level 1 and 2-1 are also worth noting, as although 

average metal removal efficiencies of these levels are lower than other configurations (around 

40-60% depending on the metal), there is evidence to suggest that removals can be greater than 

80% in some cases. Combined with lower process-based impacts, a high efficiency Level 1 or 

Level 2-1 system may perform best with respect to human health-cancer potential impacts. 

Table J-10 documents the contribution of individual unit processes to the human health – 

cancer potential. 
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Figure 7-2. Human Health – Cancer Potential Results by Treatment Group (CTUh/m3 

wastewater treated) 
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7.2 Human Health-Noncancer Potential 

Figure 7-3 presents the human health-noncancer results by treatment group. Error bars in 

the figure represent the range of results generated by applying minimum and maximum removal 

efficiency scenario assumptions outlined in Sections 2.1 and 2.2 for metals and toxic organic 

pollutants, respectively. Contributions to toxicity impact from metals, toxic organics and DBPs 

summarized in Figure 7-1 are included in this figure within the effluent release and sludge 

processing and disposal treatment groups. 

The toxicity impact of metals in treatment plant effluent is even more pronounced for the 

non-cancer human health impact category where it dominates contributions for Level 1 through 

Level 4-1 treatment configurations. Figure 7-1 shows that DBPs also contribute to non-cancer 

human health potential especially for Levels 1 and 2-1. When considering the average removal 

efficiency scenario, total toxicity impacts generally decrease as you move from lower treatment 

levels to the Level 4-2 treatment system before again increasing for Level 5. The low impacts 

associated with Level 4-2 are again associated with the high metals removal performance of the 

MBR unit process without the high energy inputs required of the RO membrane separation 

process. Also, the removal efficiency range is narrower for the membrane separation processes 

than for the lower treatment levels that rely more heavily on less precise biological processes for 

partitioning of metals to sludge. Even considering the high removal efficiency scenario for the 

lower three treatment levels, total non-cancer potential impacts are greater than or equal to the 

toxicity impact of Levels 4-2 and 5. 

Table J-11 shows the contribution of individual unit processes to human health–

noncancer potential. 
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Figure 7-3. Human Health – Noncancer Potential Results by Treatment Group (CTUh/m3 

wastewater treated) 

7.3 Ecotoxicity Potential 

Figure 7-4 presents ecotoxicity results by treatment group. Error bars in the figure 

represent the range of results generated by applying minimum and maximum removal efficiency 

scenario assumptions outlined in Sections 2.1 and 2.2 for metals and toxic organic pollutants, 

respectively. Contributions to toxicity impact from metals, toxic organics and DBPs summarized 

in Figure 7-1 are included in this figure within the effluent release and sludge processing and 
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reliability of their membrane processes. However, when compared against high removal 

efficiency scenarios for lower treatment levels, Level 5 systems may result in greater potential 

impact. Likewise, considerable overlap in the estimated removal efficiency performance of 

Levels 1 through 4-1 make it challenging to draw reliable conclusions regarding their relative 

performance. 

Table J-12 shows the contribution of individual unit processes to ecotoxicity potential. 

 

Figure 7-4. Ecotoxicity Potential Results by Treatment Group  

(CTUe/m3 wastewater treated) 
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8. SUMMARY BASELINE RESULTS 

This section presents the baseline summary LCIA and cost (as net present value) results 

to understand the trade-offs in impacts between operation of the different wastewater treatment 

configurations. Following a presentation of the baseline summary results, a normalization step is 

applied to the LCIA results to interpret the relative magnitude of the different impact categories 

assessed. 

8.1 Baseline Results Summary 

 presents a summary of the relative results for the main impact categories. Results have 

been normalized to the maximum impact within each category. The side-by-side presentation of 

the results serves to highlight the trade-offs that exist between the various treatment 

configurations for traditional LCIA categories. Summary results are also displayed in a table 

format in Table 8-1. Figure 8-2 presents the results in Table 8-1 for three representative 

treatment configurations in a graphical format to help visualize the relative impacts and trade-

offs. In this graph, seven of the LCIA endpoints and costs are displayed on their own axis in 

spiral format, with the greatest impact furthest from the center. The shaded areas reflect a 

“footprint” of impact. Graphical displays of the results in this manner can aid in interpreting 

results and facilitating associated decision-making when comparing options. The specific 

information presented in Figure 8-2 is intended to be purely illustrative and is not intended to 

imply the relative importance of any endpoint or any winnowing of treatment configurations.   
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Figure 8-1. Relative LCIA and Cost Results for Nine Wastewater Treatment 

Configurations 
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Table 8-1. Summary LCIA and Cost Results for Nine Wastewater Treatment 

Configurations  

(per m3 wastewater treated) 

Impact 

Name Unit 

Level 1,  

AS 

Level 

2-1, 

A2O 

Level 2-

2, AS3 

Level 3-

1,  

B5 

Level 

3-2, 

MUCT 

Level 4-

1, 

B5/Den

it 

Level 4-

2, MBR 

Level 

5-1, 

B5/RO 

Level 5-

2, 

MBR/R

O 

Cost 

$ USD 

0.64 0.7

4 

1.2 0.84 0.86 0.94 0.89 1.4 1.3 

Eutrophicati

on Potential kg N eq 

0.07 9.8

E-3 

0.02 6.8E-

3 

6.9E

-3 

6.1E

-3 

6.8E-

3 

7.5

E-3 

7.5E

-3 

Cumulative 

Energy 

Demand MJ 

5.4 9.1 14 9.7 10 12 11 24 23 

Global 

Warming 

Potential 

kg CO2 

eq 

0.52 0.7

7 

0.92 1.0 0.96 1.1 1.1 1.8 1.8 

Acidificatio

n Potential 

kg SO2 

eq 

0.01 0.0

3 

0.03 0.03 0.04 0.04 0.04 0.0

9 

0.09 

Fossil 

Depletion  

kg oil 

eq 

0.12 0.2

0 

0.30 0.22 0.23 0.28 0.25 0.5

4 

0.51 

Smog 

Formation 

Potential 

kg O3 

eq 

0.13 0.2

6 

0.29 0.28 0.30 0.34 0.33 0.7

5 

0.72 

Particulate 

Matter 

Formation 

PM2.5 

eq 

1.4E-3 3.3

E-3 

3.5E

-3 

3.6E-

3 

3.9E

-3 

4.5E

-3 

4.4E-

3 

0.0

1 

0.01 

Ozone 

Depletion 

Potential 

kg 

CFC-

11 eq 

3.9E-6 3.8

E-6 

2.0E

-6 

7.6E-

6 

3.7E

-6 

7.4E

-6 

7.3E-

6 

7.7

E-6 

7.7E

-6 

Water 

Depletion  

m3 

H2O 

8.0E-4 1.5

E-3 

4.1E

-3 

1.7E-

3 

1.8E

-3 

2.0E

-3 

2.0E-

3 

0.1

9 

0.17 

Human 

Health 

Cancer 

Potential CTUh 

4.3E-9 5.1

E-9 

9.9E

-9 

4.5E-

9 

4.1E

-9 

5.2E

-9 

3.7E-

9 

6.4

E-9 

5.7E

-9 

Human 

Health Non-

Cancer 

Potential CTUh 

1.2E-7 1.3

E-7 

1.4E

-7 

1.0E-

7 

9.0E

-8 

1.1E

-7 

5.0E-

8 

7.7

E-8 

6.1E

-8 

Ecotoxicity 

Potential CTUe 

338 385 409 269 283 292 208 317 286 
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Figure 8-2. Illustrative Comparison of LCIA and Cost Results for Three Wastewater 

Treatment Configurations 
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8.2 Normalized Baseline Results 

Normalization is a process of standardizing impact results in all categories such that the 

contribution of impact results associated with the functional unit can be judged relative to total 

national or global impact for a given category. Table 8-2 shows normalization factors and U.S. 

national per capita impacts in the year 2008. This is the most recent year normalization factors 

for LCA are available (Ryberg et al., 2014; Lippiatt et al., 2013). Normalization factors are not 

available for the impact categories fossil depletion and CED; therefore, these categories are 

excluded from the normalization step. Toxicity results are also excluded due to the higher 

magnitude of uncertainty associated with normalization factors for these categories. The 

normalization factor is the total U.S. impact for the specified category in 2008. Impact per person 

is estimated by dividing the normalization factor by the U.S. population. The U.S. population in 

2008 is estimated as 304,100,000 people (World Bank, 2016). So, for example, the second row 

of Table 8-2 indicates that average per capita GHG emissions from all U.S. sources was just over 

24 metric tons of CO2 eq in 2008. 

Table 8-2. 2008 U.S. Normalization Factors and Per Capita Annual Impacts 

Impact Category a Unit 
Normalization 

Factor (US-2008) 
Impact per Person b Source 

Eutrophication kg N eq/yr 6.6E+9 22 Ryberg et al., 2014 

Global Warming kg CO2 eq/yr 7.4E+12 2.4E+4  Ryberg et al., 2014  

Acidification kg SO2 eq/yr 2.8E+10 92  Ryberg et al., 2014  

Smog kg O3 eq/yr 4.2E+11 1.4E+3  Ryberg et al., 2014  

Particulate Matter 

Formation 
kg PM2.5 eq/yr 

7.4E+9 24 
 Ryberg et al., 2014  

Ozone Depletion 
kg CFC-11 

eq/yr 

4.9E+7 0.16 
 Ryberg et al., 2014  

Water Depletion liter H2O eq/yr 1.7E+14 5.6E+2  Lippiatt et al., 2013  

a – Normalization factor not available for cumulative energy demand and fossil depletion, so these categories are 

excluded from normalization step. 

b – Impact per person calculated using 2008 population of 304,100,000. 

 

The process of normalization allows us to better assess the significance of impacts by 

providing absolute benchmarks at the national level. The functional unit for this study is a cubic 

meter of wastewater treated. In order to provide a gross, general context to these numbers, this 

presentation of normalized results calculates values based on the range of per capita municipal 

wastewater that is generated each year. The average generation of domestic municipal 

wastewater in the U.S. is estimated to be between 50 and 89 gallons per person per day 

(Tchobanoglous et al., 2014). This is a large range, reflecting the wide variation in use patterns 

as determined by factors such as climate, household size, and home and community conservation 

measures. This level of daily use translates to an annual domestic wastewater generation between 

70 and 123 cubic meters per year per person. By multiplying impact results calculated in this 

study by the annual cubic meters of domestic wastewater treated each year at municipal 

wastewater facilities and dividing by per capita normalization factors, it is possible to calculate 
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the approximate annual contribution of domestic wastewater treatment to total per capita impact 

in each of the included impact categories. This calculation excludes wastewater generated by 

commercial, public, and industrial sources, and therefore overestimates the impact from 

individuals and does not reflect the full national burden of wastewater treatment. The results of 

this calculation for the nine treatment systems and environmental impact in seven categories are 

presented in Table 8-3. 

The overall trend in results is the same as that for unnormalized results, with impact in 

most categories increasing with the level of treatment. However, we can now more easily see the 

dramatic reduction in normalized contribution to eutrophication between conventional activated 

sludge treatment and all of the advanced treatment options. Overall per capita eutrophication 

impact may decrease 12 to 36 percent when shifting from the Level 1 wastewater treatment 

configuration to the higher nutrient removal wastewater configurations. The results highlight the 

fact that emissions resulting from wastewater treatment do not contribute equally to all impact 

categories. Wastewater treatment contributions to GWP and ozone depletion are less than one 

percent of the average national per capita emissions that contribute to these impact categories 

across all treatment levels. This implies that more emphasis should be put on eutrophication 

results compared to GWP or ozone depletion results for the wastewater treatment sector. 

Emissions associated with impact categories linked strongly with energy consumption such as 

acidification, smog formation, particulate matter formation, and human health-cancer start out at 

levels between zero and four percent per capita impacts, but rise to between three and 19 percent 

per capita impacts by the time Level 5 treatment is reached. These results also demonstrate the 

significance of impacts associated with a broad range of impact categories not typically thought 

of in relation to wastewater treatment, particularly at the more advanced levels of nutrient 

removal, and indicate a possibility for shifting burdens from eutrophication to other categories of 

environmental impact. 
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Table 8-3. Estimated Annual Contribution of Municipal Wastewater Treatment Per Capita Impact in Seven Impact 

Categories 

Impact Category a Level 1, AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1, 

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Eutrophication Potential 21 - 38% 3 - 6% 5 - 9% 2 - 4% 2 - 4% 2 - 3% 2 - 4% 2 - 4% 2 - 4% 

Global Warming 

Potential 0.1 - 0.3% 0.2 - 0.4% 0.3 - 0.5% 0.3 - 0.5% 0.3 - 0.5% 0.3 - 0.6% 0.3 - 0.6% 0.5 - 0.9% 0.5 - 0.9% 

Acidification Potential 1 - 2% 2 - 4% 2 - 4% 2 - 4% 3 - 5% 3 - 5% 3 - 5% 7 - 13% 7 - 12% 

Smog Formation 

Potential 1% 1 - 2% 1 - 3% 1 - 2% 2 - 3% 2 - 3% 2 - 3% 4 - 7% 4 - 6% 

Particulate Matter 

Formation Potential 0 - 1% 1 - 2% 1 - 2% 1 - 2% 1 - 2% 1 - 2% 1 - 2% 3 - 5% 3 - 5% 

Ozone Depletion 

Potential <1% <1% <1% <1% <1% <1% <1% <1% <1% 

Water Depletion <1% <1% <1% <1% <1% <1% <1% 2 - 4% 2 - 4% 

a – Normalization factor not available for cumulative energy demand and fossil depletion, so these categories are excluded from normalization step. 

b – Toxicity results are interim. 
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9. SENSITIVITY ANALYSIS 

9.1 Overview 

Sensitivity analysis is an important component in the production of robust LCA and 

LCCA study results. As with any modeling process, the construction and analysis of an LCA and 

LCCA model and results requires making and documenting many assumptions. Many individual 

assumptions are known to have only an insignificant effect on the final impact results calculated 

for a given functional unit, but the effect of other assumptions is uncertain or is known to be 

significant. In the latter two cases, sensitivity analysis is employed to quantify the effect of 

modeling choices on LCA results. In this study, a sensitivity analysis was performed on the 

interest rate used in the LCCA analysis, the choice of GWP factors, the modeled electrical grid 

fuel mix, and the treatment of anaerobic digestion biogas. A case study is also presented 

illustrating cost results for a WWTP incorporating nutrient control technology as a retrofit rather 

than as a greenfield plant. The details of what elements were changed in each of the models and 

the subsequent effect on results categories are documented in the following subsections. 

9.2 Interest and Discount Rates 

As discussed in Section 3.3, ERG used the same value for the interest and discount rates. 

While there are slight differences in the interest and discount rates, it is appropriate to use the 

same value for the interest and discount rates when developing planning level costs. In this 

sensitivity analysis, ERG changed the interest rate during construction (see Equation 12), which 

is part of the total capital costs, and the real discount rate used to calculate the net present value 

(see Equation 13) from 3% to 5%. The interest and discount rates are not used to calculate the 

annual costs; as a result, this section focuses on changes to the total construction costs and net 

present value. The 3% interest rate represents a conservative interest rate for a State Revolving 

Fund (SRF) loan as the SRF average loan rate was 1.7% in April 2016 (U.S. EPA, 2016a). The 

5% interest rate represents a worse-case scenario reflective of rates that WWTPs in poor 

financial shape, but still able to borrow, would be able to obtain. 

Figure 9-1 presents the total construction costs using the 3% and 5% interest and discount 

rates. On average, the total construction costs increased by approximately 2.6% using the 5% 

interest rate, due to an increase in the interest paid during construction. Figure 9-2 presents the 

net present value using the 3% and 5% interest and discount rates. The net present value 

decreased using the 5% interest and discount rates by an average of 18%. The difference in the 

net present value is primarily because the majority of the costs for the wastewater treatment 

configurations are annual costs that occur in the future, which become smaller when using the 

5% discount rate versus the 3% discount rate. 



Section 9: Sensitivity Analysis 

EP-C-16-003; WA 2-37  9-2 

 

Figure 9-1. 3% versus 5% Interest Rate Total Construction Sensitivity Analysis Results 

$55.3M

$71.4M

$93.1M
$86.4M $88.9M

$92.8M $90.1M

$160M

$144M

$56.7M

$73.2M

$95.5M
$88.7M $91.2M

$95.2M $92.5M

$164M

$148M

$0M

$20M

$40M

$60M

$80M

$100M

$120M

$140M

$160M

$180M

Level 1,
AS

Level 2-1,
A2O

Level 2-2,
AS3

Level 3-1,
B5

Level 3-2,
MUCT

Level 4-1,
B5/Denit

Level 4-2,
MBR

Level 5-1,
B5/RO

Level 5-2,
MBR/RO

T
o

ta
l 

C
a
p

it
a
l 

C
o

st
 (

2
0

1
4

  
$

)

Total Construction - 3% Total Construction - 5%



Section 9: Sensitivity Analysis 

EP-C-16-003; WA 2-37  9-3 

 

Figure 9-2. 3% versus 5% Interest and Discount Rate Net Present Value Sensitivity 

Analysis Results 

9.3 Global Warming Potential 

In this sensitivity analysis, the effect of using IPCC’s most recent 2013 GWPs from the 

Fifth Assessment Report was assessed (IPCC, 2013). The baseline study used 2007 GWP factors 

from the IPCC Fourth Assessment Report, which have been officially adopted by the UNFCCC 

for international GHG reporting standards and are used by EPA in their annual greenhouse gas 
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that standard (i.e., kilograms CO2 eq.). There are many parameters that feed into determination 

of CO2 eq. values, and the scientific basis for these values continues to evolve, with the IPCC 

reviewing and updating factors as the evidence improves. Table 9-1 shows both the 2007 and the 

updated 2013 IPCC GWP factors for the primary GHGs resulting from the life cycle of 

wastewater treatment. The last column in the table show the percent change associated with the 

2013 update relative to the 2007 values. 
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Table 9-1. 2007 versus 2013 IPCC GWPs 

GHG 

GWP 

Percent Change IPCC 2007 IPCC 2013 

Carbon dioxide 1.0 1.0 0% 

Nitrous oxide 3.0E+2 2.7E+2 -12% 

Methane 25 28 +11% 

 

The effect of the GWP update on cumulative results depends upon the relative 

contribution of each GHG to the total GWP impact for each of the wastewater treatment 

configurations. Across all nine wastewater treatment configurations, the effect of selecting the 

2007 versus 2013 GWP factors was shown to alter the GWP impact scores by between 1.8 and 

3.8 percent. Figure 9-3 shows the magnitude of these effects per cubic meter of treated 

wastewater for each of the nine wastewater treatment configurations. The stacked bars 

correspond to the three main GHGs, which are responsible for the majority of GWP impact. The 

fact that methane and nitrous oxide are both prevalent GHGs for these systems, and the similarly 

equal and opposite change in GWP results for these two gases served to mitigate the impact of 

the update on cumulative results for this study. Table 9-2 lists the percent change in GWP impact 

that results from the choice between 2007 and 2013 GWP factors. At an aggregate level, the 

results of this study were not notably affected by GWP factor selection. 

 

Figure 9-3. 2007 versus 2013 IPCC GWP Sensitivity Analysis Results 
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Table 9-2. Percent Change in GWP Impact due to GWP Factor Selection 

  

Level 1, 

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1, 

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2. 

MBR/RO 

Percent Changea 2.5% 2.7% 3.7% 2.3% 3.8% 2.3% 2.4% 1.8% 1.8% 

a – Percent Change = (GWP2013-GWP2007)/GWP2007 

9.4 Electrical Grid Mix 

In this sensitivity analysis, an alternative electrical mix with a “cleaner” grid (e.g., shift 

away from coal) was applied. Table 9-3 displays the electrical grid mix for the NorthEast Power 

Coordinating Council (NPCC), in addition to the baseline average mix of fuels used as the basis 

for this study. This information is based on eGRID data from 2012. NPCC covers states such as 

New York, Connecticut, Rhode Island, Massachusetts, Vermont, New Hampshire, and Maine. 

This electrical grid is included in a sensitivity analysis, as it contains a higher portion of 

electricity from natural gas, nuclear, and hydro and a lower portion of electricity from coal as 

compared to the U.S. average electrical grid. The last column of Table 9-3 presents the percent 

change within individual fuel types when shifting from the baseline U.S. average electrical grid 

mix to the NPCC electrical grid mix. 

Table 9-3. NPCC eGRID Regional versus U.S. Average Electrical Grid Mix 

Fuel 

Baseline U.S. Average 

Percent of Mix 

NPCC Sensitivity Analysis 

Percent of Mix Percent Change 

Coal 45% 3.1% -93% 

Natural Gas 24% 49% +100% 

Nuclear 20% 30% +51% 

Hydro 6.2% 12% +94% 

Wind 2.3% 1.6% -28% 

Biomass 1.4% 3.6% +170% 

Oil 1.0% 0.38% -63% 

Geothermal 0.37% 0% -100% 

Other Fossil 0.35% 1.1% +220% 

Solar 0.03% 0.03% 0% 

 

When conducting the sensitivity analysis, the electrical grid mix that serves the 

wastewater treatment plant is varied for each of the nine wastewater treatment configurations, 

while the electrical grid mixes associated with background processes remain constant. This is 

reasonable since it is likely background chemicals and fuels are not produced in the same region 

of the U.S. that they are utilized. Results for all of the impact categories were rerun and 

compared to the baseline values. As displayed in Figure 9-4, the relative impact of this 

substitution depends both upon the wastewater treatment configuration and on the impact 

category. The impacts in this figure are sorted, with the greatest average reduction across all 

treatment levels shown at the top and the smallest average reduction across all treatment levels 

shown at the bottom. The effect of this substitution of electrical grid mix on cumulative impact 

scores is significant across the majority of impact categories and treatment levels with a few 
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notable exceptions. Ozone depletion potential impact is not shown to be sensitive to the choice of 

electrical grid with the percent change for all wastewater treatment configurations being less than 

one percent. The impact on eutrophication potential for Levels 1 and 2 are overshadowed by the 

predominance of eutrophying emissions associated with effluent release. Similarly, the effect on 

water depletion impact for Level 5 is reduced due to the predominant impact of brine injection to 

results in this category.  

In general, those wastewater treatment configurations with a higher energy demand per 

cubic meter of wastewater treated show a greater sensitivity to the source of electricity. A 

number of interesting patterns are visible in Figure 9-4. The relative effect of this sensitivity 

analysis between wastewater treatment configurations is most pronounced for eutrophication 

potential. The percent change associated with eutrophication impacts in Level 1 and Level 5– are 

approximately -1 and -50 percent, respectively. The large variation in these values can be 

explained by large differences in the aspects of the LCA model that contribute to impact in each 

category. As mentioned above, eutrophication impact for Level 1 is predominated by effluent 

release, so the change in grid energy has little influence on impact. Alternatively, by the time 

water is cleaned to Level 5 standards, there is so little nutrient content in the effluent itself that 

electricity impact predominates. Similarly, for other impact categories that show an increasing 

sensitivity to electricity choice as we move from Level 1 to Level 5, we can attribute this to the 

increased contribution of electricity to impact results as effluent standards increase. 

The consistently high effect on acidification and particulate matter impacts across the 

treatment systems is demonstrative of the dependence of these impact categories on emissions 

resulting from electricity production. Toxicity results are excluded from Figure 9-3. 

The deviation in general trends associated with Level 2-2 are due to the exceptional 

reliance of this wastewater treatment configuration on chemical flocculent for phosphorus 

removal, and the impact associated with these chemical additions. In this way, this wastewater 

treatment configuration is less sensitive to overall changes in the electrical grid fuel mix. 

The findings of this sensitivity analysis indicate that electricity is a primary driver for 

many of the impact categories assessed in this study. Utilization of “cleaner” fuels for electricity 

or recovery of resources at the WWTP to produce energy on-site could serve to offset some of 

the burdens realized when including additional energy intensive unit processes to achieve 

increased nutrient removal. 
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a Percent Change = [(NPCCimpact-AvgGridimpact)/AvgGridimpact] 

Figure 9-4. Electrical Grid Mix Sensitivity Analysis Results 
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Table 9-4. Electrical Grid Sensitivity Analysis, U.S. Average versus NPCC Electrical Grid (per m3 wastewater treated) 

Impact Name Unit 

Level 1, AS Level 2-1, A2O Level 2-2, AS3 Level 3-1, B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

U.S. 

Avg. NPCC 

U.S. 

Avg. NPCC 

U.S. 

Avg. NPCC 

U.S. 

Avg. NPCC 

U.S. 

Avg. NPCC 

U.S. 

Avg. NPCC 

U.S. 

Avg. NPCC 

U.S. 

Avg. NPCC 

U.S. 

Avg. 

NPC

C 

Global 

Warming 

Potential 

kg CO2 

eq 0.52 0.44 0.77 0.58 0.92 0.72 1.0 0.83 0.96 0.73 1.1 0.88 1.1 0.86 1.8 1.2 1.8 1.2 

Eutrophicati

on Potential 

kg N eq 
0.07 0.07 9.8E-3 8.6E-3 0.02 0.01 6.8E-3 5.4E-3 6.9E-3 5.5E-3 6.1E-3 4.5E-3 6.8E-3 5.1E-3 7.5E-3 3.6E-3 7.5E-3 3.7E-3 

Acidification 

Potential 

kg SO2 

eq 
0.01 6.9E-3 0.03 0.02 0.03 0.02 0.03 0.02 0.04 0.02 0.04 0.02 0.04 0.02 0.09 0.05 0.09 0.04 

Fossil 

Depletion 

kg oil eq 
0.12 0.10 0.20 0.15 0.30 0.24 0.22 0.16 0.23 0.16 0.28 0.20 0.25 0.18 0.54 0.36 0.51 0.34 

Smog 

Formation 

Potential 

kg O3 eq 

0.13 0.10 0.26 0.18 0.29 0.21 0.28 0.20 0.30 0.21 0.34 0.24 0.33 0.23 0.75 0.51 0.72 0.49 

Particulate 

Matter 

Formation 

PM2.5 eq 

1.4E-3 9.8E-4 3.3E-3 2.4E-3 3.5E-3 2.6E-3 3.6E-3 2.6E-3 3.9E-3 2.8E-3 4.5E-3 3.2E-3 4.4E-3 3.1E-3 0.01 7.4E-3 0.01 7.1E-3 

Ozone 

Depletion 

Potential 

kg CFC-

11 eq 3.9E-6 3.9E-6 3.8E-6 3.8E-6 2.0E-6 1.9E-6 7.6E-6 7.5E-6 3.7E-6 3.6E-6 7.4E-6 7.3E-6 7.3E-6 7.2E-6 7.7E-6 7.6E-6 7.7E-6 7.5E-6 

Cumulative 

Energy 

Demand 

MJ 

5.4 4.5 9.1 6.8 14 11 9.7 7.3 10 7.7 12 9.3 11 8.3 24 17 23 16 

Water 

Depletion 

m3 H2O 
8.0E-4 6.4E-4 1.5E-3 1.1E-3 4.1E-3 3.7E-3 1.7E-3 1.2E-3 1.8E-3 1.3E-3 2.0E-3 1.5E-3 2.0E-3 1.4E-3 0.19 0.18 0.17 0.17 
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9.5 Biogas Energy Recovery 

The baseline model assumes flaring of biogas produced during anaerobic digestion. This 

sensitivity analysis investigates the effect on plant level environmental impact and life cycle cost 

from shifting to energy recovery using a combined heat and power (CHP) engine.  

9.5.1 System Description 

Biogas system components include the prime mover, which drives the electrical 

generator, a heat exchanger, gas processing/cleaning equipment, electrical controls and 

enclosure. An Internal Combustion Engine (ICE) is modeled as the CHP prime mover. ICEs are 

a common and industry tested technology (Wiser et al. 2010). Biogas exiting the anaerobic 

digesters is at ambient pressure and is saturated with moisture. Compression, drying and removal 

of impurities is required before gas can be combusted in a CHP engine. The biogas processing 

and CHP system boundary is depicted in Figure 9-5. Biogas and CHP system specifications are 

listed in Table 9-5. 

 

Figure 9-5. System Diagram of Biogas Processing and CHP System 

Iron sponge scrubbers are assumed for hydrogen sulfide (H2S) removal, being a widely 

used and commercially proven technology. H2S is corrosive of metallic system components in 

the presence of water, and can lead to elevated sulfur oxide (SOx) emissions from the prime 

mover. H2S is a common constituent of biogas generated at municipal WWTPs often comprising 

200-3500 ppmv of biogas (Wiser et al. 2010). A representative H2S concentration of 500 ppmv is 

used to estimate iron sponge requirements (Wiser et al. 2010). The desired temperature range for 

adsorption via iron sponge is between 25 and 60 °C, which corresponds to the temperature of 

biogas as it exits the anaerobic digesters. Hydrated iron oxide is usually sold embedded onto 

wood chips. Iron sponge adsorption requires the presence of moisture in the biogas, so process 

placement before moisture removal is common. Approximately 20 kg of H2S can be adsorbed 

per 100 kg of sorbent material (Ong et al. 2017). The oxide impregnated wood chips can be 

regenerated by flushing the bed with atmospheric oxygen, which releases H2S as elemental 

sulfur. The regeneration process can be repeated approximately 1-2 times before the adsorbent 

media requires replacement (Abatzoglou and Boivin 2009). This analysis assumes 1 regeneration 

cycle, achieving 85 percent of original sorbent capacity. The necessary equipment has a modest 

footprint and is usually located outdoors to mitigate safety concerns. 
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Table 9-5. Biogas Processing and CHP System Specifications for Nine Treatment System Configurations 

System Parameter 
Level 1, 

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1, 

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Annual Biogas Production (m3) 1.6E+6 1.3E+6 1.8E+6 1.3E+6 1.3E+6 1.3E+6 1.3E+6 1.3E+6 1.2E+6 

Biogas Production (scfm) 1.1E+2 88 1.2E+2 85 85 85 87 85 82 

Available Biogas Energy (MJ)a 2.7E+7 2.4E+7 3.2E+7 2.3E+7 2.3E+7 2.3E+7 2.3E+7 2.3E+7 2.2E+7 

ICE Availability 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 

ICE Power (kw) 3.2E+2 2.8E+2 3.8E+2 2.7E+2 2.7E+2 2.7E+2 2.8E+2 2.7E+2 2.6E+2 

Electricity Production (kWh/yr) 2.5E+6 2.2E+6 3.0E+6 2.2E+6 2.2E+6 2.2E+6 2.2E+6 2.2E+6 2.1E+6 

Thermal Energy (MJ/yr) 1.2E+7 1.1E+7 1.4E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7 1.0E+7 9.9E+6 

AD Heat Requirement (MJ/yr)b,c  1.7E+7 1.6E+7 2.4E+7 1.5E+7 1.5E+7 1.5E+7 1.5E+7 1.5E+7 1.4E+7 

WWTP Electricity Requirement 

(kWh/yr) 
2.8E+6 6.7E+6 6.8E+6 8.1E+6 8.6E+6 9.8E+6 8.2E+6 2.2E+7 2.0E+7 

Percent of AD Heat Demand 

Satisfied (%) 70% 68% 59% 67% 67% 67% 70% 67% 71% 

Percent of Facility Electricity 

Demand Satisfied (%) 90% 33% 43% 30% 27% 24% 25% 10% 10% 

H2S removed (kg/day) 1.9 1.6 2.2 1.6 1.6 1.6 1.6 1.6 1.5 

Iron Oxide requirement (kg/yr) 1.8E+3 1.6E+3 2.2E+3 1.6E+3 1.6E+3 1.6E+3 1.6E+3 1.6E+3 1.5E+3 

Siloxane removed (kg/day) 0.44 0.36 0.48 0.35 0.35 0.35 0.36 0.35 0.33 

Activated Carbon requirement 

(kg/yr) 
1.6E+3 1.3E+3 1.8E+3 1.3E+3 1.3E+3 1.3E+3 1.3E+3 1.3E+3 1.2E+3 

a Accounts for 5 percent fugitive biogas loss and 20 percent flaring rate. 
b Expressed as CHP thermal energy, accounts for 90 percent efficiency of heat exchanger. 
c AD – anaerobic digester/digestion 

 



 

EP-C-16-003; WA 2-37  9-11 

Moisture removal is the next step in biogas processing as it enhances performance of the 

subsequent siloxane removal step (Wiser et al. 2010). Moisture removal via chilling and 

condensation is proposed to ensure sufficiently dry biogas. Refrigeration energy demands 

typically account for less than two percent of the energy content of the processed biogas. A 

conservative value of two percent is used to estimate electricity demands of the refrigeration 

process (Ong et al. 2017). 

Compression of biogas is necessary prior to combustion in the prime mover. Fuel 

pressurization to between 3 and 5 psi is sufficient for use in ICEs. Use of a blower is 

recommended for moderate compression requirements up to 15 psig (Wiser et al. 2010). 

Compression follows H2S and moisture removal to ensure longevity of compressor components. 

Blowers have the benefit of being low cost, require no oil, lack VOC emissions and have 

minimal maintenance requirements (Wiser et al. 2010). Energy requirements for compression are 

estimated based on the use of heavy duty rotary blowers that operate at brake horsepowers of 

between 2.4 and 3.3 depending upon the biogas flowrate in standard cubic feet per minute 

(scfm), which ranges between 82 and 118 scfm depending upon the system configuration (see 

Table 9-5). 

The final biogas cleaning and processing step involves removal of siloxanes, which are 

another common contaminant of biogas generated via anaerobic digestion of wastewater sludge. 

Siloxanes can be removed using refrigeration or sorbents such as activated carbon, alumina, 

synthetic resins, or liquid sorbents. Siloxane removal via activated carbon adsorption is modeled 

given its prevalent use, low cost and maintenance requirements. Coal is modeled as the activated 

carbon feedstock, based on LCI information presented in Bayer et al. (2005). 

The ICE is sized based upon the available energy content of biogas produced by each 

system assuming a 90 percent availability factor (i.e. 10 percent system downtime). The quantity 

of biogas available for energy consumption equals total biogas production less fugitive emissions 

(5 percent) and flared biogas (UNFCCC 2012). The analysis assumes that 20 percent of biogas is 

flared due to system downtime, upsets and lack of available storage capacity required to handle 

inconsistency in biogas production. ICE power requirements range from approximately 260 to 

380 kW depending upon the system configuration, placing it in line with other WWTP CHP 

installations based on installed kW/MGD (U.S. DOE 2016). Electrical and thermal efficiency 

values of 34 percent and 45 percent are selected, respectively, representing the average of the 

reported ICE efficiency range in Wiser et al. (2010). ICE emissions are representative of an ICE 

engine utilizing selective catalytic reduction for NOx control, and an oxidation catalyst system 

for carbon monoxide and VOC emission control. 

9.5.2 Biogas Sensitivity LCIA Results 

LCIA results by treatment group are presented for GWP in Figure 9-6. The addition of 

energy recovery yields a decrease in GWP impact for all system configurations due to the 

avoided environmental burdens of natural gas and grid electricity consumption associated with 

the electrical and thermal products of the CHP system. The absolute decrease in GWP impact 

varies between 0.21 and 0.31 kg CO2-eq. per m3 wastewater treated according to the quantity of 

biogas available for energy recovery. The relative effect on system level GWP impact is greatest 

for treatment Level 1, and decreases as total GWP impact increases for the higher levels of 
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nutrient removal. The addition of energy recovery reduces Level 1 GWP impact by 

approximately 50 percent, while the reduction in GWP impact for Level 5 treatment 

configurations is less than 15 percent of base GWP impact. Base and CHP sensitivity LCIA 

results and corresponding percent reduction values are presented for all impact categories in 

Table 9-6. Figure 9-6 shows that the benefits of energy recovery are sufficient to offset the GWP 

impact of the sludge processing and disposal treatment group.  

 

Figure 9-6. Global Warming Potential by Treatment Group for Base Results and the CHP 

Energy Recovery Sensitivity 

 

Figure 9-7 presents results by treatment group for the CED inventory indicator, and 

demonstrates reductions in system level energy demand for all treatment configurations. 

Absolute reduction in CED range from 3.5 to 5.4 MJ/m3 wastewater treated, according to biogas 

production associated with each configuration. The relative reduction in CED is greater than that 

observed for GWP, and varies between 16 and 86 percent for Levels 5-2 and 1, respectively.  

Figure 9-7 shows that the sludge processing and disposal treatment group now contributes an 

energy credit to the system, reducing the net CED of each treatment configuration. 
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Figure 9-7. Cumulative Energy Demand by Treatment Group for Base Results and the 

CHP Energy Recovery Sensitivity 

 

Table 9-6 shows that acidification, PM formation, smog formation, and fossil depletion 

potential all show significant reductions in system level impact in response to biogas energy 

recovery. Relative reductions in impact for these four impact categories are all greater for the 

lower treatment levels where absolute impact results are lower owing to lower relative energy 

and material consumption. Biogas production is also greatest for Level 1 and Level 2-2, leading 

to greater quantities of recovered energy.  Energy recovery has a less dramatic effect on ozone 

depletion and eutrophication potential impact, with relative reductions in impact potential of 

between 1 and 26 percent. Eutrophication potential demonstrates a pattern unlike the other 

impact categories, where percent reductions in eutrophication impact are greatest for the higher 

treatment levels, which are associated with the lowest absolute eutrophication impact. 
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Table 9-6. Summary of Comparative Impact Assessment Results for the Base Case and CHP Energy Recovery Sensitivity  

Impact Category Description 

Level 1, 

AS 

Level 2-

1, A2O 

Level 2-2, 

AS3 

Level 3-1, 

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Global Warming 

Potential 

Base Results 0.52 0.77 0.92 1.0 0.96 1.1 1.1 1.8 1.8 

CHP Sensitivity 0.25 0.54 0.61 0.81 0.74 0.92 0.91 1.6 1.5 

Percent Reductiona 51% 30% 34% 21% 23% 20% 18% 13% 12% 

Cumulative 

Energy Demand 

Base Results 5.4 9.1 14 9.7 10 12 11 24 23 

CHP Sensitivity 0.75 5.0 8.2 5.8 6.4 8.4 7.7 20 19 

Percent Reductiona 86% 45% 40% 40% 38% 32% 32% 18% 16% 

Eutrophication 

Potential 

Base Results 0.07 9.8E-3 0.02 6.8E-3 6.9E-3 6.1E-3 6.8E-3 7.5E-3 7.5E-3 

CHP Sensitivity 0.07 9.2E-3 0.02 6.2E-3 6.4E-3 5.6E-3 6.3E-3 6.9E-3 7.0E-3 

Percent Reductiona 1% 6% 5% 8% 8% 9% 7% 8% 7% 

Water Depletion 

Base Results 8.0E-4 1.5E-3 4.1E-3 1.7E-3 1.8E-3 2.0E-3 2.0E-3 0.19 0.17 

CHP Sensitivity 3.9E-4 1.1E-3 3.6E-3 1.3E-3 1.4E-3 1.7E-3 1.7E-3 0.19 0.17 

Percent Reductiona 51% 25% 12% 21% 20% 18% 14% 0% 0% 

Acidification 

Potential 

Base Results 0.01 0.03 0.03 0.03 0.04 0.04 0.04 0.09 0.09 

CHP Sensitivity 1.1E-3 0.02 0.02 0.02 0.03 0.03 0.03 0.08 0.08 

Percent Reductiona 92% 36% 44% 30% 28% 25% 21% 12% 11% 

Particulate Matter 

Formation 

Base Results 1.5E-3 3.4E-3 3.5E-3 3.6E-3 3.9E-3 4.5E-3 4.4E-3 0.01 1.0E-2 

CHP Sensitivity 1.1E-4 2.2E-3 2.1E-3 2.6E-3 2.9E-3 3.4E-3 3.5E-3 9.2E-3 9.0E-3 

Percent Reductiona 93% 35% 41% 29% 27% 24% 20% 12% 10% 

Smog Formation 

Potential 

Base Results 0.14 0.27 0.29 0.28 0.30 0.34 0.33 0.75 0.72 

CHP Sensitivity 0.02 0.16 0.15 0.18 0.21 0.24 0.25 0.64 0.63 

Percent Reductiona 88% 39% 46% 34% 31% 28% 25% 14% 13% 

Ozone Depletion 

Potential 

Base Results 3.9E-6 3.8E-6 2.0E-6 7.6E-6 3.7E-6 7.4E-6 7.3E-6 7.7E-6 7.7E-6 

CHP Sensitivity 3.4E-6 3.4E-6 1.5E-6 7.2E-6 3.3E-6 7.0E-6 7.0E-6 7.3E-6 7.3E-6 

Percent Reductiona 12% 10% 26% 5% 10% 5% 5% 5% 5% 

Fossil Depletion 

Base Results 0.12 0.20 0.30 0.22 0.23 0.28 0.25 0.54 0.51 

CHP Sensitivity 0.01 0.11 0.18 0.13 0.14 0.19 0.17 0.44 0.42 

Percent Reductiona 89% 46% 42% 41% 39% 33% 33% 18% 17% 

a – Percent Reduction = (BaseGWPimpact-CHPGWPimpact)/BaseGWPimpact 
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9.5.3 Biogas Sensitivity LCCA 

The base case LCCA results were updated to reflect the increased capital and O&M costs 

associated with the installation and ongoing maintenance of a CHP system. The cost sensitivity 

includes the avoided cost of reduced natural gas consumption, as well as revenue from the sale of 

electricity. Equipment costs for ICE CHP generally fall in the range of $465 to $1600 per kW of 

installed generation capacity (Wiser et al. 2010). The average of this range, $1033/kW, is used in 

this analysis. Gas processing costs typically add $600/kW of generation capacity (Darrow et al. 

2017). The same direct and indirect cost factors are applied to the CHP system as are described 

in Section 2. Inclusive operation and maintenance costs are estimated per kWh of electricity 

production. Gas cleaning and processing O&M costs typically range from 0.015 to 0.025 $/kWh, 

while prime mover maintenance costs typically fall in the range of 0.01 to 0.025 $/kWh (Wiser et 

al. 2010). The average of these reported ranges is used in this analysis, 0.02 and 0.0175 $/kWh, 

respectively.  

Electricity revenue is estimated using the same cost factor, $0.10/kWh, that is used to 

estimate system energy cost in the main LCCA analysis. Avoided natural gas costs are based on 

a natural gas purchase price of $15.50 per 1000 ft3.  

Figure 9-8 summarizes the effect of including CHP and energy recovery on total system 

cost. The effect on system net present value over a 30-year time horizon is relatively modest, 

yielding a reduction in system net present value of between six and nine million dollars 

depending upon the configuration. The relative reduction in system net present value is greatest 

for level 1, yielding a 3.5 percent reduction in system net present value relative to the base 

scenario that assumes flaring of biogas. Table 9-7 summarizes base case and biogas case study 

life cycle costs. 

Table 9-7. Summary of Biogas LCCA Costs (million 2014 $s) 

Treatment 

System 

Configuration 

Net Present Value 

Annual Labor, 

Material and 

Chemical Cost Annual Energy Cost 

Annual 

Amortization Cost 

with CHP Base with CHP Base with CHP Base with CHP Base 

Level 1, AS $197  $204  $4.6  $4.5  $0.11  $0.59  $3.8  $3.7  

Level 2-1, 

A2O $230  $236  $4.6  $4.5  $0.5  $0.9  $4.8  $4.8  

Level 2-2, 

AS3 $369  $378  $9.1  $9.0  $0.6  $1.1  $6.3  $6.2  

Level 3-1, B5 $261  $267  $4.9  $4.8  $0.6  $1.0  $5.8  $5.8  

Level 3-2, 

MUCT $269  $275  $4.9  $4.9  $0.7  $1.1  $6.0  $5.9  

Level 4-1, 

B5/Denit $295  $301  $5.8  $5.7  $0.8  $1.2  $6.3  $6.2  

Level 4-2, 

MBR $294  $285  $5.9  $5.2  $0.7  $1.1  $6.1  $6.0  

Level 5-1, 

B5/RO $433  $439  $6.1  $6.0  $1.9  $2.3  $11  $11  

Level 5-2, 

MBR/RO $403  $409  $5.9  $5.8  $1.9  $2.2  $10  $10  
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Figure 9-8. Biogas Case Study Net Present Value Comparison 

9.6 Retrofit Case Study 

While this report displays cost results for greenfield installations, existing plants may 

incorporate nutrient control technology in a retrofit. In this section, ERG conducted a case study 

to investigate the potential cost implications of such a retrofit. This case study considers a retrofit 

of the Level 2-1 A2O wastewater treatment configuration as the baseline (see Figure 9-9) with 

the addition of chemical phosphorus removal and a denitrification filter to achieve the Level 4 

target effluent nutrient concentrations of 3 mg/L total nitrogen and 0.1 mg/L total phosphorus 

(see Figure 9-10). 

Table 9-8 presents the total capital, total annual, and net present value for the nine 

greenfield wastewater treatment configurations and the Level 2-1 greenfield wastewater 

treatment configuration plus the cost for the retrofit chemical phosphorus removal and 

denitrification filter (Level 2-1 to 4 Retrofit) (presented in bold). While the Level 2-1 to 4 

Retrofit wastewater treatment configuration achieves the Level 4 effluent nutrient targets, the 

total capital cost, total annual cost, and net present value are between the greenfield Level 2-1 

A2O and both greenfield Level 3 wastewater treatment configurations. As shown in Figure 9-11, 

the capital cost for the Level 2-1 to 4 Retrofit wastewater treatment configuration is $12M to 

$15M lower than the greenfield Level 4 wastewater treatment configurations, but is designed to 

achieve the same effluent nutrient concentrations, due to lower biological treatment and post-
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biological treatment capital costs. The chemical phosphorus removal and denitrification filter 

portion of the Level 2-1 to 4 Retrofit capital costs are $6.9M. As shown in Figure 9-12, the total 

annual costs for Level 2-1 to 4 Retrofit are about $0.6M/yr to $0.8M/yr higher than the 

greenfield Level 3 wastewater treatment configurations, but $0.3M/yr to $0.4M/yr lower than the 

greenfield Level 4 wastewater treatment configurations. The annual costs for just the chemical 

phosphorus removal and denitrification filter portion of the Level 2-1 to 4 Retrofit is $1.11M/yr. 
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Figure 9-9. Level 2-1: Anaerobic/Anoxic/Oxic Wastewater Treatment Configuration (Baseline for Retrofit) 
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Figure 9-10. Level 2-1 to 4 Retrofit: Anaerobic/Anoxic/Oxic with Chemical Phosphorus Removal and Denitrification Filter 

Wastewater Treatment Retrofit Configuration
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Table 9-8. Greenfield and Level 2-1 to 4 Retrofit Total Costs 

Wastewater Treatment 

Configuration 

Total Capital Cost  

(2014 $) 

Total Annual Cost a  

(2014 $/yr) 

Net Present Value  

(2014 $) 

Level 1, AS $55,300,000 $5,140,000 $204,000,000 

Level 2-1, A2O $71,400,000 $5,470,000 $236,000,000 

Level 2-2, AS3 $93,100,000 $10,150,000 $378,000,000 

Level 3-1, B5 $86,400,000 $5,800,000 $267,000,000 

Level 3-2, MUCT $88,900,000 $5,960,000 $275,000,000 

Level 4-1, B5/Denit $92,800,000 $6,840,000 $301,000,000 

Level 4-2, MBR $90,100,000 $6,330,000 $285,000,000 

Level 2-1 to 4, Retrofit b $78,300,000 $6,580,000 $273,000,000 

Level 5-1, B5/RO $160,000,000 $8,320,000 $439,000,000 

Level 5-2, MBR/RO $144,000,000 $8,080,000 $409,000,000 

a – Total annual cost includes operational labor, maintenance labor, materials, chemicals, and energy (see Section 

3.3 for details). 

b – Costs are presented for the greenfield Level 2-1 plus the retrofit chemical phosphorus removal and 

denitrification filter. The capital cost, annual cost, and net present value for the chemical phosphorus removal 

and denitrification filter retrofit are $6.9M, $1.11M, and $37M, respectively. 

 

 

Figure 9-11. Level 2-1 A2O Baseline and Retrofit Total Capital Costs by Aggregated 

Treatment Group 

$55.3M

$71.4M

$93.1M
$86.4M $88.9M

$92.8M $90.1M

$78.3M

$160M

$144M

$0.0M

$20.0M

$40.0M

$60.0M

$80.0M

$100.0M

$120.0M

$140.0M

$160.0M

$180.0M

Level 1,

AS

Level 2-1,

A2O

Level 2-2,

AS3

Level 3-1,

B5

Level 3-2,

MUCT

Level 4-1,

B5/Denit

Level 4-2,

MBR

Level 2-1

to 4,

Retrofit

Level 5-1,

B5/RO

Level 5-2,

MBR/RO

T
o

ta
l 

C
ap

ita
l 

C
o

st
 (

2
0

1
4

  
$

)

Preliminary/Primary/Disinfection Biological Treatment Post-Biological Treatment

Sludge Processing and Disposal Brine Injection Other



Section 9: Sensitivity Analysis 

 

EP-C-16-003; WA 2-37  9-21 

 

Figure 9-12. Level 2-1 A2O Baseline and Retrofit Total Annual Costs by Annual Cost 

Category 

Figure 9-13 presents relative impact results for all greenfield treatment configurations 

plus the Level 2 retrofit case study. Retrofit LCIA results are generally in line with those 
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estimated N2O emissions. Eutrophication impacts are slightly elevated, compared to Level 4-1 

and 4-2. Table 9-9 lists summary LCIA results for all treatment levels plus the Level 2 retrofit 

case study system. Retrofit results are in bold in Table 9-9. 
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Figure 9-13. Relative LCIA Results for Nine Greenfield Wastewater Treatment 

Configurations and the Level 2 Retrofit Case Study 
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Table 9-9. Summary LCIA and Cost Results for Nine Greenfield Wastewater Treatment  

Configurations and the Level 2 Retrofit Case Study (per m3 wastewater treated) 

Impact 

Category Unit 

Level 1, 

AS 

Level 2-

1, A2O 

Level 2-

2, AS3 

Level 3-

1, B5 

Level 3-2, 

MUCT 

Level 2-

1 to 4, 

Retrofit 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-

1, B5/RO 

Level 5-2, 

MBR/RO 

Cost $ USD $0.64 $0.74 $1.18 $0.84 $0.86 $0.85 $0.94 $0.89 $1.37 $1.28 

Global 

Warming 

Potential 

kg CO2 eq 0.52 0.77 0.92 1.0 0.96 0.88 1.1 1.1 1.8 1.8 

Cumulative 

Energy 

Demand 

MJ 5.4 9.1 14 9.7 10 12 12 11 24 23 

Eutrophication 

Potential 
kg N eq 0.07 9.8E-3 0.02 6.8E-3 6.9E-3 7.3E-3 6.1E-3 6.8E-3 7.5E-3 7.5E-3 

Water 

Depletion 
m3 H2O 8.0E-4 1.5E-3 4.1E-3 1.7E-3 1.8E-3 1.9E-3 2.0E-3 2.0E-3 0.19 0.17 

Acidification 

Potential 
kg SO2 eq 0.01 0.03 0.03 0.03 0.04 0.04 0.04 0.04 0.09 0.09 

Particulate 

Matter 

Formation 

PM2.5 eq 1.5E-3 3.4E-3 3.5E-3 3.6E-3 3.9E-3 4.2E-3 4.5E-3 4.4E-3 0.01 0.01 

Smog 

Formation 

Potential 

kg O3 eq 0.14 0.27 0.29 0.28 0.30 0.32 0.34 0.33 0.75 0.72 

Ozone 

Depletion 

Potential 

kg CFC-11 

eq 
3.9E-6 3.8E-6 2.0E-6 7.6E-6 3.7E-6 3.4E-6 7.4E-6 7.3E-6 7.7E-6 7.7E-6 

Fossil 

Depletion 
kg oil eq 0.12 0.20 0.30 0.22 0.23 0.26 0.28 0.25 0.54 0.51 
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10. CONCLUSIONS  

This study met its goal to assess a series of wastewater treatment configurations that 

reduce the nutrient content of effluent from municipal WWTPs considering treatment costs as 

well as human health and ecosystem impacts from a life cycle perspective. 

The LCA results highlight the trade-offs that exist between the various treatment 

configurations for cost and traditional LCIA impact categories. The largest normalized impact 

observed across all combinations of treatment configurations and impact categories was the 

eutrophication impact for the Level 1 treatment configuration. It is clear that use of a traditional 

Level 1 treatment configuration results in the lowest costs, but also significantly higher 

normalized eutrophication impacts compared to all other study treatment system configurations. 

When considering the impaired state of many of this nation’s water bodies related to nutrients, 

the use of nutrient removal technologies explored in this study are tools that could be used to 

improve water quality. This study aims to help communities and businesses consider the 

environmental and economic costs and benefits of advanced nutrient removal options. 

Given the predominant contribution of electricity and energy consumption to impact 

results in many of the impact categories, it is necessary to think critically about the energy 

efficiency of treatment processes, particularly in relation to their level of nutrient removal. A 

series of ratios are presented in Table 10-1 to help in this process. The aggregate level of nutrient 

removal increases rapidly as nutrient removal standards progress from Level 1 to Level 5. The 

total electricity demand that coincides with increasing levels of nutrient removal, increases 

substantially across the treatment configurations, from 0.20 to 1.5 kWh/m3 wastewater treated. 

However, when considering the electricity consumption compared to each unit of nutrient 

removed reveals that the electricity demand does not increase across the majority of the 

treatment configurations on the basis of nutrient equivalents removed. Electricity per unit of total 

nitrogen and phosphorus equivalents removed remains consistent from Level 2 through Level 4.  

However, due to the large electrical demand of the reverse osmosis process, total electricity per 

nutrient removal is generally two to three times higher for the Level 5 treatment configurations 

compared to Levels 2 through 4.  

Table 10-1. Nutrient Removal Electricity Performance Metrics 

Treatment Level 1 2-1 2-2 3-1 3-2 4-1 4-2 5-1 5-2 

Total P removed (g/m3) 0.06 4.7 4.0 4.8 4.8 4.9 4.9 5.0 5.0 

Total N removed (g/m3) 9.7 32 32 34 34 37 37 39 38 

Total Electricity Demand (kWh/m3) 0.20 0.48 0.51 0.52 0.57 0.65 0.64 1.5 1.4 

Total Electrical Demand/Total P removed 

(kWh/g) 
N/Aa 0.10 0.13 0.11 0.12 0.13 0.13 0.30 0.29 

Total Electrical Demand/Total N removed 

(kWh/g) 
N/Aa 0.02 0.02 0.02 0.02 0.02 0.02 0.04 0.04 

a – Values not shown for Level 1 since this treatment configuration not designed for nutrient removal. 

 

While this work was primarily focused on nutrients, the effect of study treatment 

configurations on the removal of trace pollutants was also reviewed to determine if additional 

benefits, not part of the original treatment design, may be realized from the implementation of 
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more advanced treatment processes. This part of the project focused on potential toxicity impacts 

associated with heavy metals, toxic organics and disinfection byproducts. Results showed that 

metals were by far the most influential pollutant group in terms of life cycle toxicity impacts. 

Similar to nutrients, tradeoffs were identified between high effluent-based impacts at low levels 

of treatment and high process-based impacts at high levels of treatment. Generally, Levels 3 and 

4 (and specifically Levels 3-2 and 4-2) resulted in the lowest overall toxicity impacts, owing to 

their high metal removal efficiencies and moderate material and energy requirements. Relative to 

Level 4-2 in particular, the higher and more consistent degree of metal removal provided by 

Level 5 was outweighed by greater process-based impacts, resulting in greater total impacts in all 

toxicity categories. Results of the analysis reveal that heavy metals contribute more strongly to 

human health and ecotoxicity impacts than do the toxic organics and DBPs with sufficient data 

to be evaluated. 

The electrical grid sensitivity analysis showed that the importance of electricity and 

energy use and the trade-offs associated with achieving the key eutrophication reductions could 

largely be offset if the WWTP were to utilize an electrical grid with reliance on energy sources 

such as natural gas, hydro, and nuclear or use of recovered resources to generate on-site energy 

in order to reduce the need for purchased electricity. While an effort to achieve reductions in the 

environmental burdens associated with electricity production is certainly warranted given the 

information presented in the results section, Table 10-1 provides an indication of which 

treatment options may serve communities and businesses attempting to reduce environmental 

impacts while simultaneously controlling energy costs. The realization of benefits associated 

with these insights is not dependent on improvements in the electrical grid, which lie outside of 

the control of many WWTPs. Other strategies within the facilities boundaries, such as energy 

recovery from biogas, may help to offset environmental impacts from increased nutrient 

removal. 

Generally, the results show the benefits to eutrophication impact associated with more 

stringent levels of nutrient removal. This benefit is generally increasingly offset by increases in 

other environmental impacts as the standard of removal progresses from Level 2 to Level 5, with 

Level 5 showing the most dramatic increase in cost and other impacts due to the exacting 

standard of treatment required. However, given local and regional environmental and economic 

considerations, the selection of the most appropriate treatment configuration will vary by 

location. This work cannot answer the question of how much nutrient removal can be considered 

sufficient for any specific WWTP or body of water. The question is inherently local or regional 

in nature, and an individual or institution must consider a number of factors when trying to 

determine what is appropriate for their situation. This study does indicate that careful 

consideration should be given to the benefits that are expected to be gained by pursuing the more 

advanced levels of nutrient removal, and that these benefits should be weighed against the 

environmental and economic costs discussed in Sections 5, 6 and 7. As discussed earlier, this 

study focused on the implementation of greenfield treatment configurations, and the economic 

impacts may vary significantly for retrofitted operations. 

Overall, this study built a comprehensive framework to assess the environmental, human 

health, and cost implications of shifting to higher nutrient removal wastewater treatment 

configurations. The LCCA and LCA models constructed here can be continually built upon to 

improve the baseline analysis or investigate additional wastewater treatment configurations or 
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variability with regional conditions. The system boundaries could also be expanded to 

understand the influence and potential benefit of recycling water from the effluent of the higher 

nutrient removal wastewater configurations to displace production of potable water elsewhere. 
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Appendix A: Selection of Wastewater Treatment Configurations 

ERG searched the literature to compile performance information on wastewater treatment 

configurations which remove both TN and TP from municipal wastewater. ERG recorded the 

type of biological treatment used and the use or absence of chemical addition for phosphorus 

precipitation, fermenter, sand filter, and other technology components. ERG assumed 

preliminary treatment with screens, a grit chamber, and primary clarification. Sludge 

management was assumed to include gravity thickening, anaerobic digestion, dewatering 

(centrifugation), and transport of wastewater solids to a landfill. ERG gathered performance data 

from nine key sources: 

• Bickler, S. Wigen Water Technologies. 2015. Technical Feedback Requested 

Regarding Reverse Osmosis. Email from S. Bickler, to A. Allen, ERG. (June). 

• Bott, C. and Parker, D. 2011. Nutrient Management Volume II: Removal Technology 

Performance & Reliability. Water Environment Research Federation Report 

NUTR1R06k. IWA Publishing, London, U.K. 

• Dukes, S. and von Gottberg, A. Koch Membrane Systems. 2006. Membrane 

Bioreactors for RO Pretreatment. Water Environment Foundation. WEFTEC® 2006. 

• Eastern Research Group, Inc. 2009. Draft Technical Support Document: Analysis of 

Secondary Treatment and Nutrient Control at POTWs. (December). 

• Eastern Research Group, Inc. 2015b. Personal communication between Amber Allen, 

Debra Falatko, and Mark Briggs of ERG and Stacey Bickler of Wigen Water 

Technologies. 

• Falk, M.W., Neethling, J.B., and Reardon, D.J. 2011. Striking the Balance Between 

Nutrient Removal in Wastewater Treatment and Sustainability. Water Environment 

Research Federation Report NUTR1R06n. IWA Publishing, London, U.K. 

• Hartman, P. and Cleland, J. ICF International. 2007. Wastewater Treatment 

Performance and Cost Data to Support an Affordability Analysis for Water Quality 

Standards. Montana Department of Environmental Quality. (May). Available online 

at http://www.kysq.org/docs/Wastewater_2007.pdf. 

• Tetra Tech. 2013. Cost Estimate of Phosphorus Removal at Wastewater Treatment 

Plants. Ohio Environmental Protection Agency. (May). Available online at 

http://epa.ohio.gov/Portals/35/wqs/nutrient_tag/OhioTSDNutrientRemovalCostEstim

ate_05_06_13.pdf. 

• U.S. EPA OWM. 2008b. Municipal Nutrient Removal Technologies Reference 

Document. EPA 832-R-08-006. Washington, DC. (September). Available online at 

http://water.epa.gov/scitech/wastetech/upload/mnrt-volume1.pdf. 

http://www.kysq.org/docs/Wastewater_2007.pdf
http://epa.ohio.gov/Portals/35/wqs/nutrient_tag/OhioTSDNutrientRemovalCostEstimate_05_06_13.pdf
http://epa.ohio.gov/Portals/35/wqs/nutrient_tag/OhioTSDNutrientRemovalCostEstimate_05_06_13.pdf
http://water.epa.gov/scitech/wastetech/upload/mnrt-volume1.pdf
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• U.S. EPA OST. 2015a. A Compilation of Cost Data Associated with the Impacts and 

Control of Nutrient Pollution. EPA 820-F-15-096. Washington, DC. (May). Available 

online at http://www2.epa.gov/sites/production/files/2015-04/documents/nutrient-

economics-report-2015.pdf. 

ERG recorded performance data for all wastewater treatment configurations and assigned 

each a performance level as defined in Falk et al. (2011), Table ES-1: 

• Level 1 – No target effluent concentration specified; 

• Level 2 – 8 mg N/L, 1 mg P/L; 

• Level 3 – 4-8 mg N/L, 0.1-0.3 mg P/L; 

• Level 4 – 3 mg N/L, 0.1 mg P/L; and 

• Level 5 – 2 mg N/L, <0.02 mg P/L. 

In many cases, performance levels for wastewater treatment configurations differ for TN 

and TP (i.e., a configuration achieves a certain level for TN and a different level for TP). 

ERG examined the set of identified wastewater treatment configurations for which TN 

and TP performance levels match to identify nine which are commonly used and provide 

contrast. Contrast was defined by differences in terms of performance level, type of biological 

nutrient reduction, combinations of additional treatment steps, costs (capital and operating), and 

other contrasting parameters such as energy requirements, chemical usage, and sludge 

generation. For level 1, ERG recommended one wastewater treatment configuration, and for 

each of levels 2 to 5 ERG recommended two wastewater treatment configurations. ERG’s 

rationale for these recommendations is described below. 

A.1 Results and Recommendations 

ERG identified 37 wastewater treatment configurations that achieve the same 

performance level for both TN and TP (see Table A-1). The technologies used in these 

wastewater treatment configurations include a variety of biological nutrient removal and 

enhanced nutrient removal technologies. 

The sections below describe the wastewater treatment configurations identified for each 

performance level and discuss ERG’s rationale for selection of specific wastewater treatment 

configurations to be evaluated in the LCA. Selected configurations generally represent those 

most commonly used to achieve the desired performance levels, and that also provide contrast in 

biological processes, capital and/or annual costs, or other factors such as energy requirements 

and sludge generation. The most common reasons wastewater treatment configurations were not 

selected include: 1) they are unique retrofits and otherwise not commonly used, 2) they are very 

similar to another selected technology, or 3) they exhibit a wide range of performance, spanning 

multiple performance levels, which raises uncertainty as to the reliability with which the process 

can achieve a specific performance level.

http://www2.epa.gov/sites/production/files/2015-04/documents/nutrient-economics-report-2015.pdf
http://www2.epa.gov/sites/production/files/2015-04/documents/nutrient-economics-report-2015.pdf
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Table A-1. Identified Wastewater Treatment Configurations  

 Recommended wastewater treatment configuration 

All configurations assumed to also include preliminary/primary treatment and sludge management. 

No. 

Type of Biological 

Treatment 

Phosphorus 

Precipitation Fermenter Sand Filter 

Additional 

Treatment 

Long Term 

Average 

Effluent TN 

Concentrati

on (mg/L as 

N) 

TN 

Level 

Long Term 

Average 

Effluent 

TP 

Concentrat

ion (mg/L) 

TP 

Level Performance Source 1 

1 3-stage Westbank 
    

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

2 3-stage Westbank x 
   

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

3 4-stage Bardenpho x 
   

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

4 5-stage Bardenpho 

(Level 3) 

x x x 
 

4 to 8 2,3 0.1 to 0.3 3 b, Table 3-1 and 2-b, 

pages 56, 57, 59. 

5 5-stage Bardenpho 

(Level 4) 

x x x Denitrification filter 3 4 0.1 4 b, Table 3-1 and 2-b, 

pages 56, 57, 60-61; also 

a, Table 5-d, page 237 

6 5-stage Bardenpho x 
 

x 
 

3 4 0.1 4 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

7 5-stage Bardenpho 

(Level 5) 

x Not listed in 

reference 

(Falk et al), 

but may be 

appropriate 

x Denitrification filter 

(10% flow) + 

ultrafiltration and 

reverse osmosis (90% 

flow) 

<2 5 <0.02 5 b, Table 3-1 and 2-b, 

pages 56, 57, 61; also a, 

Table 5-d, page 237 

8 Activated sludge + 

Modified Ludzack-

Ettinger 

   
Biological activated 

filter 

4 3 <=0.3 3 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

9 Activated sludge + 

Modified Ludzack-

Ettinger 

x 
   

3 4 0.1 4 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

10 Activated sludge 

(Level a, assuming 

conventional activated 

sludge treatment) 

    
3 to 9 a,2,3 0.3 to 2 a,2 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 
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Table A-1. Identified Wastewater Treatment Configurations  

 Recommended wastewater treatment configuration 

All configurations assumed to also include preliminary/primary treatment and sludge management. 

No. 

Type of Biological 

Treatment 

Phosphorus 

Precipitation Fermenter Sand Filter 

Additional 

Treatment 

Long Term 

Average 

Effluent TN 

Concentrati

on (mg/L as 

N) 

TN 

Level 

Long Term 

Average 

Effluent 

TP 

Concentrat

ion (mg/L) 

TP 

Level Performance Source 1 

11 Activated sludge, 3-

sludge system (Level 

2) 

x 
   

6 to 8 2 0.43 2 a, pages 2-5 and 3-5/6 

(pg 59 and 151/152) 

12 Aerobic lagoons 
    

3 to 8 2,3 0.1 to 1 2,3 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

13 Anaerobic/Anoxic/Oxi

c (Level 2) 

    
8; 3 to 8 2; 2,3 1; 0.5 to 1 2; 2 b, Table 3-1 and 2-b, 

pages 56, 57, 58.; 

a, Table 5-d, page 237 

14 Anaerobic/Oxic, 

Phoredox  

    
3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

15 Cyclic activated sludge x 
   

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

16 Integrated fixed-film 

activated sludge  

x 
   

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

17 Extended aeration 
    

3 to 8 2,3 0.1 to 1 (2) 2,3 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

18 Facultative lagoon  
    

3 to 8 2,3 0.1 to 1 2,3 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

19 Membrane bioreactor 

(Level 4) 

x 
   

<3 4 <=0.1 4 a, Table 5-d, page 237 

20 Membrane bioreactor 

(Level 5) 

x Not listed in 

reference 

(Falk et al), 

but may be 

appropriate 

 
Reverse osmosis (85% 

flow) 

<2; <0.1 5 <0.02; - 5 b, Table 3-1 and 2-b, 

pages 56, 57, 61; a, 

Table 5-d, page 237; 8, 

page 6127; 9, page 1 
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Table A-1. Identified Wastewater Treatment Configurations  

 Recommended wastewater treatment configuration 

All configurations assumed to also include preliminary/primary treatment and sludge management. 

No. 

Type of Biological 

Treatment 

Phosphorus 

Precipitation Fermenter Sand Filter 

Additional 

Treatment 

Long Term 

Average 

Effluent TN 

Concentrati

on (mg/L as 

N) 

TN 

Level 

Long Term 

Average 

Effluent 

TP 

Concentrat

ion (mg/L) 

TP 

Level Performance Source 1 

21 Membrane bioreactor  
 

x 
 

Land application/ 

infiltration bed 

<3 4 <=0.1 4 a, Table 5-d, page 237, 

also land application 

note on pages 13d, 27, 

and 39 

22 Modified Ludzack-

Ettinger  

x 
   

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

23 Modified Ludzack-

Ettinger  

x x x Denitrification filter <3 4 <=0.1 4 a, Table 5-d, page 237, 

page 63 

24 Moving-bed biofilm 

reactor (Level 2) 

x 
   

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

25 Phased isolation ditch  
    

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

26 PhoStrip II 
    

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

27 Post-aeration anoxic 

with methanol (Blue 

Plains process, a 

retrofit system) 

x 
   

3 to 8; 4 to 8 2,3 0.5 to 1; 

0.18 

2; 3 a, Table 5-d, page 237; 

7, page 3-43 (pg 83) 

28 Rotating biological 

contactor (assume 

Level 3 performance) 

    
3 to 8 2,3 0.1 to 1 2,3 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

29 Sequencing batch 

reactor  

    
3 to 8 2,3 0.1 to 1 2,3 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

30 Sequencing batch 

reactor  

  
x 

 
3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

31 Sequencing batch 

reactor  

x 
   

3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

32 Step-feed activated 

sludge 

    
3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 
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Table A-1. Identified Wastewater Treatment Configurations  

 Recommended wastewater treatment configuration 

All configurations assumed to also include preliminary/primary treatment and sludge management. 

No. 

Type of Biological 

Treatment 

Phosphorus 

Precipitation Fermenter Sand Filter 

Additional 

Treatment 

Long Term 

Average 

Effluent TN 

Concentrati

on (mg/L as 

N) 

TN 

Level 

Long Term 

Average 

Effluent 

TP 

Concentrat

ion (mg/L) 

TP 

Level Performance Source 1 

33 Step-feed activated 

sludge (Level 4) 

x x x Chemically assisted 

clarification 

<3 4 <=0.1 4 a, Table 5-d, page 237 

34 Trickling filter  
   

Submerged biological 

filter 

3 4 0.1 4 c, Figure IV-9, page IV-

11 (pg 58), Figure IV-

16, page IV-17 (pg 64), 

page E-1 (pg 97) 

35 Suspended growth 

activated sludge 

x x 
 

Inclined plate settling 

tanks, deep bed sand 

filter 

3 to 6 3 0.18 3 d, page 3-39 (pg 79-80) 

36 University of Cape 

Town process, 

modified  

    
3 to 8 2,3 0.5 to 1 2 a, Table 5-d, page 237 

37 University of Cape 

Town process, 

modified (Level 3) 

x x x 
 

<3 3 0.1 to 0.5 3 a, Table 5-d, pages 5-5 

(pg 237), ES-22 (pg 40), 

UCTm equivalent to 

technologies in Table 5-

2 on page 5-4 (pg 236) 

1 – Sources: a – U.S. EPA OWM, 2008b; b – Falk et al., 2011; c – U.S. EPA OST, 2015a; d – Bott and Parker, 2011. 

2 – This phosphorus removal capability is unexpected, but is included as reported in the cited wastewater treatment configuration source document. 
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A.1.1 Level 1 

Level 1 technologies are not designed to specifically remove nutrients, although some 

removal of nutrients occurs with the wastewater treatment configuration. ERG recommended the 

conventional plug flow activated sludge system to represent level 1 performance. 

A.1.2 Level 2 

Twenty-two wastewater treatment configurations performed at level 2 for both TN and 

TP. These wastewater treatment configurations included the biological and enhanced nutrient 

reduction technologies listed in Table A-1. ERG selected the anaerobic/anoxic/oxic (A2O) 

system as a typical level 2 wastewater treatment configuration and then reviewed the remaining 

level 2 wastewater treatment configurations for contrast, performance, and likelihood of use. 

ERG considered and rejected the moving-bed biofilm reactor because it is most 

frequently used as a retrofit but otherwise is not commonly used. The integrated fixed-film 

activated sludge and anaerobic/oxic Phoredox systems were rejected as too similar to the 

selected A2O system. The Modified University of Cape Town process and 4-stage Bardenpho 

were rejected at level 2 to allow for their selection as contrasting wastewater treatment 

configurations for other performance levels. 

The sequencing batch reactor, 3-stage Westbank, cyclic activated sludge, step-feed 

activated sludge, phased isolation ditch, modified Ludzack-Ettinger (MLE), and PhoStrip II were 

rejected due to concerns that their performance ranges were too wide, raising uncertainty 

regarding their ability to reliably achieve level 2 performance. The extended aeration system was 

rejected because of concerns about the performance data presented in the reference. The Blue 

Plains Process was rejected because it is a unique retrofit system. The aerobic and facultative 

lagoons were rejected because lagoons are not applicable for all publicly owned treatment works 

(POTWs). A rotating biological contactor (RBC) system was initially considered because it 

offers the advantages of low energy usage, low solids generation, and good settling. However, 

the RBC technology was ultimately rejected because its use is predominately restricted to small 

plants; the technology also exhibited a number of problems in the 1970s and 1980s, some of 

which remain unresolved today. 

After eliminating the other level 2 options for the reasons discussed above, ERG 

recommended a common alternative level 2 configuration of plug flow activated sludge followed 

by separate stage nitrification and separate stage denitrification with chemical phosphorus 

removal. This technology contrasts with the recommended A2O system in its relative ease of 

operation and control (due to segregated treatment components for BOD, ammonia, and nitrate 

removal) and relatively higher cost due to multiple biological reactors and associated 

clarifiers/sludge recycling. 

In summary, ERG recommended the following two technologies to represent level 2 

performance in the LCA: 

• 2-1) A2O with chemical phosphorus precipitation; and 

• 2-2) 3-Sludge activated sludge system with chemical phosphorus precipitation. 
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A.1.3 Level 3 

Ten wastewater treatment configurations performed within the level 3 range. Of these, six 

were rejected from further consideration because their TN/TP performance spans levels two and 

three (included in the level 2 description above). The remaining four wastewater treatment 

configurations perform at level 3 for both TN and TP. The first system, which uses activated 

sludge, MLE, and a biological activated filter, was not recommended because it is a unique 

retrofit system. The second system, which uses suspended growth in high purity oxygen 

activated sludge, inclined plate setting tanks, and a deep bed sand filter, was rejected because 

suspended growth systems are not applicable for all POTWs. The remaining two systems are 

commonly used systems that ERG recommended to represent level 3 performance in the LCA: 

• 3-1) 5-Stage Bardenpho with chemical phosphorus precipitation, fermenter, and sand 

filter; and 

• 3-2) Modified University of Cape Town process with chemical phosphorus 

precipitation, fermenter, and sand filter. 

A.1.4 Level 4 

Eight wastewater treatment configurations perform at level 4 for both TN and TP. These 

processes included a 5-stage Bardenpho activated sludge coupled with a MLE unit, 4- and 5-

stage Bardenpho systems coupled with membrane filtration, denitrification filters coupled with a 

MLE unit or with a 5-stage Bardenpho, a trickling filter coupled with a submerged biological 

filter, and a step-feed activated sludge process with chemically assisted clarification. Most of 

these wastewater treatment configurations also include chemical phosphorus precipitation, and 

half also include either a fermenter or a sand filter. 

ERG selected the 5-stage Bardenpho with denitrification filter as a typical level 4 

wastewater treatment configuration. For the contrasting level 4 wastewater treatment 

configuration, ERG considered and rejected the membrane bioreactor with land infiltration and 

the trickling filter because neither is applicable for all POTWs. The activated sludge coupled 

with a MLE unit was rejected as a unique retrofit system. The 5-stage Bardenpho without 

denitrification filter was rejected as too similar to the typical level 4 configuration. Of the 

remaining three options (step-feed activated sludge, MLE with denitrification filter, and 4-stage 

Bardenpho with membrane filter), ERG selected the membrane bioreactor (MBR) system as a 

contrasting alternative because of its increasing popularity. 

In summary, ERG recommended the following technologies to represent level 4 

performance in the LCA: 

• 4-1) 5-Stage Bardenpho with chemical phosphorus precipitation, fermenter, sand 

filter, and denitrification filter; and 

• 4-2) 4-Stage Bardenpho MBR and chemical phosphorus precipitation. 

A.1.5 Level 5 

Two wastewater treatment configurations performed at level 5 for both TN and TP. The 

first configuration includes 5-stage Bardenpho, chemical precipitation, and fermentation. The 
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wastestream is then split with a portion of the flow undergoing side stream treatment by reverse 

osmosis (RO) and the remainder of the flow undergoing side stream treatment by a 

denitrification filter and sand filter. The second wastewater treatment configuration is a 5-stage 

Bardenpho MBR with chemical phosphorus precipitation and fermenter followed by a portion of 

the flow to RO and the remainder of the flow not requiring additional side stream treatment. This 

second process is a modification of the first, substituting a 5-stage Bardenpho MBR for the 5-

stage Bardenpho and clarifier. The MBR allows the wastewater treatment configuration to 

achieve similar TN and TP performance without a denitrification filter and sand filter. 

ERG conducted additional literature reviews and communications with RO vendors to 

determine RO pretreatment requirements. For the first configuration, RO pretreatment includes 

solids removal (ultrafiltration, UF), biofouling control (chlorination followed by dechlorination), 

and scale control (antiscalant addition). RO pretreatment for the second configuration is similar 

to the first, except that use of the 5-stage Bardenpho MBR precludes the need for solids removal 

via UF. 

ERG performed calculations to determine the percentage of flow requiring side stream 

treatment for each configuration to achieve the target TN and TP effluent concentrations. For 

TN, ERG assumed the following effluent quality achieved by nutrient control technologies: 

• A 5-stage Bardenpho TN effluent concentration of 4 - 8 mg/L (based on the 

performance of the level 3 5-stage Bardenpho configuration). 

• A denitrification and sand filter TN effluent concentration of 3 mg/L (based on the 

performance of the level 4 5-stage Bardenpho configuration). 

• A 5-stage Bardenpho MBR TN effluent concentration of 3 mg/L (based on the 

performance of the level 4 5-stage Bardenpho MBR configuration). 

• A RO removal of 95 percent (based on information from RO vendors). 

Using these assumptions, and a target overall TN effluent concentration of 2 mg/L, 

approximately 35 to 40 percent of flow would need to undergo side stream treatment by RO.  

For TP, ERG assumed the following effluent quality achieved by nutrient control 

technologies:  

• A 5-stage Bardenpho TP effluent concentration of 0.1 to 0.3 mg/L (based on the 

performance of the level 3 5-stage Bardenpho configuration). 

• A denitrification and sand filter TP effluent concentration of 0.1 mg/L (based on the 

performance of the level 4 5-stage Bardenpho configuration).  

• A 5-stage Bardenpho MBR TP effluent concentration of 0.1 mg/L (based on the 

performance of the level 4 5-stage Bardenpho MBR configuration). 

• A RO removal of 95 percent (based on information from RO vendors). 
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Using these assumptions, and a target overall TP effluent concentration of 0.02 mg/L, 

approximately 85 to 90 percent of flow (for the second and first configurations, respectively) 

would need to undergo side stream treatment by RO.9  

These calculations demonstrate that TP removal, rather than TN removal, drives the 

percentage of wastewater requiring RO treatment to achieve level 5 performance.  

In summary, ERG recommended the following technologies to represent level 5 

performance in the LCA: 

• 5-1) 5-stage Bardenpho with chemical phosphorus precipitation, fermenter, and sand 

filter followed by 10 percent of the flow to a denitrification filter and sand and 90 

percent of the flow to UF and RO; and 

• 5-2) 5-stage Bardenpho MBR with chemical phosphorus precipitation and fermenter 

followed by 85 percent of the flow to RO. 

A summary of these recommendations is found in Table A-2 below. 

Table A-2. Recommended Technologies 

Performance 

Level 

Type of Biological 

Treatment 

Phosphorus 

Precipitation Fermenter 

Sand 

Filter 

Other Technical 

Components Reference 

1 
Plug Flow Activated 

Sludge 
    OST, 2015 

2 Anaerobic/Anoxic/Oxic     Falk, 2011 

2 
Activated Sludge, 3-

Sludge System 
X    OWM, 2008 

3 5-Stage Bardenpho X X X  Falk, 2011 

3 
University of Cape 

Town Process, Modified 
X X X  OWM, 2008 

4 
5-stage Bardenpho 

X X X 
Denitrification 

Filter 
Falk, 2011 

4 
4-stage Bardenpho 

MBR 
X    OWM, 2008 

5 5-Stage Bardenpho X X X 

10%: 

Denitrification 

Filter 

90%: UF and RO 

Falk, 2011 

and OWM, 

2008 

5 
5-stage Bardenpho 

MBR 
X X  85% RO 

Falk, 2011 

and OWM, 

2008 

 

 
9 Note that RO effluent quality expressed as a percentage of TP removal may not be the most appropriate measure of 

RO performance, but rather an effluent concentration of non-detect (detection limit 0.02 mg/L). Under this scenario, 

assuming an average effluent concentration equal to the detection limit, ½ the detection limit, and zero, 

approximately 80 to 100 percent of flow would need to undergo side stream treatment by reverse osmosis. 
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A.2 Technology Selection Data Quality 

In accordance with the project’s Quality Assurance Project Plan (QAPP) entitled Quality 

Assurance Project Plan for Life Cycle and Cost Assessments of Nutrient Removal Technologies 

in Wastewater Treatment Plants (ERG, 2015c) approved by EPA on March 25, 2015, ERG 

collected existing data10 via a literature search to determine the performance of identified 

wastewater treatment configurations. The literature search focused on peer-reviewed literature, 

EPA projects, and publicly available equipment specifications from and communications with 

technology vendors. ERG evaluated the collected information for completeness, accuracy, and 

reasonableness. In addition, ERG considered publication date, accuracy/reliability, and nutrient 

concentrations (reported as TN and TP) when reviewing data quality. Finally, ERG performed 

conceptual, developmental, and final product internal technical reviews of the data compilation 

and this Appendix. 

Completeness. The descriptions of wastewater treatment configurations in the literature 

vary in level of detail. Descriptions used in this analysis were limited to those sufficiently 

detailed to be classified into one of the performance level categories and to identify the major 

technology components (e.g., type of biological treatment, chemical treatments, sand filter). 

ERG reviewed the treatment system descriptions, and did not include data for incomplete 

treatment systems. 

Accuracy. ERG evaluated sources to ensure that the descriptions of each treatment 

system represent current operations at municipal treatment systems, and that nutrient reductions 

reflect the performance of the identified control technologies rather than other design or 

operational factors. 

Reasonableness. ERG evaluated sources to ensure that the type of treatment correlates 

with expected nutrient reduction performance; for example, treatment systems with nutrient 

control should have lower nutrient concentrations than systems with secondary treatment only.  

The criteria ERG used in evaluating the quality of information collected during the 

literature review are summarized in Table A-3. 

Table A-3. Literature Review Data Quality Criteria 

Quality Criterion Description/Definition 

Current (up to date) 
Report the time period of the data. 

Year of publication (or presentation, if a paper presented at a conference) is 2005 or after. 

Accurate/Reliable 

U.S. government publications assumed accurate. 

For academic researcher: 

• Publication in peer reviewed journal. 

• Presentation at professional technical conference. 

For vendor researcher: 

• Publication in peer reviewed journal. 

 
10 Existing data means information and measurements that were originally produced for one purpose that are 

recompiled or reassessed for a different purpose. Existing data are also called secondary data. Sources of existing 

data may include published reports, journal articles, LCI and government databases, and industry publications. 
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Table A-3. Literature Review Data Quality Criteria 

Quality Criterion Description/Definition 

Analyte Scope Nutrient concentrations, reported as TN and TP. 

 

In accordance with the QAPP, ERG performed conceptual, developmental, and final 

product technical reviews of the spreadsheet included as Table A-1. These reviews included the 

following general steps: 

• The spreadsheet developer verified the accuracy of any data that were transcribed into 

the spreadsheet; 

• The team member reviewer also verified the accuracy of any data that were 

transcribed into the spreadsheet; 

• The team member reviewer evaluated the technical soundness of methods and 

approaches used; 

• The ERG spreadsheet developer maintained version control of interim spreadsheets; 

and 

• The ERG spreadsheet developer maintained documentation in the project files. 
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Appendix B: Detailed Characterization of Heavy Metals Behavior in Study 

Treatment Configurations 

B.1 Introduction 

The discharge of metals to the environment represents an ever-present concern, given 

their potential toxicity at even trace levels. Wastewater treatment plants (WWTP) receive 

variable but sometimes high loads of metals depending on the mix of sources in their watershed, 

which can include industrial activities, domestic sources and stormwater (Yost et al. 1981; Rule 

et al. 2006; J.-M. Choubert et al. 2011b). Given a WWTP’s position as a final barrier between 

source and environmental discharge, they are an opportunity for smart management of 

potentially toxic substances like metals.  

The direct management of metals in conventional, municipal WWTPs has traditionally 

not been a focus of WWTP design and operation as measures like the National Pretreatment 

Program11 are in place to limit the concentration and load of metals coming from industrial 

facilities. Rather, most discussion surrounding the treatment of metals by municipal WWTPs has 

dealt with the ancillary benefits afforded by existing processes that impact metals as well as the 

organics and nutrients these processes were designed to address (Choubert et al. 2011a;  

Choubert et al. 2011b; Ziolko et al. 2011; Cantinho et al. 2016). Additionally, little to no 

attention has been paid to the life cycle impacts of metal emissions associated with upstream 

processes, especially in conjunction with and relative to direct effluent emissions. To date, the 

most comprehensive study performed to address the ‘co-benefits’ of various treatment processes 

from a life cycle perspective only qualitatively discussed the effects of metals from both 

upstream and direct discharge impact calculations (Rahman et al. 2018). This study is therefore 

intended to address these gaps, which will help to both characterize the ability of a variety of 

commonly used wastewater treatment practices to partition metals from the liquid phase, as well 

as to help inform the full potential benefits of these treatment trains from a comprehensive life 

cycle perspective. 

The metals reviewed for this study were selected based on two main criteria: the metal’s 

recurrent presence in lists of regulated substances and its prevalence in the literature regarding 

treatability in the study treatment configurations. Indirectly, these two criteria were assumed to 

be indicators of demonstrated potential of the metal to cause environmental or human health 

impacts. The resulting list of metals includes Cadmium (Cd), Chromium (Cr), Copper (Cu), 

Mercury (Hg), Nickel (Ni), Lead (Pb), and Zinc (Zn). Each of these metals have been regulated 

in different countries. Four of them (Cd, Hg, Ni and Pb) were classified by the European Water 

Framework Directive (EUWFD) as priority substances and two (Hg and Cd) were additionally 

classified as hazardous substances (EU 2013; Cantinho et al. 2016). In the United States (US), 

guidance is provided for concentration limits of each of these metals in WWTP effluent through 

National Recommended Water Quality Criteria (EPA 2009). Table B-1 summarizes relevant 

regulatory criteria for the metals included in this study. Metal concentrations in land-applied 

sludge are also regulated in the US through the Part 503 Rule (NRC 2002).  

 
11 https://www.epa.gov/npdes/national-pretreatment-program 

https://www.epa.gov/npdes/national-pretreatment-program
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Elevated levels of metals in the environment can result from both natural and 

anthropogenic sources. In the urban environment, metals are present in mixed municipal 

wastewater owing to the contribution of commercial and industrial sources, residential sources, 

contact with piping, and stormwater runoff (Yost et al. 1981; Thornton et al. 2001; Jones et al. 

2017). Often, domestic inputs tend to be the largest sources of Cu, Zn and Pb, whereas 

commercial and industrial sources contribute greater proportions of Hg and Cr (Makepeace et al. 

1995; Cantinho et al. 2016). Table B-1 summarizes ranges of influent concentrations established 

in several literature reviews, along with the ranges that were compiled from the case study data 

reviewed as part of this effort. These concentrations, as well as concentrations throughout this 

document, represent total concentrations (as opposed to specific fractions) unless otherwise 

noted. 

Table B-1. Summary of Literature and Case Study Metal Influent Concentrations and 

Regulatory Effluent Concentrations 

Value 

Concentrations in µg/L 

Notes Source Pb Cu Zn Ni Cr Cd Hg 

Influent 

Concentrations - 

Literature 

Reviews 

5.7 63 181 11 10 0.21 0.36 

19 Plants, 

France 1 

25 78 155 14 12.0 0.8 0.5 30 Plants, UK 2 

140-600 -- -- -- -- -- -- Combined WW 3 

232 489 968 455 378 19 -- 12+ Cities, US 4 

Case 

Study 

Ranges 

High 68 118 493 77 290 10 7.0 This Study 5 

Mediu

m 21 65 350 24 59 4.9 3.8 This Study 5 

Low 10.8 25 204 11 19 0.94 0.37 This Study 5 

US CCCa 2.5 9 120 52 74/11b 0.25 0.77 Effluent Limits 6 

US CMCa 65 13 120 470 570/16b 2 1.4 Effluent Limits 6 

a - Criterion Continuous Concentration/Criteria Maximum Concentration, hardness dependent except for Cr (VI) 

and Hg. Values shown assume a hardness of 100 mg/L. 

b - Chromium (III/VI) 

1 - Choubert et al., 2011b; Ruel et al., 2012 

2 - Rule et al., 2006 

3 - Metcalf and Eddy, 2014 

4 – Yost et al., 1981 

5 - Linstedt et al., 1971; Brown et al., 1973; Chen et al., 1974; Oliver and Cosgrove, 1974; Aulenbach and Chan, 

1988; Huang et al., 2000; Innocenti et al., 2002; Chipasa, 2003; Karvelas et al., 2003; Qdais and Moussa, 

2004; Buzier et al., 2006; da Dilva Oliveira et al., 2007; Mohsen et al., 2007; Obarska-Pempkowiak and 

Gajewska, 2007; Carletti et al, 2008; Johnson et al., 2008; Dialynas and Diamadopoulos, 2009; Renman et 

al., 2009; Malamis et al., 2012; Arevalo et al., 2013; Garcia et al., 2013; Salihoglu, 2013; Inna et al., 2014; 

Reddy et al., 2014 

6 - U.S. EPA, 2019b 
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B.2 Metal Chemistry 

With the exception of Cr, the metals selected in this study are commonly found in the 2+ 

oxidation state (Huang et al. 2000). Chromium mainly occurs in the Cr(III) and Cr(VI) oxidation 

states. While the Cr(VI) form is more labile and toxic to a number of organisms, it is generally 

associated with industrial effluent and is therefore less prevalent in both raw municipal 

wastewater and WWTP effluent (Jan and Young 1978; Stasinakis et al. 2003; Stasinakis and 

Thomaidis 2010). Moreover, Cr(VI) can be reduced to Cr(III) in the presence of suitable electron 

donors (e.g., organic substrates), whereas experimental results have shown that Cr(III) is not 

oxidized to Cr(VI) under the aerobic conditions found in AS plants (Stasinakis et al. 2003). A 

possible explanation is that oxidation of Cr(III) may be so slow that biosorption occurs before 

any oxidation can occur (Schroeder and Lee 1975).     

With respect to treatability, the fraction in which the metal exists (solid or dissolved) is 

more important than its oxidation state which, under average municipal wastewater conditions, 

tends not to vary. Throughout the wastewater treatment process, metals generally exist in 

precipitated (strong complex), organically complexed (weak complex) or soluble forms (Nelson 

et al. 1981; Huang et al. 2000; Buzier et al. 2006). The type and fraction of precipitates present, 

which are considered insoluble and often the strongest of the complexes, depend on pH, 

solubility of the metal species, and the availability of complexing reagents including hydroxides, 

carbonates, and phosphates (Stoveland and Lester 1980; Huang et al. 2000; Wang et al. 2006). 

However, the solubility coefficients and products of metals reported in the literature vary 

markedly (Cheng et al. 1975) and direct application to study systems may not be appropriate as 

site-specific calculated solubilities can be up to two orders of magnitude different than 

experimental determinations (Nelson et al. 1981; Parker et al. 1994). 

The unprecipitated fraction of metals tend to form weak organic complexes, which can be 

both settleable or dissolved (distinguished by the fraction passing through a 0.45 µm filter). The 

process of metal ion sorption to organic material is typically referred to as biosorption, and its 

effectiveness varies with the type of metal, ambient water quality, and the source of the organic 

material (Cheng et al. 1975; Huang et al. 2000; Arican et al. 2002; Chang et al. 2007). With the 

exception of Ni and Cd, which show an intermediate and variable affinity to solids partitioning 

(Cheng et al. 1975; Wang et al. 2006), the study metals tend to readily adsorb to particulate 

matter in raw, mixed municipal wastewater (mean dissolved fractions below 30%) (Goldstone et 

al. 1990a; Goldstone et al. 1990b; Goldstone et al. 1990c; Buzier et al. 2006; Choubert et al. 

2011b). Accordingly, processes that remove solids or metal-organic complexes are often 

effective at removing metals as well. 

Extracellular polymers (ECPs) have been found to play a key role in biosorption (Brown 

and Lester 1979; Hunter et al. 1983; Lawson et al. 1984; Norberg and Persson 1984; Rudd et al. 

1984) as they contain negatively charged functional groups such as phosphoryl, carboxyl, 

sulphydryl, and hydroxyl groups which can serve as adsorption sites (Kelly et al. 1979; Nelson et 

al. 1981). Additionally, the metal affinity of ECPs has been shown to depend on the 

microorganism (MO) or MO consortium that produced them. In general, slower growing MOs 

produce more ECPs (Nelson et al. 1981; Hunter et al. 1983; Ghosh and Bupp 1992). 

Operationally, solids retention time (SRT) is typically used (along with ambient redox and 

nutrient conditions) to hold the bacterial growth rate constant, which in turn maintains consistent 
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sorption characteristics of the biosolids. Conversely, increasing the SRT tends to select for 

slower-growing MOs, which in turn can increase the metal sorption capacity of the biosolids 

(Stensel and Shell 1974; Chao and Keinath 1979; Nelson et al. 1981). For example, the floc 

produced by slow-growing phosphate accumulating organisms (PAOs) and denitrifying 

organisms (DNOs) that are selected for in biological nutrient removal (BNR) processes with high 

SRTs have been found to have greater affinity towards Cd and Ni than conventional activated 

sludge floc (Chang et al. 2007). Notably, biosorption is a passive process taking place on the 

order of minutes to hours and does not depend on the viability of biological floc (Cheng et al. 

1975; Neufeld and Hermann 1975; Nelson et al. 1981); the influence of active metabolic 

processes can therefore be considered unimportant (Huang et al. 2000). Moreover, for this study, 

hydraulic retention time (HRT) is maintained on the order of hours rather than minutes and will 

likely have little effect on the removal of metals by the different treatment levels. 

Dissolved organic matter (DOM), for which COD can be considered a surrogate, also has 

a significant effect on metal sorption by biosolids (Sterritt and Lester 1983; Rudd et al. 1984; 

Tien and Huang 1991). High DOM can prevent both metal precipitation and metal uptake by 

sludge particulates by lowering ambient pH and competing for sorption sites, respectively 

(Cheng et al. 1975; Lo et al. 1989). In a detailed study of the factors influencing metals removal 

in four full-scale conventional activated sludge (AS) wastewater treatment (WWT) systems, 

Huang et al. (2000) found COD and SS concentrations to be the most important as indicators of 

effective biosorption of the dissolved fraction to biosolids, and biosolids removal, respectively. 

B.3 Fate of Metals During Wastewater Treatment 

The fate of metals during wastewater treatment depends on a number of chemical, 

physical, and operational parameters of the treatment process. Many processes commonly found 

in municipal wastewater treatment plants result in the effective removal of certain metals from 

the liquid fraction, thus limiting emissions to receiving waters. Depending on the type of unit 

processes present, the metals removed from the liquid fraction are partitioned to either the solids 

(sludge) fraction or in the case of this study where reverse osmosis is used, the brine solution. 

Although volatilization was proposed as a loss pathway for Hg in the early wastewater treatment 

literature (Yamada et al. 1969), results from full-scale systems indicate that this is likely an 

artifact of startup conditions. In continuously operating full scale WWTPs, adsorption to biomass 

is the dominant partitioning mechanism and volatilization is negligible (Goldstone et al. 1990c; 

Pomiès et al. 2013). 

In general, metal concentrations tend to decrease during primary treatment. Metals 

present as precipitated species or adsorbed to settleable solids (i.e. the non-dissolved fraction) are 

the main fractions that are removed. As such, many authors have found a correlation between 

primary treatment solids removal and metal removal, with reported metal removals ranging from 

40-70% when solids removal is high (Rossin et al. 1982; Lester 1983; Kempton et al. 1987). 

However, where primary solids removal is lower or concentrated supernatant is recirculated to 

the headworks (in effect increasing internal, dissolved metal loadings), reported total metal 

removals can be on the order of 1-10% (Oliver and Cosgrove 1974) and can even be negative 

depending on the strength of recirculated supernatant (Huang et al. 2000; Inna et al. 2014). Due 

to the variability of this documented performance, the similarity of primary treatment unit 

processes and the incorporation of internal circulation within most study configurations, it was 
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conservatively assumed that no metals removal was directly attributed to primary treatment. 

Primary treatment performance was instead aggregated with secondary biological processes, 

both because proper functioning of secondary processes implicitly assumes proper primary 

treatment or pretreatment, and because most performance data obtained for secondary processes 

implicitly accounted for the presence of standard primary treatment. 

In secondary biological unit processes, SRT, COD, and TSS tend to be important 

indicators of metals partitioning (Lo et al. 1989; Huang et al. 2000). Systems that provide better 

COD removal tend to allow for greater sorption potential between metals and biological flocs, 

which can then be removed through efficient suspended solids removal. The sorption process 

varies by metal type as well, depending on the affinity of metal species to sludge and the stability 

of the sludge metal complexes. Results from batch equilibrium adsorption experiments using 

solids from conventional activated sludge (CAS) systems indicate that the stability constants of 

the sludge-metal complexes follow the order of Hg(II)≈Pb(II)≈Cu(II)≈Cr(II)>Zn(II)> 

Cd(II)>Ni(II) (Wang 1997). This is supported by results from full scale case studies as well, with 

removals of Hg, Pb, Cu, Cr, Cd, and Zn often in the range of 40-60% and the removal of Ni 

often less than 40% for sorption-based processes like CAS (Lester 1983; Cantinho et al. 2016). 

For more advanced biological treatment processes like Bardenpho or Modified University Cape 

Town (MUCT) systems, much less work has been done to characterize the biosorption and 

metals partitioning dynamics, however the limited case studies available suggest that due to the 

greater SRT, COD removal and diversity of microbial consortiums (and by extension variety of 

metal-binding ECPs), overall metal removal performances are marginally better than CAS, 

ranging from approximately 60-80% for all metals except Cd and Ni, which are around 30-40% 

(Chipasa 2003; Obarska-Pempkowiak and Gajewska 2007; Salihoglu 2013; Emara et al. 2014). 

Aside from potential detection limit influences on full removal potentials, no mechanistic 

explanations of the lower Cd and Ni removal efficiencies were given (Chipasa 2003; Salihoglu 

2013) 

Following biological treatment, advanced filtration in the form of sand filters, MBR, and 

RO can be effective in physically removing the remaining soluble or colloidal fractions, as well 

as what remains of the insoluble fraction. Of the three, sand filters tend to be the least effective, 

owing to the larger pore spaces through which water can travel. Still, as a tertiary treatment 

process, removals of remaining organics can be on the order of 10-50%, and metals 0-35% 

(Linstedt et al. 1971; Aulenbach and Chan 1988; Renman et al. 2009). Next, MBRs have proven 

very effective as a tertiary polishing step, with removals of most metals on the order of 50% to 

greater than 95% (Innocenti et al. 2002; Carletti et al. 2008; Dialynas and Diamadopoulos 2009; 

Malamis et al. 2012; Arévalo et al. 2013). Last, with the smallest effective pore size, RO is the 

most effective unit process for metals removal with the case study literature indicating consistent 

removal efficiencies of 90% or greater (Dialynas and Diamadopoulos 2009; Malamis et al. 2012; 

Arévalo et al. 2013; Garcia et al. 2013). 

For this study there are also several unit processes that through either limited, 

contradictory or inconclusive evidence, were not assigned any removal credit. Chemical 

phosphorus precipitation is a unit process that can be effective at removing metals, however it is 

dependent upon the chemicals used for precipitation and the conditions of the plant. In a study of 

three WWTPs using only alum or sodium aluminate for enhanced phosphorus removal, 

Aulenbach et al. (1984) found statistically insignificant effects for Pb and Cr removal and only a 
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minor benefit to Cu removal (less than a 10% difference), noting that Cd, Hg, and Zn were 

removed to undetectable levels prior to alum dosing. Accordingly, chemical phosphorus 

precipitation using alum salts alone (U9, Table B-2) was not considered to provide an additional 

metals removal benefit.  

The metals removal performance of tertiary biological nutrient removal processes, 

including nitrification reactors, denitrification reactors and tertiary clarification, has also not 

been extensively researched. Conceptually, the additional contact time between remaining 

soluble metal species and a new, distinct biological consortium (compared to upstream 

secondary unit processes) could reasonably be thought to provide for additional metals removal. 

However, in a study using copper as an indicator of the comparative metal removing 

performance of tertiary vs. secondary WWTPs, Inna et al. (2014) found that while tertiary 

processes like biological aerated flooded filters and nitrifying trickling filters provided some 

degree of additional copper removal, the tertiary return flows tended to have adverse and 

somewhat unpredictable effects on the performance of upstream unit processes. While they 

found total removal efficiencies of 57% for the three secondary plants and 78% for the two 

tertiary plants with nitrifying filters, the removal attributed directly to the nitrifying trickling 

filters was just 11% (-15% to 37%). Given the lack of information obtained for other metals, the 

marginal performance documented by Inna et al. (2014) and the potential for adverse effects 

from concentrated return flows, tertiary biological nutrient removal processes (U11-U14) were 

assumed to have no net effect on metals. 
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Table B-2. Unit Process Composition of Study Treatment Configurations 

Unit Process 

Wastewater Treatment Configuration 

Level 1, Level Level Level Level Level Level Level Level 

AS  2-1,  2-2,  3-1,  3-2,  4-1,  4-2,  5-1,  5-2, 

  A2O AS3 B5 MUCT B5/Denit MBR B5/RO MBR/RO 

U1 
Preliminary Treatment – Screening and grit 

removal 
✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U2 Primary Clarification ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U3 Fermenter       ✔ ✔ ✔   ✔ ✔ 

U4 Plug Flow Activated Sludge ✔   ✔             

U5 Biological Nutrient Removal – 3-Stage   ✔               

U6 Biological Nutrient Removal – 5-Stage       ✔   ✔   ✔ ✔ 

U7 
Biological Nutrient Removal – 4-Stage 

(Bardenpho) 
            ✔     

U8 Biological Nutrient Removal – 4-Stage (MUCT)         ✔         

U9 Chemical Phosphorus Removal     ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U10 Secondary Clarifier ✔ ✔ ✔ ✔ ✔ ✔   ✔   

U11 Nitrification – Suspended Growth     ✔             

U12 Tertiary Clarification     ✔ c             

U13 Denitrification – Suspended Growth     ✔             

U14 Denitrification – Attached Growth           ✔   ✔   

U15 Membrane Filtration a, b             ✔   ✔ 

U16 Final Clarification                   

U17 Filtration – Sand Filter       ✔ ✔ ✔   ✔   

U18 Reverse Osmosis a, d               ✔ ✔ 

U19 Ultrafiltration a               ✔   

U20 Chlorination ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U21 Dechlorination ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U22 WWTP Effluent Discharge ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U23 Sludge – Gravity Thickening ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 
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Table B-2. Unit Process Composition of Study Treatment Configurations 

Unit Process 

Wastewater Treatment Configuration 

Level 1, Level Level Level Level Level Level Level Level 

AS  2-1,  2-2,  3-1,  3-2,  4-1,  4-2,  5-1,  5-2, 

  A2O AS3 B5 MUCT B5/Denit MBR B5/RO MBR/RO 

U24 Sludge – Anaerobic Digestion ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U25 Sludge – Centrifugation ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U26 Sludge – Haul and Landfill ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔ 

U27 Brine – Underground Inject               ✔ ✔ 

✔ Indicates unit process is relevant for select wastewater treatment configuration. 

a – Periodic chemical cleaning is included for all membranes.   

b – Membrane bioreactor wastewater treatment configurations use a membrane filter for the solid-liquid separation process instead of a traditional 

secondary clarifier.   

c – This configuration includes two instances of tertiary clarification.   

d – Includes chlorination and dechlorination pretreatment.   
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B.4 Metals Removal Performance Estimation Methods 

Metal removal efficiencies for study system configurations were estimated based on a 

detailed literature review of performance results from similar systems. Sources reviewed include 

peer-reviewed literature, government reports and book chapters, covering a range of bench-scale 

experiments to performance characterization of full-scale treatment systems. Given the 

complexity of conditions and partitioning processes that can occur within WWTPs, empirical 

results were prioritized where the demonstrated metals removal performance of comparable 

treatment configurations or unit processes could be used to estimate performance of the study 

configurations. Where possible, mechanistic discussion was provided, though it is qualitative in 

nature as the factors affecting metal partitioning and removal are highly site specific (Cheng et 

al. 1975; Nelson et al. 1981; Huang et al. 2000) and mechanistic modelling is beyond the 

capability of the existing CAPDETWorks models used to develop the LCA and cost analysis. 

For system levels where no representative equivalent was identified but the important 

components were characterized, a composite removal efficiency was calculated based upon case 

study performance data of its major unit processes. For example, Level 3-1 includes a 5-stage 

Bardenpho process with subsequent sand filtration. However, results of the literature review only 

identified 5-stage Bardenpho WWTPs without sand filtration. Therefore, Equation B-1 below 

represents a two-step linear process and was used to combine these results with removal 

efficiencies identified for sand filtration as a standalone process.  

 𝑅𝑡𝑜𝑡𝑎𝑙 =  𝑓1𝑅1 + 𝑓2(1 − 𝑅1)𝑅2  

  Equation B-1 

where 

Rtotal = composite metal removal efficiency 

f1 = fraction of flow diverted to process 1 

R1 = removal efficiency of process 1 

f2 = fraction of flow diverted to process 2 

R2 = removal efficiency of process 2 

 

In this example, R1 would be representative of the combined effects of U1, U2, U6, and 

U10 (pretreatment + 5-stage Bardenpho + secondary clarification), while R2 would be 

representative of U17 (sand filter). The functional form has also been adapted to account for 

more than two stepwise processes (e.g. Level 5-2) or parallel streams (e.g. Level 5-1), as 

demonstrated below. Note that the unit code descriptions are provided in Table B-2. 

B.5 Metals Removal Performance Estimation Results 

Following the approach outlined in Section B.4, Table B-3 shows how removal 

efficiencies for each study configuration were calculated based on major unit process 

combinations and supporting literature. Final composite removal efficiencies for each metal, by 

treatment configuration, are provided in Table B-4 and illustrated in Figure B-1. A more detailed 

discussion of each treatment configuration follows. 
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Table B-3. Summary of Composite Removal Calculations used in Equation 1 

Level Level Unit Processesa 

Case Study Unit 

Process(es)b Rc fd Description 

Level 1, AS U1+U2+U4+U10 U1+U2+U4+U10 N/A 100% Conventional Activated Sludgee 

Level 2-1, A2O U1+U2+U5+U10 U5 q 100% 
Anaerobic/Anoxic/ 

Oxicf 

Level 2-2, AS3 U1+U2+U4+U9+U10+U11+U12+U13 U1+U2+U4+U10 q 100% 3-Sludge Systemg 

Level 3-1, B5 U1+U2+U3+U6+U9+U10+U17 
U1+U2+U6+U10 R1 100% 5-stage Bardenphoh 

U17 R2 100% Sand filteri 

Level 3-2, MUCT U1+U2+U3+U8+U9+U10+U17 
U1+U2+U8+U10 R1 100% Modified University Cape Town processj 

U17 R2 100% Sand filteri 

Level 4-1, B5/Denit U1+U2+U3+U6+U9+U10+U14+U17 
U1+U2+U6+U10 R1 100% 5-stage Bardenphoh 

U17 R2 100% Sand filteri 

Level 4-2, MBR U1+U2+U7+U9+U15 
U7 q 100% 4-stage Bardenphok 

U15 R2 100% Membrane bioreactorl 

Level 5-1, B5/RO 
U1+U2+U3+U6+U9+U10+U14+U17+U18

+U19 

U1+U2+U6+U10 R1 100% 5-stage Bardenphoh 

U17 R2a 10% Sand filteri 

U18 R2b 90% Reverse osmosism 

Level 5-2, MBR/RO U1+U2+U3+U6+U9+U15+U18 

U1+U2+U6+U10 R1 100% 5-stage Bardenphoh 

U15 R2 100% Membrane bioreactorl 

U18 R3 85% Reverse osmosism 

a - Bold unit processes affect metals removal, italicized unit processes were determined to have no significant effect. 

b - Unit process or unit process configurations represented in the case study literature. 

c - Removal efficiency determined from the literature and used in stepwise removal calculations (see Equation B-1. ‘NA’ indicates that Equation B-1 was not used, as documented 

removal efficiencies could be used directly to represent the entire treatment system. 'q' indicates that only qualitative conclusions can be drawn from the applicable literature. 

d - Proportion of flow directed to unit process(es), see Equation B-1. 

e - Brown et al., 1973; Oliver and Cosgrove, 1974; da Silva Oliveira et al., 2007; Carletti et al., 2008; Karvelas et al., 2003 

f - Chang et al., 2007 

g - Metal-affecting unit processes same as Level 1, use Level 1 for conservative estimation 

h - Salihoglu et al., 2013 

i - Linstedt et al., 1971; Aulenbach and Chan, 1988; Renman et al., 2009; Reddy et al., 2014 

j - Chipasa, 2003; Obarska-Pempkowiak and Gajewska, 2007. Data describe the metals removal performance of membrane bioreactors. Data were assumed to be representative of 

membrane filtration as well, as the physical filtration is the dominant partitioning mechanism of metals sorbed to dissolved organic complexes. 

k - Emara et al., 2014 

l - Innocenti et al., 2002; Carletti et al., 2008; Dialynas and Diamadopoulos, 2009; Malamis et al., 2012; Arevalo et al., 2013 

m - Dialynas and Diamadopoulos, 2009; Malamis et al., 2012; Garcia et al., 2013; Arévalo et al. 2013 
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Table B-4. Summary of Estimated Metal Removal Efficienciesa 

Metal 

Level 1 

AS 

Level 2-1 

A2O 

Level 2-2 

AS3 

Level 3-1 

B5 

Level 3-2 

MUCT 

Level 4-1 

B5/Denit 

Level 4-2 

MBR 

Level 5-1 

B5/RO 

Level 5-2 

MBR/RO 

Cu 

Min 35% 35% 35% 75% 52% 75% 68% 93% 96% 

Mean 62% 62% 62% 80% 77% 80% 90% 97% 99% 

Max 84% 84% 84% 83% 96% 83% 99% 98% 100% 

Pb 

Min 40% 40% 40% 55% 39% 55% 68% 95% 97% 

Mean 65% 65% 65% 66% 70% 66% 88% 96% 99% 

Max 97% 97% 97% 75% 94% 75% 100% 97% 100% 

Ni 

Min 16% 16% 16% 42% 66% 42% 64% 82% 91% 

Mean 39% 39% 39% 45% 67% 45% 82% 90% 97% 

Max 91% 91% 91% 47% 68% 47% 100% 94% 100% 

Zn 

Min 12% 12% 12% 57% 83% 57% 75% 94% 97% 

Mean 42% 42% 42% 72% 89% 72% 85% 96% 99% 

Max 77% 77% 77% 83% 94% 83% 91% 98% 99% 

Cd 

Min 11% 11% 11% 40% 23% 40% 96% 93% 99% 

Mean 59% 59% 59% 47% 41% 47% 97% 94% 100% 

Max 83% 83% 83% 57% 59% 57% 98% 95% 100% 

Cr 

Min 16% 16% 16% 78% 88% 78% 83% 97% 99% 

Mean 64% 64% 64% 81% 88% 81% 91% 98% 100% 

Max 79% 79% 79% 84% 89% 84% 95% 98% 100% 

Hg1 

Min 17% 17% 17% 17% 17% 17% 93% 84% 98% 

Mean 53% 53% 53% 53% 53% 53% 97% 93% 100% 

Max 85% 85% 85% 85% 85% 85% 99% 98% 100% 

a – “Removal Efficiency” used loosely; data more explicitly represents partitioning to sludge. Min and max represent minimum and maximum removal 

efficiencies reported in the literature. Where removal efficiencies are composites of multiple processes, minimum represents the composite of both 

contributing minimums, likewise for maximum. 

b – No data for Hg removal found for 4-stage Bardenpho, 5-stage Bardenpho or MUCT. Therefore, conservatively assumed same removal for these 

biological treatment processes as documented for CAS (Level1). Data for Levels 4-2, 5-1 and 5-2 represent the effect of tertiary polishing step 

alone, i.e. MBR and RO. 
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a – Distinct bar patterns are used to distinguish treatment systems in each of the five nutrient removal levels.  

b - Error bars represent the minimum and maximum removal efficiencies reported in the literature. 

Figure B-1. Summary of Estimated Metal Treatment Performancea, b 
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B.5.1 Level 1: Conventional Plug Flow Activated Sludge (AS) 

Level 1 is the most commonly represented treatment configuration within the case study 

literature. Overall, seven conventional activated sludge (CAS) systems were reviewed providing 

a range of performance results. Metals with the highest mean removals were Pb, Cr and Cu, each 

with a mean removal >60%. Intermediate mean removals of 40-60% were determined for Cd, Hg 

and Zn, while Ni returned the lowest mean removal of 39%. This pattern is to be expected, with 

previous reviews showing good (>50%) removals of Cd, Cr, Cu and Pb, and lower removals 

(<30%) for Ni (Stephenson and Lester 1987). For all metals, variability in results was high, with 

ranges from less than half to more than double the mean for most metals.  

B.5.2 Level 2-1: Anaerobic/Anoxic/Oxic (A2O) 

Level 2-1 is differentiated from Level 1 by its three-stage biological nutrient removal 

system which consists of sequential anaerobic, anoxic, and oxic basins. No performance data for 

A2O systems were found in the literature review, however a study conducted to determine the 

metal affinity of A2O sludge was reviewed (Chang et al. 2007). While data were not provided 

that could provide an input/output removal performance, results indicated that A2O sludge 

exhibited higher biosorption affinities than CAS sludge for Cd and Ni, and similar affinity for Zn 

(only three metals were evaluated). Based on these relative conclusions and in combination with 

the slightly longer SRT (Table 1-5) and better removal performance of COD (Table 1-4), it was 

conservatively assumed that the metal removal performance of Level 2-1 was equivalent to 

Level 1. 

B.5.3 Level 2-2: Activated Sludge, 3-Sludge System (A3S) 

Level 2-2 is similar to Level 1, with the addition of post-secondary suspended growth 

nitrification and denitrification reactors, as well as chemical phosphorus precipitation. No 

performance data for A3S systems were found in the literature review.  Despite the greater SRT 

(Table 1-5) and better removal performance of COD (Table 1-4), in the absence of literature 

specifically documenting effects of this process on metal concentrations, it was conservatively 

assumed that the metal performance of Level 2-2 was equivalent to Level 1. 

B.5.4 Level 3-1: 5-Stage Bardenpho System (B5) 

Level 3-1 is characterized by a combination of case studies that are representative of its 

major metal-affecting unit processes, including the 5-stage Bardenpho process and sand 

filtration. Salihoglu (2013) reviewed the metals removal performance of two WWTPs that 

utilized the 5-stage Bardenpho process in the Turkish city of Bursa. The treatment plants, which 

serve populations of 170,000 and 85,000 in mixed urban areas, consist of pretreatment (screening 

and grit removal) followed by an equalization tank, 5-stage Bardenpho process and a clarifier. In 

terms of applicability to Level 3-1, the plants describe the beginning of the treatment train 

including pretreatment (U1), 5-stage Bardenpho process (U6) and secondary clarification (U10). 

Although primary sedimentation (U2) is not included, it is assumed that the level of treatment 

conferred by the particular combination of unit processes (U1+U6+U10) allows for sufficient 

settleable solids removal such that the absence of U2 can be considered negligible.  

Data for sand filtration came from a range of studies, including pilot- or bench-scale tests 

of sand filtration as a tertiary treatment unit process (Linstedt et al. 1971; Aulenbach and Chan 
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1988), as a polishing step for septic effluent (Renman et al. 2009) and for the treatment of 

stormwater (Reddy et al. 2014). Although stormwater is compositionally different than 

wastewater, it is arguably closer to secondary effluent than raw wastewater and the inclusion of 

these results helped fill data gaps left by the wastewater-specific studies. 

Reported removal efficiencies for the 5-stage Bardenpho system for all metals except Cd 

and Pb (data were not given for Hg) tended to be similar to those reported for CAS, while the 

removal efficiency for Cd was lower than CAS and Pb was higher (Salihoglu 2013). No 

mechanistic explanations were provided for these deviations by Salihoglu (2013), though 

possible reasons may have to do with the relatively high affinity of Pb and relatively low affinity 

of Cd to organic matter, respectively (e.g., Wang, 1997) Mean removal efficiencies for sand 

filtration case studies ranged from 2% to 29%, bounded by Cr (2%) and Ni (3%) at the low end 

and Pb (22%) and Zn (29%) at the high end. Composite removal efficiencies for L3-1 were 

greater than Level 1 for all metals except Cd (and Hg, as no data were reported for U6 or U17 

unit processes), owing to low removals of Cd in both 5-stage Bardenpho (41%) and sand 

filtration (11%).  

B.5.5 Level 3-2: Modified University of Cape Town (MUCT) 

Level 3-2 is characterized by a combination of case studies that are representative of its 

major metal-affecting unit processes, including the Modified University of Cape Town process 

and sand filtration. Metals performance data for MUCT systems come from a pair of case studies 

conducted in Poland (Chipasa 2003; Obarska-Pempkowiak and Gajewska 2007). The first 

system, reviewed by Chipasa (2003), includes screening and grit removal (U1), primary 

sedimentation (U2), MUCT reactors (U8), and secondary clarification (U10). The second 

system, reviewed in Obarska-Pempkowiak and Gajewska (2007), refers to a 23 MGD plant 

receiving mixed municipal wastewater with roughly 10% coming from industrial sources. 

Primary treatment consists of screening, an aerated sand trap and primary sedimentation, which 

was assumed equivalent to screening and grit removal (U1) and primary sedimentation (U2). 

Biological treatment consists of six sequential reactors that make up the MUCT process (U8) 

followed by secondary sedimentation (U10).  

Data for sand filtration come from a range of studies, including pilot- or bench-scale tests 

of sand filtration as a tertiary treatment unit process (Linstedt et al. 1971; Aulenbach and Chan 

1988), as a polishing step for septic effluent (Renman et al. 2009) and for the treatment of 

stormwater (Reddy et al. 2014). Although stormwater is compositionally different than 

wastewater, it is arguably closer to secondary effluent than raw wastewater and the inclusion of 

these results helped fill data gaps left by the wastewater-specific studies. 

Mean removal efficiencies for the MUCT systems ranged from 66% to 88% with the 

exception of Cd, which had a mean removal of 34%. Mean removal efficiencies for sand 

filtration case studies ranged from 2% to 29%, bounded by Cr (2%) and Ni (3%) at the low end 

and Pb (22%) and Zn (29%) at the high end. Composite removal efficiencies for Level 3-2 were 

slightly better than Level 3-1 for Pb, Zn, Ni and Cr and slightly worse for Cu and Cd. No data 

were reported for Hg.  
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B.5.6 Level 4-1: 5-Stage Bardenpho System with Denitrification Filter (B5/Denit) 

The unit process configuration of Level 4-1 is identical to Level 3-1, with the exception 

of an attached growth denitrification reactor. Although no data were identified to directly 

characterize the metals removal performance of this unit process, it is likely that it provides some 

degree of metals removal as it allows for additional contact time between secondary effluent and 

a new, biologically distinct consortium. However, in the absence of literature specifically 

documenting effects of an attached growth denitrification reactor on metal concentrations, it was 

conservatively assumed that the performance of Level 4-1 was equivalent to that of Level 3-1. 

B.5.7 Level 4-2: 4-Stage Bardenpho Membrane Bioreactor System (MBR) 

Level 4-2 is characterized by a 4-stage Bardenpho system followed by a membrane 

bioreactor. The 4-stage Bardenpho system of Level 4-2 differs from the 5-stage Bardenpho 

system of Level 4-1, lacking the first anaerobic stage and having a total SRT of 19 days as 

opposed to 15 days for the 5-stage system. No data were found characterizing the metals 

performance of a 4-stage Bardenpho system, rather performance was estimated based on the 

comparative design and operation of the study configurations as well as results from a bench-

scale study performed to directly compare the performance of 4-stage and 5-stage Bardenpho 

systems using Ni and Fe as indicators of metal removal (Emara et al. 2014). The study showed 

that after incorporation of the upstream anaerobic tank, thus modifying the 4-stage to a 5-stage 

system, Ni removal increased from 68% to 86% and Fe removal increased from 82% to 92%. 

This is to be expected, as the incorporation of the anaerobic stage is done to improve phosphorus 

removal through the promotion of phosphorus accumulating organisms, which produce floc that 

provides for an additional degree of biosorption. As such, it was conservatively assumed that the 

metal removal efficiency of the 4-stage system was 50% of the 5-stage system described by 

Salihoglu (2013). The greater SRT of the Level 4-2, 4-stage system compared to the Level 4-1, 

5-stage system, adds a further degree of conservatism as it would suggest better performance 

than what is being assumed.  

The metals removal performance of MBRs has been well characterized, with five 

applicable studies identified representing six different systems (Innocenti et al. 2002; Carletti et 

al. 2008; Dialynas and Diamadopoulos 2009; Malamis et al. 2012; Arévalo et al. 2013). The 

systems all treated mixed municipal primary effluent, ranged in size from a 100 gpd pilot plant to 

a 5.3 MGD full-scale plant, and had membrane pore sizes of either 0.020 µm or 0.040 µm. 

Average removal efficiencies across all studies were high, ranging from 76% (Ni) to 96% (Cd 

and Hg). That the removals are high relative to other unit processes discussed thus far is 

reasonable when considering the pore size of MBRs (0.020 to 0.040 µm) relative to the filter 

pore size generally used to delineate between dissolved and non-dissolved fractions (0.45 µm). 

This comparison suggests an ability to remove smaller dissolved organic complexes in the 0.04-

0.45 µm range that may be missed by processes that rely on settling or clarification. 

Although a conservative assumption was made regarding the treatment performance of 

the 4-stage Bardenpho system, composite removal efficiencies for the Level 4-2 configuration 

are greater than those of Level 4-1 for all metals reviewed, owing to the high removal efficiency 

of the MBR unit process. Moreover, although Hg was not included in any Bardenpho study, the 

two MBR studies that did evaluate Hg found an average removal of 96%, which could 

reasonably be interpreted as a total Hg removal efficiency for Level 4-2. 
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B.5.8 Level 5-1: 5-Stage Bardenpho with Sidestream Reverse Osmosis (B5/RO) 

Level 5-1 is characterized by a 5-stage Bardenpho system followed by two parallel 

processes. The first, treating 90% of the 5-stage Bardenpho effluent, consists of an ultrafilter 

followed by a reverse osmosis (RO) system. The remaining 10% is treated by a sand filter, 

similar to Level 3-1.  

For the 5-stage Bardenpho system, Salihoglu (2013) reviewed the metals removal 

performance of two WWTPs that utilize this process in the Turkish city of Bursa. The treatment 

plants, which serve populations of 170,000 and 85,000 in mixed urban areas, consist of 

pretreatment (screening and grit removal) followed by a selector tank, 5-stage Bardenpho 

process and a clarifier. In terms of applicability to Level 5-1, the plants describe the beginning of 

the treatment train including pretreatment (U1), 5-stage Bardenpho process (U6) and secondary 

clarification (U10). Although primary sedimentation (U2) is not included, it is assumed that the 

level of treatment conferred by the particular combination of unit processes (U1+U6+U10) 

allows for sufficient settleable solids removal that the absence of U2 can be considered 

negligible.  

For the first parallel process, consisting of an ultrafilter followed by an RO system, four 

studies were found evaluating the performance of five distinct RO systems (Qdais and Moussa 

2004; Dialynas and Diamadopoulos 2009; Malamis et al. 2012; Garcia et al. 2013). The systems 

reviewed were mostly pilot scale treating mixed municipal primary effluent, with the exception 

of a 0.3 MGD full scale system (Garcia et al. 2013) and a pilot scale study evaluating synthetic 

industrial wastewater (Qdais and Moussa 2004). Ultrafiltration was not explicitly included as, in 

the case of most case study systems and study configurations, this step serves as a pretreatment 

step allowing for proper RO functioning and its performance was generally not characterized. 

Mean removal of each metal across all systems for which data were available were greater than 

90%. The lowest removal efficiencies reported for any single system, and the only rates less than 

90%, were those for the pilot plant treating pretreated, mixed municipal wastewater evaluated by 

Malamis et al. (2012) at 82% for Cu and 76% for Ni.  

Data for sand filtration come from a range of studies, including pilot- or bench-scale tests 

of sand filtration as a tertiary treatment unit process (Linstedt et al. 1971; Aulenbach and Chan 

1988), as a polishing step for septic effluent (Renman et al. 2009) and for the treatment of 

stormwater (Reddy et al. 2014). Although stormwater is compositionally different than 

wastewater, it is arguably closer to secondary effluent than raw wastewater and the inclusion of 

these results helped fill data gaps left by the wastewater-specific studies. 

Composite removal efficiencies for Level 5-1 are 90-98% for all metals reviewed. Also, 

although sufficient data were not obtained for the full characterization of Hg removal in 5-stage 

Bardenpho or RO systems, Ruel et al. (2011) measured effluent concentrations in two full-scale 

municipal WWTPs that incorporated RO for advanced nutrient removal and found Hg to be 

below the level of detection in both cases. 
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B.5.9 Level 5-2: 5-Stage Bardenpho Membrane Bioreactor with Sidestream Reverse Osmosis 

(MBR/RO) 

Level 5-2, the most advanced study configuration, consists of a 5-stage Bardenpho 

system followed by an MBR, then treatment of 85% of MBR effluent by an RO system with the 

remaining 15% discharged with no further treatment. 

For the 5-stage Bardenpho system, Salihoglu (2013) reviewed the metals removal 

performance of two WWTPs that utilized this process in the Turkish city of Bursa. The treatment 

plants, which serve populations of 170,000 and 85,000 in mixed urban areas, consist of 

pretreatment (screening and grit removal) followed by a selector tank, 5-stage Bardenpho 

process and a clarifier. In terms of applicability to Level 5-2, the plants describe the beginning of 

the treatment train including pretreatment (U1), 5-stage Bardenpho process (U6) and secondary 

clarification (U10). Although primary sedimentation (U2) is not included, it is assumed that the 

level of treatment conferred by the particular combination of unit processes (U1+U6+U10) 

allows for sufficient settleable solids removal that the absence of U2 can be considered 

negligible.  

The metals removal performance of MBRs has been well characterized, with 5 applicable 

studies identified representing 6 different systems (Innocenti et al. 2002; Carletti et al. 2008; 

Dialynas and Diamadopoulos 2009; Malamis et al. 2012; Arévalo et al. 2013). The systems all 

treated mixed municipal primary effluent, ranged from a 100 gpd pilot plant to a 5.3 MGD full-

scale plant and had membrane pore sizes of either 0.020 µm or 0.040 µm. Average removal 

efficiencies across all studies were high, ranging from 76% (Ni) to 96% (Cd and Hg). That the 

removals are high relative to other unit processes discussed thus far is reasonable when 

considering the pore size of MBRs (0.020 to 0.040 µm) relative to the filter pore size generally 

used to delineate between dissolved and non-dissolved fractions (0.45 µm). This comparison 

suggests an ability to remove much smaller, dissolved organic complexes missed by processes 

that rely on settling or clarification. 

For the characterization of RO systems, four studies were found evaluating the 

performance of 5 distinct RO systems (Qdais and Moussa 2004; Dialynas and Diamadopoulos 

2009; Malamis et al. 2012; Garcia et al. 2013). The systems reviewed were mostly pilot scale 

treating pretreated mixed municipal wastewater, with the exception of a 0.3 MGD full scale 

system (Garcia et al. 2013) and a pilot scale evaluating synthetic industrial wastewater (Qdais 

and Moussa 2004). Ultrafiltration was not explicitly included as, in the case of most case study 

systems and study configurations, this step serves as a pretreatment step allowing for proper RO 

functioning and its performance was generally not characterized. Mean removal of each metal 

across all systems for which data were available were greater than 90%. The lowest removal 

efficiencies reported for any single system, and the only rates less than 90%, were those for the 

pilot plant treating pretreated, mixed municipal wastewater evaluated by Malamis et al. (2012) at 

82% for Cu and 76% for Ni.  

Composite removal efficiencies for Level 5-2 are 97% to >99% for all metals reviewed. 

Also, although sufficient data were not obtained for the full characterization of Hg removal in 5-

stage Bardenpho or RO systems, Ruel et al. (2011) measured effluent concentrations in two full-

scale municipal WWTPs that incorporated RO for advanced nutrient removal and found Hg to be 

below the level of detection in both cases. 
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B.6 Heavy Metals Toxicity Characterization Factors 

Table B-5 presents the characterization factors used to estimate toxicity impacts 

associated with heavy metals in treatment plant effluent and sludge. Not all heavy metals 

included in this study have associated characterization factors listed in the most recent versions 

of USEtox™, versions 2.02 and 2.11. Characterization factors that were not otherwise available 

were estimated using the median value of all other heavy metals for which data was available. 

Sources for individual characterization factors are listed in Table C-8. 

Table B-5. Heavy Metals Toxicity Characterization Factors, USEtox™ version 2.11 

Chemical Name 

USETox 

Chemical 

Name 

Freshwater Ecotoxicity, 

(CTUe, PAF m3.day/kg 

emitted) 

Human Health cancer, 

freshwater (CTUh, cases/kg 

emitted) 

Human Health noncancer, 

freshwater (CTUh, cases/kg 

emitted) 

Emissions to 

Freshwater 

Emissions to 

Natural Soil 

Emissions to 

Freshwater 

Emissions to 

Natural Soil 

Emissions to 

Freshwater 

Emissions to 

Natural Soil 

Lead Pb(II) 6.9E+2 4.1E+2 1.4E-7 8.5E-8 5.0E-5 3.0E-5 

Copper Cu(II) 9.9E+6 5.2E+6 8.8E-6a 4.5E-6a 1.4E-7 7.2E-8 

Zinc Zn(II) 1.3E+5 7.3E+4 - - 2.6E-4 1.4E-4 

Nickel Ni(II) 3.0E+5 1.5E+5 1.2E-4 6.1E-5 6.7E-6 3.4E-6 

Chromium Cr(III) 8.1E+3 4.1E+3 - - 2.1E-11 1.0E-11 

Cadmium Cd(II) 2.3E+6 1.2E+6 1.7E-5 8.9E-6 4.7E-3 2.4E-3 

Mercury Hg(II) 2.2E+4 1.6E+4 1.5E-4 1.1E-4 0.02 0.01 

a - Estimated using the median of heavy metals with available characterization factors. 
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Appendix C: Detailed Characterization of Toxic Organics Behavior in Study 

Treatment Configurations 

C.1 Toxic Organics: Introduction 

This section presents background information and methods used to estimate the 

environmental impact associated with select trace organic chemical releases in the Level 1 

through 5 treatment systems.  

Toxic organics are a diverse and growing category of chemical substances that includes 

other commonly referred to pollutant groups such as contaminants of emerging concern (CECs), 

pharmaceuticals and personal care products (PPCPs), and endocrine disrupting chemicals 

(EDCs). The pollutant category includes medications, fragrances, insect repellents and other 

household items that can be harmful to environmental and human health at even trace levels 

(U.S. EPA 2015c; Montes-Grajales et al. 2017).  

Many toxic organics have a documented presence in surface waters, groundwater, 

wastewater and WWTP effluent, both in the U.S. and globally (Ellis 2008; Ebele et al. 2017; 

Montes-Grajales et al. 2017). No comprehensive list exists, though based on the diverse literature 

the number of contaminants is at least in the hundreds (if not thousands) and is continually being 

expanded upon as analytical techniques for measuring both presence and toxicity are continually 

refined. In order to provide a targeted analysis of their behavior in WWTPs, a restricted group of 

43 pollutants (Table C-1) has been selected for specific treatment in this analysis. The selected 

pollutant group uses the chemical list from Rahman et al. (2018) as a starting point. Rahman et 

al. (2018) performed a comparative LCA that examines the effect of toxic organics removal on 

life cycle human health and ecotoxicity impacts for treatment systems that correspond to three 

levels of nutrient removal, focusing on the use of advanced tertiary processes for toxic organics 

removal. Their selection of toxic organics was based on frequency of presence in WWTPs and 

availability of information regarding concentration, chemical degradation, transformation and 

removal. Several additional common chemicals, including triclocarban, tonalide, celestolide, 

phantolide and musk ketone, were added based on the assessment of Montes-Grajales et al. 

(2017), which looked at the presence of PPCPs in global water resources and found these 

compounds to be the most widely reported. Per- and Polyfluoroalkyl Substances (PFAS) are not 

included in this toxic organics’ assessment. 

The concentration of trace pollutants can vary considerably on a daily and seasonal basis 

and between WWTPs (Martin Ruel et al. 2012). Urban WWTPs have also been shown to receive 

higher influent concentrations of some toxic organics that are less common in rural water 

systems. As such, the median influent concentrations from Table C-1 were used as input to 

subsequent calculations as the averages had a tendency to be strongly influenced by a small 

number of very high influent concentration records. Figure C-1 and Figure C-2 present boxplots 

of the influent concentration of toxic organics. The figures divide the pollutants into two 

subgroups to allow better visualization across pollutants with considerably different influent 

concentrations. Acetaminophen is excluded from these figures due to its notably greater median 

influent concentration, 97 µg/L, as compared to the other included pollutants. The figures show 

the tendency for some pollutant distributions to skew towards large outlier values, causing a 

disparity between the median and average values. 
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Table C-1. Occurrence of the Selected Toxic Organic Compounds in WWTP Influent 

Chemical Name Chemical Type/Use 
Influent Concentration (µg/L) 

Sample Size 
Average Median Minimum Maximum 

acetaminophena pain reliever, anti-

inflammatory 
97 19 0.02 400 12 

androstendionea steroid hormone 0.29 0.10 0.02 1.3 7 

atenolol beta blocker 4.3 1.1 0.03 26 10 

atorvastatin lipid regulator 0.49 0.22 0.07 1.6 6 

atrazineb pesticide 0.02 0.02 1.0E-3 0.06 5 

benzophenone PCP, sunscreen 0.24 0.27 7.0E-3 0.42 4 

bisphenol A EDC, plasticizer 4.6 0.84 0.01 44 16 

butylated hydroxyanisolec beta blocker 1.3 0.16 0.13 3.5 3 

butylated hydroxytoluene beta blocker, cosmetic 0.93 0.41 0.05 3.5 5 

butylbenzyl phthalated plasticizer 0.11 0.11 0.08 0.14 2 

carbamazepinea Anti-convulsant 0.92 0.69 0.04 3.8 28 

N,N-diethyl-meta-toluamide (DEET) insect repellent 1.4 0.40 0.02 6.9 6 

diclofenac Analgesics, anti-

inflammatory 
2.1 0.96 1.0E-3 17 20 

dilantin anti-seizure medication 0.16 0.17 0.05 0.24 4 

dioctyl phthalateb plasticizer, industry 23 1.4 1.1 67 3 

estradiola,c EDC, steroid hormone 0.59 0.03 8.0E-3 5.0 11 

estronea,c EDC, steroid hormone 0.17 0.05 0.01 1.0 9 

galaxolide beta blocker, PCP, 

fragrance 
4.3 2.3 1.4E-3 25 16 

gemfibrozila lipid regulator 3.1 1.6 0.02 22 15 

hydrocodone analgesic, opioid 0.08 0.11 0.02 0.12 5 

ibuprofena Analgesics, anti-

inflammatory 
7.8 2.4 1.0E-3 39 27 

iopromide contrast agent 7.4 0.05 0.01 38 6 

meprobamate tranquilizer, medication 0.40 0.35 0.01 0.97 5 

naproxena Analgesics, anti-

inflammatory 
8.5 2.5 2.0E-3 53 20 

nonylphenolb,c EDC, disinfectant, 

surfactant, solvent 
3.4 2.3 0.02 9.7 14 
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Table C-1. Occurrence of the Selected Toxic Organic Compounds in WWTP Influent 

Chemical Name Chemical Type/Use 
Influent Concentration (µg/L) 

Sample Size 
Average Median Minimum Maximum 

octylphenolb EDC, surfactant, solvent 1.9 0.41 0.12 8.7 12 

o-hydroxy atorvastatin lipid regulator 0.12 0.12 0.10 0.14 2 

oxybenzone PCP 1.2 0.39 0.03 3.8 4 

p-hydroxy atorvastatin lipid regulator 0.12 0.12 0.10 0.14 2 

progesteronea EDC 0.02 0.01 3.1E-3 0.06 4 

sulfamethoxazolea antibiotic 1.1 0.43 0.04 4.5 14 

tris(2-chloroethyl) phosphate (TCEP)  flame retardant, 

plasticizer 
0.35 0.24 0.17 0.65 3 

tris(2-chloroisopropyl) phosphate 

(TCPP) 
flame retardant 

1.2 1.2 1.1 1.3 2 

testosteronea EDC 0.06 0.05 0.01 0.14 5 

triclosana pesticide, disinfectant 2.7 0.80 2.3E-3 24 17 

trimethoprima antibiotic 0.52 0.53 0.10 1.4 8 

triclocarbana disinfectant 0.42 0.42 0.29 0.54 2 

tonalide beta blocker, PCP, 

fragrance 
1.5 0.80 5.0E-5 7.6 13 

celestolide PCP, fragrance 5.1 0.07 0.04 15 3 

phantolide fragrance 0.10 0.10 0.04 0.15 2 

clofibric acid lipid regulator 0.46 0.29 0.03 1.1 3 

musk ketone fragrance 0.12 0.12 0.10 0.15 3 

diuronb,c fragrance 0.14 0.11 0.05 0.25 3 

a - Identifies substances with EPA developed analytical methods for detection of contaminants of emerging concern per (U.S. EPA, 2017). 

b - Identifies substances with a European Quality Standard per (EP 2008). 

c - Identifies substances identified in EPA's Candidate Contaminant List (CCL), version 4 (U.S. EPA, 2016). The CCL identifies chemicals that are currently 

unregulated but may pose a risk to drinking water. 

d - Identifies substances identified as human health criteria in Section 304(a) of the Clean Water Act (U.S. EPA, 2019c). 

Table Acronyms: EDC – endocrine disrupting chemical, PCP – personal care product.
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Figure C-1. Boxplot of the Influent Concentration of Toxic Organics with Maximum Concentration Less than 4 µg/L. 
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Figure C-2. Boxplot of the Influent Concentration of Toxic Organics with Maximum Concentration Greater than 4 µg/L. 
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C.2 Fate of Toxic Organics during Wastewater Treatment 

A great deal of work has been done regarding the degradation and partitioning of toxic 

organics within municipal WWTPs. The extent of degradation as well as the mechanisms of 

removal can vary widely, reflecting the underlying diversity in the pollutants themselves and 

conditions and operational procedures practiced at WWTPs. For example, some chemicals such 

as acetaminophen and bisphenol A are highly degradable and exhibit excellent removal, often 

greater than 90 percent, in conventional (Level 1) treatment works (Liwarska-Bizukojc et al. 

2018). Conversely, chemicals such as diclofenac and trimethoprim are more recalcitrant, 

exhibiting removal efficiencies of less than 80 percent in conventional treatment systems 

(Ahmed et al. 2017, Ogunlaja et al. 2013). The term removal efficiency is used to refer to the 

combined effect of biodegradation and partitioning to solids, unless otherwise specified.  

As a general rule-of-thumb, Level 1 treatment systems remove approximately 80 percent 

of the toxic organic load from the liquid stream (Martin Ruel et al. 2012). Removal that is 

attributable to solids partitioning versus biodegradation varies according to pollutant.  The reason 

for this variation is not well agreed upon within the literature. Martin Ruel et al. (2012) states 

that roughly two-thirds of pollutant removal can be accounted for by partitioning to sludge, while 

Jelic et al. (2011) found that this pathway was considerably less important. Biodegradation is a 

second important removal pathway, especially for chemicals that remain dissolved in the liquid 

fraction of wastewater. Volatilization of organic pollutants is expected to contribute negligibly to 

removal of most pollutants. Of the reviewed pollutants only celestolide is known to count 

volatilization as a significant loss pathway, accounting for up to 16% of total pollutant removal 

(Luo et al. 2014). Generally, volatilization is only expected to be relevant for treatment systems 

that have a large surface area (Liwarska-Bizukojc et al. 2018), which is not the case for any of 

the studied treatment configurations.  

Several chemical properties of trace organics including the octanol-water coefficient 

(Kow) and acid dissociation constant (pKa) affect the partitioning of individual organic pollutants 

between the solid and liquid phase in a WWTP (Alvarino et al. 2018). Pollutants with a high log 

Kow should preferentially adsorb to the solid fraction of wastewater (Alvarino et al. 2018). Luo et 

al. (2014) identified a log Kow threshold of 4, above which pollutants have a high sorption 

potential. Trace pollutants with a log Kow of less than 2.5 (hydrophilic) have a low sorption 

potential and will tend to remain in the dissolved phase. For example, many pesticides have a log 

Kow of less than three, are hydrophilic and predominantly exist in the dissolved phase (Martin 

Ruel et al. 2012). The solid-water distribution coefficient (Kd) is defined as the ratio between the 

concentration in the liquid and solid phases of a solution under equilibrium conditions and has 

been used to determine the fraction of trace pollutants that partition to sludge (Alvarino et al. 

2018). For pollutants with a log Kd value of less than 2.5, sorption onto sludge can be considered 

negligible (Luo et al. 2014). Other authors indicate that Kow alone does not provide a consistent 

indicator of removal performance (Oppenheimer et al. 2007), indicating that generalized 

approaches should be used with caution and interpreted appropriately. For example, Alvarino et 

al. (2018) state that hormones with high Kow will tend to partition to sludge, however Martin 

Ruel et al. (2012) found that the majority of hormones are generally found in the dissolved 

phase, highlighting the complexity of these interactions. 



Appendix C: Toxic Organics 

EP-C-16-003; WA 2-37  C-7 

Within the literature, there are three unit-process parameters most commonly found to 

affect pollutant degradation rates: (1) solids retention time (SRT), (2) hydraulic retention time 

(HRT), and (3) redox condition. Biomass conformation (i.e., size and type), use of adsorbents, 

pH, and temperature are additional unit process parameters that may vary between treatment 

configurations and affect pollutant degradation or removal (Alvarino et al. 2018). The pH of 

wastewater can affect removal of some micropollutants, particularly acidic pharmaceuticals for 

which the affinity to biosolids was pH affected (Luo et al. 2014). These additional factors were 

excluded from the current study as they are not expected to vary considerably between the nine 

treatment configurations, or are unknown, as in the case of biomass conformation.  

Solids retention time is a measure of sludge age in secondary biological treatment 

processes. Longer SRT, in general, allows the growth and proliferation of slower growing 

microbial partners, and is thought to increase the diversity of organisms present in mixed liquor 

suspended solids (Luo et al. 2014). Biodegradation of organic pollutants has been shown to 

exhibit a variable dependence on SRT according to specific chemical characteristics. 

Oppenheimer et al. (2007) calculated the minimum SRT value required for 80 percent CEC 

removal (SRT80) for several common CECs. Easily degradable compounds such as ibuprofen 

and oxybenzone had an SRT80 of less than 5 days, while poorly degradable substances such as 

galaxolide had SRT80 values of greater than 15 days. Results showed a pronounced plateau in 

removal performance for SRTs greater than the SRT80 value for each respective chemical. 

Hydraulic retention time measures the average period that water is retained in a given 

treatment unit. Longer HRT allows more time for biodegradation and partitioning to solids. HRT 

often correlates with SRT and it can therefore be difficult to determine the predominant factor 

contributing to variations in pollutant removal. The literature shows variable pollutant removal 

responses to HRT, which in some cases can be marginal (Oppenheimer et al. 2007). 

Redox conditions are defined as the tendency of a given redox reaction to occur. In 

wastewater treatment, redox conditions are categorized into the three broad conditions of 

aerobic, anoxic, and anaerobic. Aerobic is the presence of free oxygen and indicates positive 

redox values. Anoxic indicates the presence of bound oxygen (e.g., nitrate) and redox values 

around zero. Negative redox conditions indicate the absence of free and/or bound oxygen. Redox 

values are indicators of what types of microbial communities may be active and which chemical 

reactions may occur in a given wastewater. Research has shown that the removal rate of specific 

organic pollutants varies according to the redox environment. Overall, aerobic conditions have 

been shown to more effectively degrade the broadest range of substances. Anaerobic 

environments had greater removal performance for a small number of compounds, some of 

which were not degraded in aerobic environments (Alvarino et al. 2018). Anoxic conditions were 

in many cases found to be a less effective environment for removal of toxic organics, however 

some chemicals such as diclofenac, clofibric acid, and contrast agents exhibited improved 

removal under anoxic conditions (Luo et al. 2014). It is suspected that anoxic conditions often 

found in advanced biological treatment systems, intended for nitrogen removal, are not 

particularly effective in the degradation of organic micropollutants (Alvarino et al. 2018). The 

effect of variable redox conditions, such as those present in the level 2 through 5 treatment 

systems assessed in this study, on toxic organics removal are still understudied (Alvarino et al. 

2018).  
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The preceding unit process and chemical characteristics are some of the primary 

determinants of the fate of toxic organics within wastewater treatment systems. Those chemicals 

that partition readily to solids will tend to settle out with the sludge, be subject to anaerobic 

digestion and exit the plant heading to landfills or land application. Un-degraded dissolved 

chemicals will exit with the WWTP effluent and enter receiving surface waters.  

C.3 Toxic Organics Removal Performance Estimation Methodology 

This section describes the data and methods used to quantify a range of estimated 

removal efficiencies for individual unit processes that compose the 9 WWTP configurations of 

this study and to combine unit level removal efficiency data to estimate cumulative removal 

efficiency for each of the 9 WWTP configurations. Low, medium and high estimates of removal 

efficiency were developed for each unit process and are used to define corresponding estimates 

of cumulative removal efficiency for each configuration. Limited data were found to define 

chemical specific removal efficiencies for the advanced biological treatment units of Levels 2 

through 5. Therefore, sensitivity approaches were used to assess the importance of 

biodegradation and solids partitioning in advanced biological treatment units to the overall 

environmental impact of each respective system described below.  

C.3.1 Biological Treatment 

Biological treatment processes contribute to both the degradation of toxic organic 

compounds and additional partitioning to solids by creating biological flocculants that provide 

adsorption sites and allow time for metabolic degradation and adsorption to take place. Owing to 

these processes, Miege et al. (2009) note that removal of toxic organics from the liquid portion of 

biological wastewater treatment is typically in the range of 50-90%, and that nitrogen removal 

improves the removal efficiency of many pharmaceutical compounds. Additionally, the work of 

Alvarino et al. (2018) concludes that hybrid biological reactors offer a “good alternative to 

enhance the removal of organic micropollutants.” This is expected to be especially true for 

pollutants that are not readily degraded in aerobic conditions such as sulfamethoxazole and 

trimethoprim.  

Table C-2 presents a summary of the Level 1, activated sludge removal efficiency of the 

toxic organics considered in this study. To facilitate discussion of diverse and sometimes 

divergent treatment performances, this study adopts a classification system for biological 

treatment systems developed by Oppenheimer et al. (2007) that characterizes overall treatment 

performance as “good”, “moderate” or “low”. Good removal efficiency is defined as 80% or 

greater. Moderate removal efficiency is classified as being in the range of 50-80% removal, 

while less than 50% removal efficiency is considered poor.  

Based on Table C-2, Level 1 treatment systems promote “Good” removal efficiency of at 

least 30% of the toxic organics examined. The table also includes low, medium and high 

estimates of removal efficiency for the Level 1 treatment system, which includes the combined 

effect of primary and secondary treatment processes. Removal efficiency includes both 

biodegradation and the fraction of toxic organics that partition to solids and are removed in 

primary and waste activated sludge. Low, medium and high estimates in the table were defined 

as the 25th percentile, median and 75th percentile of the documented removal efficiencies. In 
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instances where removal efficiencies are negative (i.e. formation), a value of zero has been 

substituted for use in this study (e.g. carbamazepine).  

No removal efficiency data were found for eight of the 43 chemicals including: butylated 

hydroxyanisole, butylated hydroxytoluene, dilantin, hydrocodone, o-hydroxy atorvastatin, p-

hydroxy atorvastatin, TCPP and triclocarban (marked with italics in Table C-2). Proxy values 

that bracket the extreme values for removal efficiency were used to determine if the removal of 

these chemicals is significant in the LCA results. Proxy removal efficiency values of 0%, 50%, 

and 100% were applied in the low, medium and high removal efficiency scenarios, respectively. 

The selection of 0% and 100% in the low and high removal efficiency scenarios was based on 

the minimum and maximum removal across the 35 pollutants with reported level 1 removal 

efficiency data. The removal efficiency estimate in the medium removal efficiency scenario is 

halfway between the minimum and maximum values.  

Preliminary screening and grit removal were assumed to have no effect on partitioning 

and degradation of toxic organics. Reported removal performance of biological treatment units 

was assumed to include operation of the secondary clarifier, which is not assessed separately. It 

is important to note that within the literature it is often not clear whether pollutant removal is the 

result of solids partitioning or biodegradation.  

Studies have shown that expected changes in toxic organic influent concentrations do not 

produce a noticeable effect on removal efficiency (Oppenheimer et al. 2007). One study looking 

at estradiol, diclofenac, and nonylphenol showed indistinguishable removal rates at influent 

concentrations of 1 and 10 µg/L (Liwarska-Bizukojc et al. 2018). Based on this observation, we 

utilized all available removal data for a given unit process, regardless of reported influent 

concentration. 

Table C-2. Degradation and Removal of Toxic Organics within the Level 1 Biological 

Treatment System 

Chemical Name Removal – Classa 
Removal Efficiency - Level 1 

Low Medium High 

acetaminophen Good 92% 100% 100% 

androstendione Good 96% 98% 99% 

atenolol Medium 30% 70% 81% 

atorvastatin Good 88% 90% 92% 

atrazine Poor 26% 28% 29% 

benzophenone Good 79% 80% 80% 

bisphenol A Good 77% 85% 98% 

butylated hydroxyanisole* N/A 0% 50% 100% 

butylated hydroxytoluene* N/A 0% 50% 100% 

butylbenzyl phthalate Good 80% 80% 80% 

carbamazepine Poor 0% 0% 22%  

N,N-diethyl-meta-toluamide 

(DEET) 

Medium 50% 50% 50% 

diclofenac Poor 22% 49% 68% 
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Table C-2. Degradation and Removal of Toxic Organics within the Level 1 Biological 

Treatment System 

Chemical Name Removal – Classa 
Removal Efficiency - Level 1 

Low Medium High 

dilantin* N/A 0% 50% 100% 

dioctyl phthalate Medium 70% 70% 70% 

estradiol Good 73% 96% 98% 

estrone Good 14% 81% 95% 

galaxolide Medium 47% 77% 87% 

gemfibrozil Medium 67% 70% 75% 

hydrocodone* N/A 0% 50% 100% 

ibuprofen Good 80% 96% 99% 

iopromide Poor 0% 0% 8% 

meprobamate Poor 0% 0% 0% 

naproxen Medium 56% 73% 94% 

nonylphenol Medium 62% 78% 89% 

octylphenol Good 63% 80% 95% 

o-hydroxy atorvastatin* N/A 0% 50% 100% 

oxybenzone Good 72% 80% 89% 

p-hydroxy atorvastatin* N/A 0% 50% 100% 

progesterone Good 92% 93% 95% 

sulfamethoxazole Poor 31% 50% 66% 

tris(2-chloroethyl)phosphate 

(TCEP) 

Medium 50% 50% 50% 

tris(2-chloroisopropyl) 

phosphate (TCPP)* 

N/A 0% 50% 100% 

testosterone Good 86% 90% 95% 

triclosan Medium 58% 71% 76% 

trimethoprim Poor 18% 20% 29% 

triclocarban* N/A 0% 50% 100% 

tonalide Good 61% 84% 86% 

celestolide Medium 0% 60% 68% 

phantolide Poor 0% 9% 34% 

clofibric acid Medium 50% 52% 53% 

musk ketone Poor 0% 25% 38% 

diuron Poor 30% 30% 30% 

a - Removal class refers to the qualitative removal efficiency classification thresholds defined by (Oppenheimer et 

al. 2007). Poor = <50% removal, Medium = 50-80% removal, Good = >80% removal. Classifications were 

assigned based on the median removal efficiency. 

* Marked and italicized chemicals lack data on removal efficiency and use 0%, 50%, and 100% as proxy removal 

efficiency values to determine significance in LCA results.  
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C.3.2 Advanced Biological Treatment 

The majority of literature related to degradation and removal of toxic organics considers 

the removal efficiency of entire WWTPs or advanced tertiary processes (e.g. RO, ozonation). 

Because of this limitation it was not possible to determine individualized removal efficiencies 

that correspond to each of the advanced biological treatment units. Therefore, a more generalized 

approach was used to define low, medium and high estimates of removal efficiency for advanced 

biological treatment works.  

As a conservative estimate, the low removal efficiency of the advanced treatment systems 

was set equal to the low removal efficiency of the Level 1 treatment system, which was based on 

the 25th percentile of documented values. The medium removal efficiency scenario value for 

Levels 2 through 5 was established assuming an increase in removal performance that is 25% 

(EFinc.y) beyond the Level 1 median removal efficiency. The high removal efficiency scenario 

value assumes a removal performance that is 50% (EFinc.y) above the Level 1 median removal 

efficiency as calculated in Equation C-1. For example, assuming a median removal efficiency for 

Level 1 treatment of 50%, the removal efficiency of advanced biological treatment units would 

be 62.5% and 75% (EFx) in the medium and high removal efficiency scenarios. The proposed 

increases in removal efficiency attributed to Levels 2 through 5 are indicative of increased HRT, 

SRT and variable redox conditions that are known to increase removal efficiency of many toxic 

organics as discussed in Section C.2 and document in the removal notes of Table C-3. 

 𝐸𝐹𝑥 = 𝐸𝐹𝑚𝑒𝑑 + [(1 − 𝐸𝐹𝑚𝑒𝑑) × 𝐸𝐹inc.y]  

Equation C-1 

Where: 

EFx = Adjusted removal efficiency of scenario x 

EFmed = Level 1 median removal efficiency 

EFinc.y = Removal efficiency increase factor y (varies by scenario) 

 

Table C-3 summarizes the calculated advanced biological process removal efficiency 

values for individual organic pollutants used in the sensitivity analysis. The notes in Table C-3 

describe additional information that sheds light on how the studied compounds may respond to 

alternate redox conditions and longer HRTs and SRTs that characterize the advanced biological 

treatment units of Levels 2 through 5. As noted above, several authors state that current evidence 

indicates that comparable or improved removal efficiencies can be expected in advanced 

biological treatment works. Examination of removal notes in Table C-3 often confirms this 

perspective, however, there are also numerous instances where the findings of authors contradict 

one another. For example, Lakshminarasimman et al. (2018) identified improved removal of 

bisphenol A at high SRTs, whereas (Luo et al. 2014) identified no significant effect of SRT on 

removal efficiency. What is clear from Table C-2 and Table C-3 is the conclusion that individual 

toxic organics respond differently to the range of conditions that characterize both activated 

sludge and advance nutrient removal WWTPs. The sensitivity approach described in this section 

will allow the analysis to judge the importance of removal efficiency estimates on final LCA 

results. 
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Table C-3. Toxic Organic Removal Efficiency of Advanced Biological Treatment Process 

Chemical Name 
Level 1 

Removal Efficiency - Advanced 

Biological Processes (Levels 2-5) 

Removal Notes Median Low Medium High 

acetaminophen 100% 92% 100% 100%   

androstendione 98% 96% 98% 99%   

atenolol 70% 30% 78% 90% Biodegrades in all three redox conditions. Degradation 

was greatest under aerobic conditions 

(Lakshminarasimman et al. 2018) 

Better removal at high SRT (Lakshminarasimman et al. 

2018) 

Less than 20% removal under aerobic conditions 

(Miege et al. 2009) 

Poor to moderate removal in activated sludge, 45-80% 

(Martin Ruel et al. 2012) 

atorvastatin 90% 88% 93% 96%   

atrazine 28% 26% 46% 64%   

benzophenone 80% 79% 85% 90%   

bisphenol A 85% 77% 89% 99% Biotransformation is catalyzed by nitrifying conditions 

(Lakshminarasimman et al. 2018) 

Not affected by SRT (Luo et al. 2014) 

Better removal at high SRT (Lakshminarasimman et al. 

2018) 

butylated hydroxyanisole* 50% 0% 63% 100%   

butylated hydroxytoluene* 50% 0% 63% 100%   

butylbenzyl phthalate 80% 80% 85% 90%   

carbamazepine 0% 0% 25% 61% Poor removal (Miege et al. 2009; Martin Ruel et al. 

2012) 

Removal less than 20% under all redox conditions 

(Alvarino et al. 2018; Lakshminarasimman et al. 2018) 

Removal less than 25% under aerobic conditions (Jelic, 

(Miege et al. 2009; Jelic et al. 2011) 

N,N-diethyl-meta-toluamide 

(DEET) 

50% 50% 63% 75% Degradation is primarily aerobic (Lakshminarasimman 

et al. 2018) 

Poor removal in anaerobic conditions 
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Table C-3. Toxic Organic Removal Efficiency of Advanced Biological Treatment Process 

Chemical Name 
Level 1 

Removal Efficiency - Advanced 

Biological Processes (Levels 2-5) 

Removal Notes Median Low Medium High 

(Lakshminarasimman et al. 2018) 

Better removal at high SRT 

(Lakshminarasimman et al. 2018) 

diclofenac 49% 22% 62% 84% Removal <20% under all redox conditions (Alvarino et 

al. 2018) 

Anoxic conditions have a positive influence on removal 

(Luo et al. 2014) 

Exhibited inconsistent overall removal. (Jelic et al. 

2011) 

Poor to moderate removal in activated sludge, less than 

60% (Miege et al. 2009) 

Poor removal in activated sludge, <50% (Martin Ruel 

et al. 2012) 

dilantin* 50% 0% 63% 100%   

dioctyl phthalate 70% 70% 78% 85% Poor to moderate removal in all three redox conditions 

(Luo et al. 2014) 

High HRT increases removal to sludge (Luo et al. 

2014) 

estradiol 96% 73% 97% 99% Biotransformation is catalyzed by nitrifying conditions 

(Lakshminarasimman et al. 2018) 

Better removal at high SRT (Lakshminarasimman et al. 

2018) 

Moderate to good removal in activated sludge, 65-

100% (Miege et al. 2009) 

Good degradation in aerobic conditions (Alvarino et al. 

2018) 

Moderate degradation in anaerobic conditions 

(Alvarino et al. 2018) 
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Table C-3. Toxic Organic Removal Efficiency of Advanced Biological Treatment Process 

Chemical Name 
Level 1 

Removal Efficiency - Advanced 

Biological Processes (Levels 2-5) 

Removal Notes Median Low Medium High 

estrone 81% 14% 85% 98% Biotransformation is catalyzed by nitrifying conditions 

(Lakshminarasimman et al. 2018) 

Better removal at high SRT (Lakshminarasimman et al. 

2018) 

Moderate to good removal in activated sludge, 45-

100% (Miege et al. 2009) 

Good degradation in aerobic conditions (Alvarino et al. 

2018) 

Moderate degradation in anaerobic conditions 

(Alvarino et al. 2018) 

galaxolide 77% 47% 83% 93% Poor degradation (Oppenheimer et al. 2007) 

Good aerobic degradation (Alvarino et al. 2018) 

Moderate anoxic degradation (Alvarino et al. 2018) 

Poor anaerobic degradation (Alvarino et al. 2018) 

Poor to moderate removal in activated sludge, 25-75% 

(Miege et al. 2009) 

gemfibrozil 70% 67% 78% 87% Moderate removal in activated sludge (Miege et al. 

2009) 

hydrocodone* 50% 0% 63% 100%   

ibuprofen 96% 80% 97% 100% Good degradation (Oppenheimer et al. 2007) 

Good aerobic degradation (Alvarino et al. 2018) 

Poor anaerobic and anoxic degradation (Alvarino et al. 

2018) 

Biotransformation is catalyzed by nitrifying conditions 

(Lakshminarasimman et al. 2018) 

Better removal at high SRT (Lakshminarasimman et al. 

2018) 

Moderate to good removal in activated sludge, 50-

100% (Miege et al. 2009) 
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Table C-3. Toxic Organic Removal Efficiency of Advanced Biological Treatment Process 

Chemical Name 
Level 1 

Removal Efficiency - Advanced 

Biological Processes (Levels 2-5) 

Removal Notes Median Low Medium High 

iopromide 0% 0% 25% 54% Anoxic conditions have a positive influence on removal 

(Luo et al. 2014) 

Biotransformation is catalyzed by nitrifying conditions 

(Lakshminarasimman et al. 2018) 

Demonstrated no removal in activated sludge (Miege et 

al. 2009) 

meprobamate 0% 0% 25% 50%   

naproxen 73% 56% 79% 97% Good degradation in aerobic and anaerobic conditions 

(Alvarino et al. 2018) 

Poor degradation in anoxic conditions (Alvarino et al. 

2018) 

Biotransformation is catalyzed by nitrifying conditions 

(Lakshminarasimman et al. 2018) 

Better removal at high SRT (Lakshminarasimman et al. 

2018) 

Good degradation. Does not accumulate in sludge (Jelic 

et al. 2011) 

Moderate to good removal in activated sludge, 65-95% 

(Miege et al. 2009) 

nonylphenol 78% 62% 83% 94% SRT greater than 20 hours improves removal (Luo et 

al. 2014) 

octylphenol 80% 63% 85% 98%   

o-hydroxy atorvastatin* 50% 0% 63% 100%   

oxybenzone 80% 72% 85% 95% Good degradation (Oppenheimer et al. 2007) 

p-hydroxy atorvastatin* 50% 0% 63% 100%   

progesterone 93% 92% 95% 97%   
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Table C-3. Toxic Organic Removal Efficiency of Advanced Biological Treatment Process 

Chemical Name 
Level 1 

Removal Efficiency - Advanced 

Biological Processes (Levels 2-5) 

Removal Notes Median Low Medium High 

sulfamethoxazole 50% 31% 62% 83% Good degradation in anaerobic conditions (Alvarino et 

al. 2018) 

Poor degradation in anoxic and aerobic conditions 

(Alvarino et al. 2018) 

Comparable degradation under varying redox 

conditions (Lakshminarasimman et al. 2018) 

Mixed results on the effect of SRT 

(Lakshminarasimman et al. 2018) 

Poor to good removal in activated sludge, 35-80% 

(Miege et al. 2009) 

tris(2-chloroethyl)phosphate 

(TCEP) 

50% 50% 63% 75%   

tris(2-chlorisopropyl) phosphate 

(TCPP)* 

50% 0% 63% 100%   

testosterone 90% 86% 93% 97%   

triclosan 71% 58% 78% 88% Better degradation under aerobic conditions 

(Lakshminarasimman et al. 2018) 

SRT greater than 20 hours improves removal (Luo et 

al. 2014) 

Removal rates do not vary with increasing SRT 

(Lakshminarasimman et al. 2018) 

trimethoprim 20% 18% 40% 65% Good degradation anaerobic  conditions (Alvarino et al. 

2018) 

Poor degradation under aerobic and anoxic conditions 

(Alvarino et al. 2018) 

Poor degradation under aerobic conditions, <40% 

(Miege et al. 2009) 

Demonstrated degradation under anaerobic and anoxic 

conditions (Lakshminarasimman et al. 2018) 

Mixed results on the effect of SRT 

(Lakshminarasimman et al. 2018) 
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Table C-3. Toxic Organic Removal Efficiency of Advanced Biological Treatment Process 

Chemical Name 
Level 1 

Removal Efficiency - Advanced 

Biological Processes (Levels 2-5) 

Removal Notes Median Low Medium High 

No significant removal under aerobic conditions (Jelic 

et al. 2011) 

triclocarban* 50% 0% 63% 100%   

tonalide 84% 61% 88% 93% Good degradation under aerobic conditions (Alvarino 

et al. 2018) 

Moderate degradation under anaerobic and anoxic 

conditions (Alvarino et al. 2018) 

Poor to good degradation in activated sludge, 35-85% 

(Miege et al. 2009) 

celestolide 60% 0% 70% 84% Good degradation under aerobic conditions (Alvarino 

et al. 2018) 

Moderate degradation under anaerobic and anoxic 

conditions (Alvarino et al. 2018) 

Poor to moderate removal in activated sludge, less than 

60% (Miege et al. 2009) 

Volatilization is a significant loss pathway, 

approximately 16% (Luo et al. 2014) 

phantolide 9% 0% 32% 67%   

clofibric acid 52% 50% 64% 76% Anoxic conditions have a positive influence on removal 

(Luo et al. 2014) 

Poor removal in activated sludge, less than 50% (Miege 

et al. 2009) 

musk ketone 25% 0% 44% 69% Poor degradation under aerobic conditions (Miege et al. 

2009) 

diuron 30% 30% 48% 65% Poor degradation in activated sludge (Martin Ruel et al. 

2012) 

* Marked and italicized chemicals lack data on removal efficiency and use 0%, 50%, and 100% as proxy removal efficiency values to determine significance in 

LCA results.  
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It was also necessary to estimate the fraction of pollutant removal that is attributable to 

solids partitioning as opposed to biological degradation. Miege et al. (2009) performed an in-

depth review of studies looking at the fate of PPCPs in WWTPs and noted that the vast majority 

(87%) of studies focus on the aqueous phase. None of the reviewed studies looked at both 

aqueous and solid phases of PPCPs simultaneously. As noted earlier, (Martin Ruel et al. 2012) 

proposed that up to two-thirds of pollutant removal can be attributed to solids partitioning. Other 

authors disagree with this conclusion, proposing that the majority of removal efficiency is due to 

biodegradation (Liu et al. 2009). It is beyond the scope of this analysis to attempt to resolve this 

discrepancy.  

In the low efficiency scenario, it was assumed that two-thirds of removal efficiency is 

due to solids partitioning (one-third biodegradation). The analysis does not specify if this 

removal occurs during primary or secondary clarification. The medium removal efficiency 

estimates assume a 50-50 split between solids partitioning and biodegradation, while the high 

removal efficiency estimates assume that one-third of removal is attributable to solids 

partitioning (two-thirds biodegradation). All assumptions related to solids partitioning were 

applied to the corresponding removal efficiency as documented in Table C-2.  

C.3.3 Anaerobic Digestion 

All 9 treatment systems include anaerobic digestion as a sludge processing step, and a 

low, medium and high estimate of removal efficiency was established for each of the 43 

pollutants using the 25th percentile, median and 75th percentile degradation values. The reviewed 

research on anaerobic digestion deals more consistently with pollutants in both the liquid and 

solid phase. Removal efficiency measurements for anaerobic digestion tend to refer to 

biodegradation explicitly. Pollutant specific data were identified for 20 of the 43 pollutants and 

are summarized in Table C-4. Removal efficiency was set as zero for pollutants reporting 

negative values. Proxy values that bracket the extreme values for removal efficiency were used 

to determine if the removal of the 23 remaining chemicals is significant in the LCA results. 

Proxy removal efficiency values of 0%, 50%, and 100% were applied in the low, medium and 

high removal efficiency scenarios, respectively. The selection of 0% and 100% in the low and 

high removal efficiency scenarios was based on the minimum and maximum removal across the 

20 pollutants with reported AD removal efficiency data. The removal efficiency estimate in the 

medium removal efficiency scenario is halfway between the minimum and maximum values. 

A study by Malmborg and Magnér (2015) looked at several sludge treatment steps 

including pasteurization, thermal hydrolysis, advanced oxidation and ammonia treatment, 

concluding that anaerobic digestion was the most effective at removing organic substances. 

Toxic organics pollutants not degraded in anaerobic digestion remain with the solids for disposal 

in landfills.  

Table C-4. Toxic Organic Removal Efficiency of Anaerobic Digestion 

Chemical Name 
Removal Efficiency (%) 

Low Medium High Range (min-max) 

acetaminophen 89% 89% 96% 85-100 

androstendione* 0% 50% 100% N/A 

atenolol 61% 77% 89% 39-96 
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Table C-4. Toxic Organic Removal Efficiency of Anaerobic Digestion 

Chemical Name 
Removal Efficiency (%) 

Low Medium High Range (min-max) 

atorvastatin* 0% 50% 100% N/A 

atrazine* 0% 50% 100% N/A 

benzophenone* 0% 50% 100% N/A 

bisphenol A 12% 30% 84% 0-100 

butylated hydroxyanisole* 0% 50% 100% N/A 

butylated hydroxytoluene* 0% 50% 100% N/A 

butylbenzyl phthalate 93% 93% 93% 93-93 

carbamazepine 0% 0% 7% 0-15 

N,N-diethyl-meta-toluamide (DEET) 0% 0% 0% 0-0 

diclofenac 21% 34% 55% 0-78 

dilantin* 0% 50% 100% N/A 

dioctyl phthalate* 0% 50% 100% N/A 

estradiol 85% 93% 96% 75-100 

estrone 75% 79% 85% 70-95 

galaxolide 58% 65% 73% 50-80 

gemfibrozil 0% 0% 0% 0-0 

hydrocodone* 0% 50% 100% N/A 

ibuprofen 21% 27% 44% 0-70 

iopromide 16% 23% 31% 8-38 

meprobamate* 0% 50% 100% N/A 

naproxen 86% 89% 93% 76-96 

nonylphenol 43% 86% 100% 0-100 

octylphenol* 0% 50% 100% N/A 

o-hydroxy atorvastatin* 0% 50% 100% N/A 

oxybenzone* 0% 50% 100% N/A 

p-hydroxy atorvastatin* 0% 50% 100% N/A 

progesterone* 0% 50% 100% N/A 

sulfamethoxazole 79% 99% 100% 23-100 

tris(2-chloroethyl)phosphate (TCEP)* 0% 50% 100% N/A 

tris(2-chloroisopropyl) phosphate (TCPP)* 0% 50% 100% N/A 

testosterone* 0% 50% 100% N/A 

triclosan 45% 53% 55% 30-55 

trimethoprim 90% 96% 99% 80-100 

triclocarban 20% 40% 53% 0-65 

tonalide 59% 65% 67% 52-68 

celestolide* 0% 50% 100% N/A 

phantolide* 0% 50% 100% N/A 

clofibric acid* 0% 50% 100% N/A 

musk ketone* 0% 50% 100% N/A 

diuron* 0% 50% 100% N/A 

* Marked and italicized chemicals lack data on removal efficiency and use 0%, 50%, and 100% as proxy removal 

efficiency values to determine significance in LCA results.  
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C.3.4 Chemical Phosphorus Removal 

The effect of chemical phosphorus removal was considered to the extent that it is 

expected to enhance partitioning and settling of toxic organics. Alexander et al. (2012) reviewed 

the available literature on the effect of chemical coagulation on trace organic pollutant removal. 

They found that chemical phosphorus removal (i.e. chemical coagulation) has been demonstrated 

to be an inefficient means of removing trace organics from the liquid phase of wastewater. 

Across different categories of organic chemicals, average removal efficiency of chemical 

coagulation varies between six and 77%. 

Table C-5 lists low, medium and high removal efficiency scenario values used in this 

study. Pollutant specific data was identified for 9 of the 43 toxic organic compounds. Twenty-

eight of the 43 chemicals were assigned removal efficiency data based on their assigned 

chemical class, as listed in Table C-5. No data was identified for 15 of the toxic organic 

chemicals, and they were assigned the median removal efficiency across all chemical classes of 

34% (Alexander et al. 2012).  

Six of the nine treatment systems included in this study utilize chemically enhanced 

secondary clarification. The low removal efficiency scenario assumes no increase in removal 

efficiency relative to secondary clarification without a preceding alum addition. The medium and 

high removal efficiency scenarios assume that 50% and 100% of the identified chemical 

coagulation removal efficiencies are in addition to the removal realized by the combined 

biological process and secondary clarification (without alum addition). The range of these 

assumptions is wide to accommodate the fact that Alexander et al. (2012) presents chemical 

coagulation as a stand-alone unit process. The precise relationship between the removal 

efficiency of stand-alone chemical coagulation and chemically enhanced secondary clarification 

is not known.  

Table C-5. Toxic Organic Removal Efficiency of Chemical Coagulation 

Chemical Name Chemical Classa 

Removal Efficiency - Chemical 

Coagulationb 

Low Medium High 

acetaminophen3 N/A - 24% 48% 

androstendione hormone - 9.5% 19% 

atenolol3 beta-blocker - 9.5% 19% 

atorvastatin hypolipidemic agent - 13% 26% 

atrazine pesticide - 15% 30% 

benzophenone* N/A - 17% 34% 

bisphenol A* N/A - 17% 34% 

butylated hydroxyanisole beta-blocker - 17% 34% 

butylated hydroxytoluene beta-blocker - 17% 34% 

butylbenzyl phthalate phthalate - 25% 49% 

carbamazepinec N/A - 15% 30% 

N,N-diethyl-meta-toluamide (DEET) pesticide - 15% 30% 

diclofenacc anti-inflammatory - 25% 50.0% 

dilantin* N/A - 17% 34% 

dioctyl phthalate phthalate - 25% 49% 

estradiolc hormone - 1.0% 2.0% 
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Table C-5. Toxic Organic Removal Efficiency of Chemical Coagulation 

Chemical Name Chemical Classa 

Removal Efficiency - Chemical 

Coagulationb 

Low Medium High 

estronec hormone - 6.0% 12% 

galaxolide beta-blocker - 39% 77% 

gemfibrozil musk fragrance - 13% 26% 

hydrocodonec N/A - 12% 24% 

ibuprofen anti-inflammatory - 18% 35% 

iopromide* N/A - 17% 34% 

meprobamate* N/A - 17% 34% 

naproxenc anti-inflammatory - 11% 23% 

nonylphenol* N/A - 17% 34% 

octylphenol* N/A - 17% 34% 

o-hydroxy atorvastatin hypolipidemic agent - 13% 26% 

oxybenzone* N/A - 17% 34% 

p-hydroxy atorvastatin hypolipidemic agent - 13% 26% 

progesteronec hormone - 6.3% 13% 

sulfamethoxazole antibiotic - 20% 39% 

tris(2-chloroethyl)phosphate (TCEP)* N/A - 17% 34% 

tris(2-chloroisopropyl) phosphate 

(TCPP)* 

N/A - 17% 34% 

testosterone hormone - 9.5% 19% 

triclosan pesticide - 15% 30% 

trimethoprim antibiotic - 20% 39% 

triclocarban* N/A - 17% 34% 

tonalide musk fragrance - 28% 56% 

celestolide musk fragrance - 39% 77% 

phantolide musk fragrance - 39% 77% 

clofibric acid hypolipidemic agent - 13% 26% 

musk ketone musk fragrance - 39% 77% 

diuron* N/A - 17% 34% 

a - Chemical classes are based on trace organic compound classes defined in Table 4 of (Alexander et al. 2012). 

b - Removal efficiency of chemical coagulation is in addition to the removal efficiencies for combined biological 

treatment and secondary clarification listed in Table 1-3 and Table 1-4.  

c - Chemical specific removal efficiency data was drawn from (Alexander et al. 2012). 

* Marked values use median removal efficiency of all chemical classes defined in Alexander et al. ( 2012) as the 

proxy removal efficiency value. 

C.3.5 Membrane Filtration 

For the fraction of toxic organics that remain in the dissolved phase there are subsequent 

unit processes to consider following biological treatment. Media filters and ultrafiltration 

membranes do not physically screen toxic organic compounds as the molecules are often two 

orders of magnitude smaller than the membrane pores (Oppenheimer et al. 2007; Alvarino et al. 

2018), or more in the case of sand filters. Ultrafiltration membranes replace traditional secondary 

clarifiers in Levels 4-2 and 5-2. In this capacity they increase total suspended solids removal by 

approximately 0.5%, which was considered negligible from the perspective of increasing the 
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fraction of toxic organics exiting the WWTP with the sludge fraction. There is however evidence 

that certain toxic organics can be sorbed onto hydrophobic filtration membranes via electrostatic 

interactions and within the cake layer (Alvarino et al. 2018). Retention of toxic organics on 

filtration membranes was not able to be assessed in this study.  

Reverse osmosis has been shown to be effective at removing residual toxic organics in 

secondary effluent to less-than-detectable levels (Oppenheimer et al. 2007). Reverse osmosis 

removal efficiency measurement data was found for 37 of the 43 toxic organic chemicals 

considered. Table C-6 lists the low, medium and high removal efficiency estimates calculated 

using the 25th percentile, median and 75th percentile of documented values. Data on the removal 

efficiency of reverse osmosis was not found for six chemicals. Proxy values that bracket the 

extreme values for removal efficiency were used to determine if the removal of these chemicals 

is significant in the LCA results. Proxy removal efficiency values of 0%, 49.9%, and 99.9% were 

applied in the low, medium and high removal efficiency scenarios, respectively.  The selection of 

0% and 99.9% in the low and high removal efficiency scenarios was based on the minimum and 

maximum removal across the 37 pollutants with reported RO removal efficiency data. The 

removal efficiency estimate in the medium removal efficiency scenario is halfway between the 

minimum and maximum values. 

Table C-6. Toxic Organic Removal Efficiency of Reverse Osmosis 

Chemical Name 
Removal Efficiency - Reverse Osmosis 

Low Medium High 

acetaminophen 89% 90% 91% 

androstendione 31% 62% 71% 

atenolol 98% 98% 99% 

atorvastatin 98% 98% 99% 

atrazine 49% 97% 98% 

benzophenone 40% 69% 98% 

bisphenol A 98% 99% 99% 

butylated hydroxyanisole 98% 98% 99% 

butylated hydroxytoluene 98% 98% 99% 

butylbenzyl phthalate 98% 98% 99% 

carbamazepine 99% 99% 99% 

N,N-diethyl-meta-toluamide (DEET) 94% 95% 99% 

diclofenac 95% 97% 97% 

dilantin 99% 99% 100% 

dioctyl phthalate 98% 98% 99% 

estradiol - 80% 92% 

estrone 90% 91% 95% 

galaxolide 54% 88% 99% 

gemfibrozil 98% 99% 100% 

hydrocodone 98% 98% 99% 

ibuprofen 97% 99% 99% 

iopromide 98% 99% 99% 

meprobamate 99% 100% 100% 

naproxen 94% 96% 99% 

nonylphenol 98% 98% 99% 
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Table C-6. Toxic Organic Removal Efficiency of Reverse Osmosis 

Chemical Name 
Removal Efficiency - Reverse Osmosis 

Low Medium High 

octylphenol 98% 98% 99% 

o-hydroxy atorvastatin 98% 98% 99% 

oxybenzone 85% 93% 95% 

p-hydroxy atorvastatin 98% 98% 99% 

progesterone - 80% 97% 

sulfamethoxazole 98% 99% 100% 

TCEP 93% 95% 96% 

TCPP 98% 98% 99% 

testosterone 49% 97% 98% 

triclosan 89% 92% 95% 

trimethoprim 99% 99% 100% 

triclocarban* 98% 98% 100% 

tonalide* 98% 98% 100% 

celestolide* 98% 98% 100% 

phantolide* 98% 98% 100% 

clofibric acid* 98% 98% 100% 

musk ketone 56% 68% 79% 

diuron* 98% 98% 100% 

* Marked and italicized chemicals lack data on removal efficiency and use 0%, 50%, and 100% as proxy removal 

efficiency values to determine significance in LCA results.  

C.3.6 Other Processes 

Media filtration has not been shown to provide considerable removal beyond that 

provided by preceding secondary treatment processes, less than 15 percent (Oppenheimer et al. 

2007). Removal efficiency data of standalone sand filters were identified for eight of the 43 

pollutants. The low and medium removal efficiency scenarios both assume zero percent removal 

based on the 25th percentile and median of the eight identified values. The high removal 

efficiency scenarios assume 11% removal, based on the 75th percentile. The described values 

were applied to all 43 pollutants and were assumed to constitute additional biodegradation. 

Chlorination, dechlorination and the sludge thickening processes were assumed not to 

affect the fate of toxic organics within the WWTP. 

C.3.7 Total System Level Performance 

Removal efficiency estimates for individual unit processes listed in Table C-2 through 

Table C-6 were used as inputs to Equation C-2 to calculate cumulative removal from the liquid 

effluent. The fraction of influent toxic organics that accumulate in sludge was estimated by 

adding the fraction of removal efficiency attributable to solids partitioning from the combined 

primary and secondary biological unit processes (rb × rs) to the additional sludge removal that 

results from chemically enhanced secondary clarification (rc) less the fraction of each compound 

that is degraded during anaerobic digestion (1-rAD) as summarized in Equation C-2. 

 𝑹𝒔−𝒕𝒐𝒕𝒂𝒍 = [(𝒓𝒃  ×  𝒓𝒔) +  𝒓𝒄]  × (𝟏 − 𝒓𝑨𝑫)]  
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Equation C-2 

 

where 

Rs-total = total fraction of pollutant (in influent) that accumulates in sludge 

rb = fraction of pollutant removed in primary and secondary treatment, includes 

degradation and partitioning to solids. 

rs = fraction of primary and secondary removal efficiency attributable to solids 

partitioning and sludge removal (percentage of rb). 

rc = additional fraction of pollutant removed by chemically enhanced secondary 

clarification. 

rAD = fraction of pollutant degraded during anaerobic digestion. 

 

Table C-7 summarizes the cumulative fate of toxic organics across the nine system 

configurations. The presented values represent weighted average degradation and removal 

efficiencies across the 43 included chemicals and include the estimated effect of the listed unit 

processes. The median influent concentration of the 43 toxic organic chemicals was used as the 

weighting factor.  

• Primary clarification, biological treatment and secondary/tertiary clarification - 

combined removal efficiency. Median values for the Level 1 low, medium and high 

removal efficiency scenarios range from 47 to 87% removal. Median values for the 

Level 2 through 5 low, medium and high removal efficiency scenarios range from 47 

to 93%. Removal efficiency includes partitioning to solids and biodegradation. 

• Chemical phosphorus removal – contributes additional partitioning to solids. Median 

values for the low, medium and high removal efficiency scenarios range from zero to 

34% additional partitioning to solids. 

• Sand filtration – assumed to increase biodegradation (minor). Low, medium and high 

removal efficiency scenario values range from 0 to 11% removal. 

• Anaerobic digestion – biodegrades a fraction of toxic organics that partition to sludge. 

Median values for the low, medium and high removal efficiency scenarios range from 

0 to 100% biodegradation.  

• Reverse Osmosis – physically separates toxic organics from the liquid stream of 

wastewater, concentrating these substances in the brine solution for underground 

injection. Median values for the low, medium and high removal efficiency scenarios 

range from 98 to 99% removal from the liquid fraction of wastewater. 

 

Table C-7. Summary of Total Toxic Organics Fate in the Nine Treatment Systemsa 

Treatment 

Level 

Fraction Degraded Fraction Removed (includes solids) 

Low Mid High Low Mid High 

L1 51.7% 69.9% 84.8% 67.1% 81.1% 89.1% 
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Table C-7. Summary of Total Toxic Organics Fate in the Nine Treatment Systemsa 

Treatment 

Level 

Fraction Degraded Fraction Removed (includes solids) 

Low Mid High Low Mid High 

L2-1 51.7% 73.5% 89.7% 67.1% 85.8% 94.6% 

L2-2 51.7% 73.5% 89.7% 67.1% 85.8% 94.6% 

L3-1 51.7% 74.9% 91.6% 67.1% 88.5% 97.0% 

L3-2 51.7% 74.9% 91.6% 67.1% 88.5% 97.0% 

L4-1 51.7% 74.9% 91.6% 67.1% 88.5% 97.0% 

L4-2 51.7% 74.9% 91.2% 67.1% 88.5% 96.7% 

L5-1 51.7% 74.9% 91.2% 94.2% 98.5% 99.7% 

L5-2 51.7% 74.9% 91.2% 92.7% 98.0% 99.5% 

a - Table values represent the cumulative effect of all the described treatment processes, calculated as a weighted 

average of the 43 toxic organics using influent concentration as the weighting factor.  

C.3.8 Toxicity Characterization Factors 

Table C-8 presents the characterization factors used to estimate toxicity impacts 

associated with toxic organics in treatment plant effluent and sludge.  Not all toxic organics 

included in this study have associated characterization factors listed in the most recent versions 

of USEtox™, versions 2.02 and 2.11. Characterization factors for several of the pollutants were 

previously calculated by other authors (Rahman et al. 2018, Alfonsín et al. 2014). 

Characterization factors that were not otherwise available were estimated using the median value 

of all other toxic organic pollutants for which data was available. Sources for individual 

characterization factors are listed in Table C-8.
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Table C-8. Toxic Organics Toxicity Characterization Factors, USEtox™ version 2.11 

Chemical Name USETox Chemical Name 

Freshwater Ecotoxicity, 

(CTUe, PAF m3.day/kg 

emitted) 

Human health cancer, 

freshwater (CTUh, 

cases/kg emitted) 

Human Health 

noncancer, freshwater 

(CTUh, cases/kg 

emitted) 

Emissions 

to 

Freshwater 

Emissions 

to 

Natural 

Soil 

Emissions 

to 

Freshwater 

Emissions 

to Natural 

Soil 

Emissions 

to 

Freshwater 

Emissions 

to 

Natural 

Soil 

acetaminophen acetamide 2.6 0.88 2.5E-7 8.5E-8 3.5E-6d 1.4E-7d 

androstendione androstenedione 5.1E+3 5.7E+2 -d -d 3.5E-6d 1.4E-7d 

atenolol N/Ac 1.2E+2a 57 -d -d 8.0E-3a 4.0E-3a 

atorvastatin N/Ac 8.4E+3a 4.2E+3a -d -d 9.6E-8a 4.8E-8a 

atrazine atrazine 8.7E+4 3.4E+3 3.7E-6 1.5E-7 4.3E-6 1.7E-7 

benzophenone benzophenone 5.2E+3 94 -d -d 3.5E-6d 1.4E-7d 

bisphenol A bisphenol A 8.dE+3 2.0E+2 - - 1.1E-6d 2.6E-8d 

butylated hydroxyanisole butylated hydroxyanisole 8.8E+3 1.6E+2 3.4E-7 1.0E-8 3.5E-6d 1.4E-7d 

butylated hydroxytoluene 
2,6-DI-T-BUTYL-4-

METHYLPHENOL (BHT) 
1.8E+3 3.6 3.4E-7 3.6E-9 3.5E-6d 1.4E-7d 

butylbenzyl phthalate phthalate, butyl-benzyl- 5.7E+3 9.1 5.0E-8 1.0E-9 7.3E-8 1.5E-9 

carbamazepine carbamazepine 7.8E+2 93 - - 2.3E-6 2.8E-7 

N,N-diethyl-meta-

toluamide (DEET) 

DEET [N,N,-DIET-3-ME 

BENZAMIDE] 
2.2E+2 11 - - 3.5E-6d 1.4E-7d 

diclofenac diclofenac 1.9E+3 1.5E+2 - - 1.6E-4 1.2E-5 

dilantin phenytoin 1.0E+5a 5.0E+4a 2.9E-6 1.8E-7 5.3E-4a 2.7E-4a 

dioctyl phthalate phthalate, dioctyl- 30 0.01 -d -d 3.5E-6d 1.4E-7d 

estradiol estradiol 2.2E+8 2.3E+6 - - 1.0E-3b 1.4E-6b 

estrone estrone 2.4E+4 5.7E+2 -d -d 3.2E-4b 5.4E-7b 

galaxolide N/A3 3.3E+5b 17b -d -d 5.0E-7b 4.7E-9b 

gemfibrozil gemfibrozil 7.0E+3d 1.6E+2d 3.1E-6 1.3E-7 3.5E-6d 1.4E-7d 

hydrocodone N/A 1.4E+4a 7.0E+3a -d -d 2.1E-5a 1.1E-4a 

ibuprofen ibuprofen 2.3E+2 7.3 - - 3.7E-72 1.7E-82 
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Table C-8. Toxic Organics Toxicity Characterization Factors, USEtox™ version 2.11 

Chemical Name USETox Chemical Name 

Freshwater Ecotoxicity, 

(CTUe, PAF m3.day/kg 

emitted) 

Human health cancer, 

freshwater (CTUh, 

cases/kg emitted) 

Human Health 

noncancer, freshwater 

(CTUh, cases/kg 

emitted) 

Emissions 

to 

Freshwater 

Emissions 

to 

Natural 

Soil 

Emissions 

to 

Freshwater 

Emissions 

to Natural 

Soil 

Emissions 

to 

Freshwater 

Emissions 

to 

Natural 

Soil 

iopromide iopromide 24 10 - - 2.4E-7 1.0E-7 

meprobamate N/Ac 9.2E+2a 4.6E+2a -d -d 1.0E-ca 5.2E-4a 

naproxen N/Ac 9.6E+2b 4.9 b -d -d 3.0E-7 b 6.6E-9 b 

nonylphenol nonylphenol 1.6E+4 8.8 -d -d 5.6E-6 b 7.1E-10 b 

octylphenol N/Ac 3.3E+5 b 1.4E+2 b -d -d 4.3E-6 b 3.3E-9 b 

o-hydroxy atorvastatin N/Ac 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 

oxybenzone N/Ac 4.4E+4a 2.2E+4a -d -d 2.4E-6a 1.3E-6a 

p-hydroxy atorvastatin N/Ac 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 

progesterone N/Ac 1.6E+4a 7.7E+3a -d -d 1.3E-5a 6.1E-6a 

sulfamethoxazole sulfamethoxazole 4.7E+3 1.2E+3 - - 4.7E-7 1.2E-7 

tris(2-

chloroethyl)phosphate 

(TCEP) 

tris(2-carboxyethyl)phosphine 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 

tris(2-chloroisopropyl) 

phosphate (TCPP) 

TRI-2-CHLOROETHYL 

PHOSPHATE 
4.4E+2 1.1E+2 1.1E-6 2.8E-7 3.5E-6d 1.4E-7d 

testosterone testosterone 1.3E+4 4.0E+2 -d -d 3.5E-6d 1.4E-7d 

triclosan 
5-CHLORO-2-(2,4-

DICHLOROPHENOXY)PHENOL 
1.3E+5 8.9E+2 -d -d 2.2E-7 b 5.0E-10 b 

trimethoprim trimethoprim 1.0E+3 13 - - 2.8E-6 3.7E-8 

triclocarban triclocarban 1.4E+6 7.7E+3 -d -d 3.5E-6d 1.4E-7d 

tonalide N/Ac 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 

celestolide N/Ac 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 

phantolide N/Ac 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 
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Table C-8. Toxic Organics Toxicity Characterization Factors, USEtox™ version 2.11 

Chemical Name USETox Chemical Name 

Freshwater Ecotoxicity, 

(CTUe, PAF m3.day/kg 

emitted) 

Human health cancer, 

freshwater (CTUh, 

cases/kg emitted) 

Human Health 

noncancer, freshwater 

(CTUh, cases/kg 

emitted) 

Emissions 

to 

Freshwater 

Emissions 

to 

Natural 

Soil 

Emissions 

to 

Freshwater 

Emissions 

to Natural 

Soil 

Emissions 

to 

Freshwater 

Emissions 

to 

Natural 

Soil 

clofibric acid N/Ac 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 

musk ketone N/Ac 7.0E+3d 1.6E+2d -d -d 3.5E-6d 1.4E-7d 

diuron diuron 6.0E+4 4.6E+3 - - 6.6E-6 5.1E-7 

a – Characterizations factors sourced from Rahman et al. 2018. 

b – Characterization factors sourced from Alfonsín et al. 2014. 

c – Chemical is not present in the current USEtox™ LCIA method. 

d - Estimated using the median of toxic organics with available characterization factors. 
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Appendix D: Detailed Characterization of Disinfection Byproduct Formation 

Potential in Study Treatment Configurations 

D.1 Disinfection Byproducts 

Disinfection of wastewater treatment plant (WWTP) effluent is a necessary practice to 

minimize the acute risk associated with exposure to microbial pathogens, however it must be 

balanced with the chronic risk posed by the creation of disinfection byproducts (DBPs). DBPs 

are a class of chemical compounds that can be harmful to both aquatic and human health 

(Boorman G A 1999; Nieuwenhuijsen et al. 2000; Mizgireuv et al. 2004; Villanueva et al. 2004; 

Muellner et al. 2007; Richardson et al. 2007; Watson et al. 2012). Similar to other emerging 

contaminants, the understanding of the occurrence and variety of this class of chemicals is 

continually expanding as new analytical techniques enable finer characterization of individual 

compounds, though even by 2007 over 600 DBPs had been reported in the literature (Richardson 

et al. 2007).  

DBPs are formed when DBP precursors, generally organic carbonaceous or nitrogenous 

compounds, are oxidized during chlorination or chloramination (Christman et al. 1983). By 

regulation, DBPs are managed at drinking water treatment plants, as their presence in water 

supplies poses a direct threat to human health (Sedlak and Gunten 2011; U.S. EPA 2015d). 

However, as water recycling and reclamation programs expand (and as indirect potable reuse 

continues), management of DBPs and DBP precursors has become increasingly important at the 

WWTP as well (Krasner et al. 2008; L. Tang et al. 2012). 

In the U.S., DBPs are mainly regulated by the U.S. EPA through the Stage 1 and 2 

Disinfectants/DBP Rules (U.S. EPA 2015e), which include maximum contaminant levels for the 

sum of four trihalomethanes (THM4) and the sum of five haloacetic acids (HAA5) (Table D-1). 

Regulation focuses on these two groups, in part, as they generally have the highest 

occurrence in drinking water. More importantly however, they serve as indicators for the 

presence of other less common, though potentially more toxic, DBPs (Muellner et al. 2007; 

Richardson et al. 2007; Krasner et al. 2008). More recently, the US EPA has begun to focus on 

these emerging, high priority DBPs (Richardson et al. 2002). Additionally, the California 

Department of Health Services established notification levels for several highly toxic 

nitrosamines, including N-Nitrosodimethylamine (NDMA) (Table D-1). 

The importance of DBP and DBP precursor control at WWTPs has been growing in 

recent years for several reasons. First, the type of precursors formed through biological 

wastewater treatment are complex and, although overlapping with, are in many ways dissimilar 

from the natural organic matter (NOM)-derived precursors of drinking water-based DBPs. For 

example, effluent organic matter (EfOM) is generally composed of NOM, synthetic organic 

compounds and soluble microbial products (SMP) (Doederer et al. 2014), the latter of which can 

be further decomposed into organic compounds generated during biological treatment processes 

including (but not limited to) humic and fulvic acids, polysaccharides, proteins, nucleic acids, 

organic acids, amino acids, structural components of cells and products of energy metabolism 

(Barker and Stuckey 1999). Given this potential chemical diversity, lessons learned in drinking 
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water DBP formation prediction and control are not directly translatable (Drewes and Croue 

2002; L. Tang et al. 2012). 

In addition to precursor complexity, there has been increasing concern over emerging and 

more toxic nitrogenous DBPs such as nitrosamines, halonitroalkanes, haloacetonitriles (HANs) 

and haloacetamides (Westerhoff and Mash 2002; Joo and Mitch 2007; Lee et al. 2007). 

Haloacetamides and HANs in particular are approximately two orders of magnitude more 

cytotoxic and genotoxic than the regulated THMs and HAAs (Muellner et al. 2007; Plewa and 

Wagner 2009). The precursors for these nitrogenous DBPs are mostly dissolved organic nitrogen 

(DON) compounds, which are removed to varying degrees depending on the type of treatment 

process utilized. Secondary effluents are particularly rich in DON (Huang et al. 2016), which can 

be removed to varying degrees through the addition of nitrification and denitrification biological 

nutrient removal (BNR) processes (Huo et al. 2013). However, in a study of an A2O (anaerobic, 

anoxic, oxic), AO (anaerobic, oxic) and MBR treatment, it was found that approximately half of 

wastewater-derived DON was of low molecular weight (capable of passing through a 1 kDa 

ultrafilter) which is not effectively removed by BNR processes (Huo et al. 2013). Moreover, the 

low molecular weight fraction that remains after biological treatment also tends to be 

hydrophilic, which is challenging for even chemical and physical methods to remove 

(Pehlivanoglu-Mantas and Sedlak 2008; Huo et al. 2013). 

A further complication is the effect of nitrogen, ammonia in particular, on the reaction 

kinetics of chlorination and chloramination. For example, formation of halogenated DBPs like 

THMs and HAAs can be greatly reduced if free chlorine is minimized in the disinfection process 

(Krasner et al. 2009b). This is done by either using chloramines directly or maintaining the Cl2/N 

(mass/mass) ratio below 10 so that any free chlorine is quenched by ammonia. Ironically 

however, this effective control of halogenated DBPs favors the formation of more toxic 

nitrogenous DBPs like NDMA, especially when applied to poorly nitrified (high DON) effluent 

(Krasner et al. 2008; Sedlak and Gunten 2011). Thus, the presence of precursors does not 

necessarily entail DBP formation, which further depends on site-specific operational 

characteristics like disinfection practices. 

Last, DBP precursors formed in biological treatment processes can potentially be 

recalcitrant, as they are generally composed of cellular debris leftover from substrate metabolism 

and biomass decay (Barker and Stuckey 1999). Owing to this potential recalcitrance, there is 

evidence of persistence at least on the order of days, which is of relevance for a typical river 

indirect potable reuse scenario. In a multi-season survey of a river determined to be effluent 

dominated (determined through use of primidone, a conservative wastewater tracer), Krasner et 

al. (2008) documented the presence of EfOM-derived nitrogenous DBP precursors at 

downstream locations, including the intake of a water treatment plant, with concentrations that 

suggested dilution, not degradation, to be the primary attenuation mechanism. Results for 

carbonaceous precursors, which tend to be humic compounds, were masked by the naturally high 

humic content of the river water.  

Given that the formation potential of DBPs is dependent upon numerous variables which 

can change daily, for purposes of this study, it was decided to use the formation potential (FP) of 

DBPs (DBPFP) as a more conservative indicator of the concentration of DBPs that could be 

formed by the various treatment configurations used in this study. Moreover, FP is determined 
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using a standardized procedure, eliminating variability that may arise owing to different 

disinfection practices, allowing for a clearer distinction between the effects of different treatment 

approaches on precursor control. Accordingly, to characterize the effects of the nine Study 

configurations on DBP formation, a comprehensive dataset linking effluent water quality to 

DBPFP was used for this analysis (Krasner et al. 2008). The DBP and DBP groups included in 

the study included the regulated carbonaceous DBPs (THMs and HAAs) along with emerging 

and more toxic carbonaceous and nitrogenous DBPs and are outlined in Table D-1. The general 

approach is discussed further below. 

Table D-1. Summary of Regulated Disinfection Byproducts 

DBP (group/compound) Characteristics Precursors Limit 

Regulatory 

Authority 

Trihalomethanes (THM)1,2 

  Chloroform 

carbonaceous, 

halogenated 

influent refractory 

NOM, EfOM, 

nitrified effluent, 

humic compounds 

80 µg/L 

(TTHM) 

U.S. EPA, 

Stage 1/2 DBP 

Rule 

  Bromodichloromethane (BDCM) 

  Chlorodibromomethane (DBCM) 

  Bromoform 

Haloacetic Acids (HAA)2,3 

  Monochloroacetic acid 

carbonaceous, 

halogenated 

influent refractory 

NOM, EfOM, 

nitrified effluent, 

humic compounds 

60 µg/L 

(HAA5) 

U.S. EPA, 

Stage 1/2 DBP 

Rule 

  Dichloroacetic acid (DXAA) 

  Trichloroacetic acid (TXAA) 

  Bromoacetic acid 

  Dibromoacetic acid 

Nitrosamines4 

  
N-nitrosodimethylamine (NDMA) nitrogenous, 

unhalogenated 

DON, 

dimethylamine 
10 ng/L 

CA (action 

level) 

Aldehydes 

  Formaldehyde 

carbonaceous, 

halogenated 
DON, amino acids NA NA 

  Acetaldehyde 

  Chloroacetaldehyde 

  Dichloroacetaldehyde 

  Trichloroacetaldehyde (chloral hydrate) 

Haloacetonitriles (HANs) 

  Chloroacetonitrile 

nitrogenous, 

halogenated 
DON, amino acids NA NA 

  Bromoacetonitrile 

  Iodoacetonitrile 

  Trichloroacetonitrile 

  Bromodichloroacetonitrile 

  Dibromochloroacetonitrile 

  Tribromoacetonitrile 

1 The four compounds together comprise the four primary trihalomethanes, sometimes referred to as TTHM or 

THM4 

2 (U.S. EPA 2015d) 

3 These five compounds together comprise the five primary haloacetic acids, sometimes referred to as HAA5 

4 California Department of Health Services, action level 
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D.2 Methods 

The results of a comprehensive survey of the effluent DBPFP of 23 U.S. WWTPs 

(Survey) were used to construct multiple linear regression models (Models) for the prediction of 

DBPFP based on effluent water quality (Krasner et al. 2008; Krasner et al. 2009a). The Survey 

was conducted at WWTPs that utilize a range of common treatment technologies with differing 

abilities to control DBP precursors, including humic substances, amino acids and other organic 

nitrogen compounds. The treatment processes included oxidation ditch, aerated lagoon, trickling 

filter, activated sludge, nitrification/denitrification, soil aquifer treatment (SAT), powdered 

activated carbon (PAC) and granular activated carbon (GAC), MBR, RO and various 

combinations. A primary objective of the Survey was to establish a database of water quality and 

operational parameters that could be used to evaluate global and site-specific correlations 

between water quality and DBPFP.  

In order to draw meaningful conclusions from the Survey, the authors divided the 23 

WWTPs into nine general categories according to the dominant biological or physical treatment 

process. Figure D-1 shows the resulting water quality ranges of Survey categories (25th, 50th and 

75th percentiles), along with effluent quality of the nine Study configurations plotted against their 

most similar Survey category. Although additional water quality parameters were measured in 

the Survey, only those relevant parameters (i.e. carbonaceous or nitrogenous) that were also 

defined for Study configurations (Table 1-4) were used in this analysis.  

As can be seen from Figure D-1, although many Study configurations fit within the 

second first and third quartiles (between the 25th and 75th percentile of results) of at least one 

Survey category, some parameters fall outside of any range. This is especially true for COD, 

which is particularly important as a surrogate for carbonaceous DBP precursors. Accordingly, a 

direct translation of Survey categories to Study configurations is not fully appropriate. Therefore, 

a multiple linear regression modelling approach was used to estimate which water quality 

parameters were most appropriate for predicting DBPFP, and their approximate effect. 
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Figure D-1. Statistical summary of Survey category water quality, along with Study 

configuration water quality plotted within the most applicable Survey category.  Ranges 

represent second and third quartiles, or 25th/50th/75th percentiles (Krasner et al. 2008; 

Krasner et al. 2009). 
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First, a linear correlation analysis was performed between relevant water quality 

parameters and DBPFP, using median values from each Survey category as input. Table D-2 

shows the resulting correlations, in terms of the coefficient of determination (R2). As shown, 

COD is the largest predictor of DBPFP for each DBP group, followed in most cases by TKN.  

Table D-2. Linear Correlation Analysis between Median Water Quality Parameters and 

Median DBPFP for Survey Categories 

DBPFP 

Coefficient of Determination (R2) 

COD TKN NH3 NO3- 

THMs 0.86 0.09 0.07 0.05 

HANs 0.79 0.72 0.68 0.01 

DXAAs 0.99 0.29 0.26 0.03 

TXAAs 0.86 0.24 0.20 0.05 

dihaloacetaldehydes 0.88 0.59 0.57 0.00 

trihaloacetaldehydes 0.85 0.55 0.50 0.01 

NDMA 0.73 0.18 0.20 0.00 

 

Given the predictive ability of both COD and TKN especially, multiple linear regression 

models were constructed for each DBP group. Models were constructed in a stepwise fashion. 

Starting with COD as a single predictor, additional predictors were incorporated following the 

order of their coefficient of determination (Table D-2). Final Models reflect the combination of 

predictors that resulted in the greatest adjusted R2. Although NH3 was in many cases nearly as 

predictive as TKN, its contribution to overall model fit was generally less than TKN (i.e. the 

adjusted R2 of models with COD and TKN were generally greater than that of models with COD 

and NH3). Resulting Model coefficients, adjusted R2 and overall significance (F) are provided in 

Table D-3. For DXAAs and TXAAs, COD alone provided the greatest predictive power 

(adjusted R2). To illustrate the Models’ predictive capabilities, Figure D-2 shows Model results 

using median water quality values for each Survey category as input, plotted against their actual 

DBPFP ranges (second first and third quartiles). As shown, the Models are capable of predicting 

DBPFP within the 25th to 75th percentile ranges for most DBP categories, with the main 

exception of the Partial or Poor Nitrification and Good Nitrification categories for NDMA. 

Importantly however, the Models capture the low DBPFP provided by RO, which ultimately will 

provide for greater predictive capability in the water quality ranges not represented by Survey 

categories but occupied by many of the Study configurations (recall Figure D-1).  

Table D-3. Multiple Linear Regression Model Parameters, Fit and Significance 

DBP 

Coefficient Adjusted 

R2 

F 

(Signif.) COD TKN Intercept 

THMs 11.09 -3.68 3.66 0.89 0.005 

HANs 0.59 0.58 -1.58 0.96 0.001 

DXAAs 5.31   -4.15 0.99 0.000 

TXAAs 4.57   -0.87 0.83 0.003 

dihaloacetaldehydes 0.21 0.12 -0.63 0.95 0.001 
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Table D-3. Multiple Linear Regression Model Parameters, Fit and Significance 

DBP 

Coefficient Adjusted 

R2 

F 

(Signif.) COD TKN Intercept 

trihaloacetaldehydes 2.30 1.19 -5.34 0.89 0.006 

NDMA 27.92 -2.52 -13.65 0.60 0.072 

 

 

 

Figure D-2. Multiple linear regression model verification. Red crosses represent model 

results using median water quality values for each Survey category. DBPFP ranges 

represent second and third quartiles, or 25th/50th/75th percentiles (Krasner et al. 2008; 

Krasner et al. 2009a). 

Table D-4 presents the characterization factors used to estimate toxicity impacts 

associated with DBPs in treatment plant effluent. Not all DBPs included in this study have 
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associated characterization factors listed in the most recent versions of USEtox™, versions 2.02 

and 2.11. Characterization factors that were not otherwise available were estimated using the 

median value of all other DBPs for which data was available. Sources for individual 

characterization factors are listed in Table D-4. 

Table D-4. DBP Toxicity Characterization Factors, USEtox™ version 2.11 

Chemical 

Name/Class 

USEtox Chemical 

Name 

Freshwater 

Ecotoxicity, 

(CTUe, PAF 

m3.day/kg emitted) 

Human Health 

cancer, freshwater 

(CTUh, cases/kg 

emitted) 

Human Health 

noncancer, 

freshwater (CTUh, 

cases/kg emitted) 

Emissions to Freshwater 

trihalomethanesa N/Ac 90 5.2E-7 8.0E-7 

haloacetonitriles chloroacetonitrile 7.6E+3 3.6E-7b 4.5E-7b 

dichloroacetic 

Acid dichloroacetic acid 
52 6.7E-7 1.1E-6 

trichloroacetic 

acid trichloroacetic acid 
34 2.9E-7 4.5E-7b 

dihaloacet- 

aldehydes N/Ac 
1.9E+2b 3.6E-7b 4.5E-7b 

trihaloacet- 

aldehydes chloral hydrate 
2.5E+2 3.6E-7b 4.5E-7b 

nitrosamines 

N-

nitrosodimethylamin

e 

25 7.9E-4 N/A 

a – Average of trichloromethane/chloroform, bromodichloromethane, dibromochloromethane, and tribromomethane. 

b – Estimated using the median of DBPs with available characterization factors. 

c – Chemical is not present in the current USEtox™ LCIA method. 

 

D.3 Results and Discussion 

Table D-5 and Figure D-3 give Model results for the nine Study treatment configurations. 

Effluent COD and TKN values (Table 1-4) were used as input, along with coefficients and 

intercepts given in Table D-3.  

Table D-5. DBPFP Model Results for Study Treatment Configurations 

Study Configuration 

THMs HANs DXAAs TXAAs 

dihaloacet- 

aldehydes 

trihaloacet- 

aldehydes NDMA 

µg/L ng/L 

Level 1, AS 204 32 145 127 8.8 95 692 

Level 2-1, A2O 274 14 129 113 4.9 54 680 

Level 2-2, AS3 95 4.9 43 40 1.5 18 230 

Level 3-1, B5 41 0.78 14 15 0.16 3.3 83 

Level 3-2, MUCT 41 0.78 14 15 0.16 3.3 83 

Level 4-1, B5/Denit 124 5.2 54 49 1.7 21 292 

Level 4-2, MBR 144 6.6 65 59 2.2 26 347 

Level 5-1, B5/RO 23 0.01 5.4 7.4 0.01 0.01 36 

Level 5-2, MBR/RO 32 0.07 10 11 0.01 0.87 58 
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Figure D-3. DBPFP Model results for Study treatment configurations. 

 

The formation potentials presented above are an upper bound to what could be formed at 

the WWTP. Using THMs as an example, ranges of THMs that actually formed at the surveyed 

WWTPs were also a function of chlorine dose and the Cl2/N ratio. When the Cl2/N ratio was 

above 10, allowing for the creation of free chlorine and enhanced THM formation, the 10th and 

90th percentile concentrations of THMs were 20 µg/L and 80 µg/L, respectively (Krasner et al. 

2009b). Compared to the formation potentials determined for each of the Survey groups 

(illustrated in Figure D-2) with medians largely in the range of 200-250 µg/L, this implies that 

upon discharge, there remains considerable additional formation potential in the form of 

unreacted precursors. Similarly, when the Cl2/N ratio was less than 10, favoring chloramine 

creation and NDMA formation, the 10th and 90th percentile of observed concentrations of NDMA 

were 4 and 122 ng/L, compared to formation potentials that were sometimes an order of 

magnitude greater (also illustrated in Figure D-2). Thus, depending on factors like chlorination, 

temperature and pH (Doederer et al. 2014), which are assumed constant in Study configurations, 

formation of DBPs prior to discharge may be on the order of 10-50% of the formation potentials 

indicated above in Table D-5 and Figure D-3.  
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Appendix E: Detailed Cost Methodology 

Appendix E includes supporting details for the methodology used to estimate costs 

associated with the nine wastewater treatment configurations. Appendix E.1 presents the unit 

design values for the unit processes included in CAPDETWorksTM. Appendices E.2, E.4, B.4, 

E.6, and E.7 present the detailed cost methodologies for the dechlorination, ultrafiltration, 

reverse osmosis, and deep well injection, respectively. Appendix E.8 presents the 

CAPDETWorks™ file used to develop the direct cost factors discussed in Section 3.3.1. 

E.1 CAPDETWorks™ Process Unit Design Values 

This appendix includes the initial CAPDETWorks™ design values for the unit processes 

included in the nine wastewater treatment configurations. As discussed in Section 3.2.2, ERG 

revised some of the design values during development of the CAPDETWorks™ models to 

achieve the effluent wastewater objectives for each treatment level and/or address warnings in 

the CAPDETWorksTM. For example, CAPDETWorks™ calculates the number of mixers for the 

Biological Nutrient Removal 3/5 Stage and provides a warning if the horsepower (HP) per mixer 

exceeds the CAPDETWorks™ recommended 5 HP/mixer. In this instance, ERG increased the 

number of mixers to eliminate the warning so the design reflected all of the equipment necessary. 

The final design values used for each wastewater treatment configuration are included in the 

final CAPDETWorks™ cost output discussed in Section 5. The following unit processes are not 

in CAPDETWorksTM: modified University of Cape Town, 4-stage Bardenpho, fermentation, 

ultrafiltration, reverse osmosis (including pretreatment), deep well injection for brine disposal, 

and dechlorination. Costs for these unit processes were developed outside of CAPDETWorks™ 

and are documented in Sections 3.2.3.1 through 3.2.3.7 of this report. 

ERG reviewed EPA’s Municipal Nutrient Removal Technologies Reference Document 

(U.S. EPA OWM, 2008b), WERF’s Striking the Balance Between Nutrient Removal in 

Wastewater Treatment and Sustainability (Falk, 2011), EPA/ORD’s Nutrient Control Design 

Manual (U.S. EPA ORD, 2010), and additional EPA wastewater treatment process fact sheets to 

confirm that the CAPDETWorks™ default design values (Hydromantis, 2014) are appropriate 

for use for this study. Based on our review, ERG used the CAPDETWorks™ default design 

values for the unit processes below that are included in one or more of the wastewater treatment 

configurations. Appendix E.1.14 includes key parameters and the default design values for these 

unit processes (Hydromantis, 2014). 

• Membrane Bioreactor 

• Sand Filter 

• Centrifugation – Sludge  

The remainder of Section E.1 provides the initial design values used for each of the 

remaining CAPDETWorks™ unit processes included in the nine wastewater treatment 

configurations. 
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E.1.1 Preliminary Treatment – Screening and Grit Removal 

The default Preliminary Treatment design values were used. Key parameters and default 

design values for Preliminary Treatment – Screening include: 

• Cleaning Method: Mechanically Cleaned 

Key parameters and default design values for Preliminary Treatment – Grit Removal 

include: 

• Type of Grit Removal: Horizontal 

• Number of Units: 2 

• Volume of Grit: 4.0 ft3/MGal 

• Detention Time: 2.5 min 

However, the resulting purchased equipment costs were about half the construction costs 

presented in Wastewater Technology Fact Sheet – Screening and Grit Removal (U.S. EPA, 

2003b). As a result, ERG doubled the CAPDETWorksTM Preliminary Treatment purchased 

equipment costs for all nine wastewater treatment configurations. 

E.1.2 Primary Clarifier 

The default Primary Clarifier design values were modified as follows, as recommended 

in Wastewater Engineering: Treatment and Resource Recovery (Tchobanoglous et al., 2014): 

• Sidewater depth: 12.0 ft (instead of 9.0 ft) 

• Underflow concentration: 3.5% (instead of 4.0%) 

Note that this sidewater depth and underflow concentration are within 

CAPDETWorksTM’s recommended ranges (7-12 ft and 3-6%, respectively) (Hydromantis, 2014).  

Additional key parameters and default design values for Primary Clarifier include: 

• Type of Clarifier: Circular 

• Surface Overflow Rate: 1,000 gal/ft2-d 

• Weir Overflow Rate: 15,000 gal/ft-d 

• Suspended Solids Removal: 58% 

• BOD Removal: 32% 

• COD Removal: 40% 

• TKN Removal: 5% 

• Phosphorous Removal: 5% 
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E.1.3 Plug Flow Activated Sludge 

Because the Level 1 wastewater treatment configuration represents a system that is not 

designed for nitrogen removal, and Level 2-2 requires higher effluent ammonia levels for the 

subsequent nitrification/denitrification processes, the default Plug Flow Activated Sludge design 

values was modified as follows: 

• Process Design: Carbon Removal Only (instead of default Carbon Plus Nitrification) 

Additional key parameters and default design values for Plug Flow Activated Sludge 

include: 

• Aeration Type: Diffused Aeration 

• Bubble Size: Fine Bubble 

• Solids Retention Time (SRT): 10 days 

• Mixed Liquor Suspended Solids (MLSS): 2,500 mg/L 

E.1.4 Biological Nutrient Removal 3/5 Stage 

When used for the Anaerobic/Anoxic/Oxic (A2O) unit process in Level 2-1, the default 

Biological Nutrient Removal 3/5 Stage design values were modified as follows: 

• Number of Stages: 3-Stage (instead of 5-Stage) 

• Internal Recycle from Anoxic to Anaerobic Zone: No (the A2O process does not 

include this recycle) 

• Internal Recycle from the Oxic to Anoxic Zone: Yes 

• Assume sufficient carbon in the wastewater to denitrify without an additional carbon 

source 

• Effluent Total Kjeldahl Nitrogen (TKN): modified to achieve the 8 mg/L target 

effluent total nitrogen (TN) concentration 

• Effluent Total Phosphorous (TP): modified to achieve the 1 mg/L target effluent TP 

concentration 

When used for the 5-Stage Bardenpho unit process in Levels 3-1, 4-1, 5-1, and 5-2, the 

default Biological Nutrient Removal 3/5 Stage design values were modified as follows: 

• Number of Stages: 5-Stage (instead of 3-Stage) 

• Internal Recycle from Anoxic to Anaerobic Zone: No 

• Internal Recycle from the Oxic to Anoxic Zone: Yes 

• Effluent TKN: modified to achieve the target effluent total nitrogen concentrations of: 

— Level 3-1: 4–8 mg/L TN 

— Level 4-1: 3 mg/L TN 
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— Levels 5-1 and 5-2: 2 mg/L TN 

• Effluent TP: modified to achieve the target effluent total phosphorous concentrations 

of: 

— Level 3-1: 0.1–0.3 mg/L TP 

— Level 4-1: 0.1 mg/L TP 

— Levels 5-1 and 5-2: <0.2 mg/L TP 

 

In addition to the specific modifications proposed above, for instances when 

CAPDETWorks™ provided a warning that the number of mixers was insufficient for each mixer 

to be less than 5 HP/mixer, the CAPDETWorks™ default number of mixers per tank was 

increased until the mixers were less than 5 HP/mixer. 

Additional key parameters and default design values for Biological Nutrient Removal 3/5 

Stage include: 

• Aeration Type: Diffused Aeration 

• Bubble Size: Fine Bubble 

• Total Reactor SRT: 15 days 

E.1.5 Denitrification – Suspended Growth 

The default Denitrification – Suspended Growth design values were modified for effluent 

nitrate to achieve the effluent total nitrogen concentration target for Level 2-2 of 8 mg/L TN. 

In addition to the specific modifications proposed above, for instances when 

CAPDETWorks™ provided a warning that the number of mixers was insufficient for each mixer 

to be less than 5 HP/mixer, the CAPDETWorks™ default number of mixers per tank was 

increased until the mixers were less than 5 HP/mixer. 

Additional key parameters and default design values for Denitrification – Suspended 

Growth include: 

• Design SRT: 10 d 

• MLSS: 2,500 mg/L 

E.1.6 Denitrification – Attached Growth 

The default Denitrification – Attached Growth design values were modified as follows: 

• Allowable Effluent Nitrate: 

— Level 4-1: 3 mg/L TN 

— Levels 5-1 and 5-2: <0.02 mg/L TN (taking into consideration the RO TN 

removal) 

• Application Rate: 1.5 gal/ft2-min (instead of 1.0 gal/ft2-min) 
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The recommended application rate matches that used in the analysis in WERF’s Striking 

the Balance Between Nutrient Removal in Wastewater Treatment and Sustainability (Falk, 2011) 

and is more aligned with actual plant application rates of 2.2 and 3.0 gal/ft2-min, as presented for 

two plants in the Municipal Nutrient Removal Technologies Reference Document (U.S. EPA 

OWM, 2008b). Note that this application rate is outside of CAPDETWorksTM’ recommended 

range (0.5 to 1.0 gal/ft2-min). ERG reviewed the underlying cost curves for CAPDETWorksTM’ 

construction and O&M costs and considers the outputs to be reasonable at the 1.5 gal/ft2-min 

application rate. 

Additional key parameters and default design values for Denitrification – Attached 

Growth include: 

• Methanol Requirement: 3 lb/lb NO3 

• Backwash Rate: 12 gal/ft2-min 

E.1.7 Nitrification – Suspended Growth 

Because SRT is a key factor for achieving nitrification, the default Nitrification – 

Suspended Growth design values were modified as follows for the reasons described below: 

• Design Basis: Specify Design SRT (instead of default Temperature Specific Growth 

Rates or pH Ammonia Sensitive Rates) 

• Design SRT: 50 d (instead of 10 d) 

Note that using a design basis that specifies the default Temperature Specific Growth 

Rates returned a unit design with a SRT of 5.89 hrs and hydraulic residence time (HRT) of 1.27 

hrs, well below recommended SRT and HRT values12. Using a SRT of 24 d and the default 

MLSS of 2,500 mg/L returns a unit design with a HRT of 3.11 hrs, which is still below 

CAPDETWorks™ recommended minimum. A SRT of 50 d and the default MLSS of 2,500 

mg/L returns a unit design with a HRT of 6.31 hours. These values are similar to those of the 

Western Branch WWTP with a 3-sludge system designed to achieve 1.0 mg/L effluent TP and 

3.0 mg/L effluent TN. The Western Branch WWTP has nitrifying activated sludge system SRT 

ranging from 21.4 days (June) to 84.6 days (September), with an average of 47.6 days (U.S. EPA 

OWM, 2008b). As a result, ERG’s recommended 50 d design SRT is reasonable. 

Additional key parameters and default design values for Nitrification – Suspended 

Growth include: 

• Aeration Type: Diffused Aeration 

• Bubble Type: Fine Bubble 

• MLSS: 2,500 mg/L 

 
12 A SRT of 24 days is recommended for general nitrification systems from Municipal Nutrient Removal 

Technologies Reference Document (U.S. EPA OWM, 2008b) and a minimum HRT of 6 hrs from CAPDETWorksTM 

(Hydromantis, 2014). 
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E.1.8 Chemical Phosphorus Removal 

The default effluent phosphorus concentration target for each level that includes chemical 

phosphorous removal was adjusted to achieve the following effluent total phosphorous 

concentration targets: 

• Level 2-2: 1 mg/L TP 

• Levels 3-1 and 3-2: 0.3 mg/L TP 

• Levels 4-1, 4-2, 5-1, and 5-2: 0.1 mg/L TP (remaining TP to achieve <0.02 mg/L 

effluent target for Level 5 configurations will be achieved with RO) 

In addition, ERG revised the default chemical dosage to two times the stoichiometric 

alum dose, as recommended by the Municipal Nutrient Removal Technologies Reference 

Document (U.S. EPA OWM, 2008b). 

Additional key parameters and default design values for Chemical Phosphorous Removal 

include: 

• Metal Precipitant: Equivalent Aluminum 

E.1.9 Secondary Clarifier 

The default Secondary Clarifier design values were modified as followed: 

• Surface overflow rate: 600 gal/ft2-d (instead of 500 gal/ft2-d) 

• Sidewater depth: 14.5 ft (instead of 9.0 ft) 

The surface overflow rate was modified to match WERF’s Striking the Balance Between 

Nutrient Removal in Wastewater Treatment and Sustainability (Falk et al, 2011). Note that this 

surface overflow rate is within CAPDETWorksTM’ recommended range (200 to 800 gal/ft2-day) 

(Hydromantis, 2014). CAPDETWorksTM’ background documentation generally describes that 

lower overflow rates are more appropriate for smaller plants and higher overflow rates are more 

appropriate for larger plants (Hydromantis, 2014). The sidewater depth and underflow 

concentrations were modified to within ranges recommended in Wastewater Engineering: 

Treatment and Resource Recovery (Tchobanoglous et al., 2014). Note that the sidewater depth is 

within CAPDETWorksTM’s recommended ranges (7-15 ft) (Hydromantis, 2014). 

Additional key parameters and default design values for Secondary Clarifier include: 

• Underflow concentration: 1% 

• Weir Overflow Rate – Maximum 15,000 gal/ft-d 

• Effluent Suspended Solids: 20 mg/L 
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E.1.10 Chlorination 

Chlorination using liquid hypochlorite is more common that gaseous chlorine due to 

safety concern and regulations on the handling and storage of pressurized liquid chlorine 

(Tchobanoglous et al., 2014). However, this analysis assumes use of gaseous chlorine because 

that is the only disinfection alternative used by CAPDETWorksTM (Hydromantis, 2014). 

When used for wastewater treatment configurations where solids removal is completed 

with clarifiers (Level 1, Level 2-1, and Level 2-2), the default Chlorination design values were 

modified as follows: 

• Contact Time at Peak Flow: 30 min 

• Chlorine Dose: 10 mg/L 

When used for wastewater treatment configurations where solids removal is completed 

with a sand filter or membrane bioreactor (Level 3-1, Level 3-2, Level 4-1, and Level 4-2), the 

default Chlorination design values were modified as follows: 

• Contact Time at Peak Flow: 30 min 

• Chlorine Dose: 8 mg/L 

When used for wastewater treatment configurations with the majority of the flow going 

through reverse osmosis (Level 5-1 and Level 5-2), the default Chlorination design values were 

modified as follows: 

• Contact Time at Peak Flow: 30 min 

• Chlorine Dose: 5 mg/L 

ERG developed these design input value recommendations based on consideration of 

CAPDETWorks™ default design values (Hydromantis, 2014) and assumptions provided in 

Striking the Balance Between Nutrient Removal in Wastewater Treatment and Sustainability 

(Falk et al, 2011), which were further supported based on an evaluation of design information 

provided in EPA’s Onsite Wastewater Treatment Systems Manual (EPA, 2002). 

E.1.11 Gravity Thickener 

The default Gravity Thickener design values were modified as follows: 

• Based On: Mass Loading (instead of Settling) 

• Mass Loading: 30 lb/ft2-d (instead of 10 lb/ft2-d) 

• Underflow Concentration: 4.0% (instead of 5.0%) 

• Depth: 11.5 ft (instead of 9 ft) 

• Standard 90 ft Diameter Thickener: $1,000,000 (instead of $154,000) 
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Note that using the default Settling design basis returned a unit design with a HRT of 

20.3 hr, well above recommended HRT values (maximum HRT of 6 hrs from CAPDETWorks™ 

(Hydromantis, 2014)). As a result, ERG used CAPDETWorks™ maximum recommended mass 

loading rate rather than the default design value of 10 lb/ft2-d to reduce the gravity thickener 

HRT and the risk of creating anaerobic conditions that can lead to phosphorous release from the 

sludge. Using the recommended mass loading results in a HRT of 6.78 hrs, which is reasonable 

compared to CAPDETWorks™ recommended 6 hr maximum (Hydromantis, 2014). 

The underflow concentration was modified to within the range in Wastewater 

Engineering: Treatment and Resource Recovery (Tchobanoglous et al., 2014). The depth was 

modified to within the range recommended in Biosolids Technology Fact Sheet – Gravity 

Thickening (U.S. EPA, 2003a). The standard 90 ft diameter thickener cost was modified to 

$1,000,000 so the gravity thickener purchased equipment cost was comparable to the costs in 

Biosolids Technology Fact Sheet – Gravity Thickening (U.S. EPA, 2003a). 

E.1.12 Anaerobic Digestion 

The default Anaerobic Digestion design values were modified to match the Gravity 

Thickener underflow concentration (see Section E.1.11) as follows: 

• Concentration in Digester: 4.0% (instead of 5.0%) 

Note that this concentration in digester is within CAPDETWorksTM’ recommended range 

(3 to 7%) (Hydromantis, 2014). 

Additional key parameters and default design values for Anaerobic Digestion include: 

• Percent Volatile Solids Destroyed: 50% 

• Minimum Detention Time in Digester: 15 d 

• Fraction of Influent Flow Returned as Supernatant: 2% 

• Supernatant Concentrations: 

— Suspended Solids: 6,250 mg/L 

— BOD: 1,000 mg/L 

— COD: 2,150 mg/L 

— TKN: 950 mg/L 

— Ammonia: 650 mg/L 

 

E.1.13 Haul and Landfill - Sludge 

ERG modified the following default design values as follows to correspond with the 25 

mi one-way distance used in the ORCR CCR rule (ERG, 2013): 

• Distance to Disposal Site: 25 mi one way 
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• Disposal Cost Based On: Sludge Disposal per Ton 

E.1.14 Key Default Design Parameters for Select Unit Processes 

Membrane Bioreactor  

 

Key parameters and default design values for Membrane Bioreactor include: 

• Average Net Flux: 20 L/m2-hr 

• Effluent Suspended Solids: 1.0 mg/L 

• Underflow Concentration: 1.2% 

• Scour Air Cycle Time: 20 s 

• Scour Air On Time: 10 s 

• Physical Cleaning Interval: 9 min 

• Physical Cleaning Duration: 1 min 

• Chemical Cleaning Interval: 7 days 

• Backflush Flow Factor: 1.25 

Sand Filter  

 

Key parameters and default design values for Sand Filter include: 

• Number of Layers: 4 

• Layer 1: Anthracite 

• Layers 2, 3, and 4: Sand 

• Loading Rate: 6 gpm/ft2 

• Backwash Time: 10 min 

Centrifugation – Sludge 

 

Key parameters and default design values for Centrifugation – Sludge include: 

• Cake Solids Content: 9% 

• Solids Capture: 90% 

• Number of Units: 2 

• Operation: 8 hr/d for 5 d/wk 
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E.2 Dechlorination 

Listed below are the capital cost elements included for dechlorination using sodium 

bisulfite (NaHSO3), with a general description of the basis of estimate, followed by the O&M 

cost elements and the basis of estimate. 

Capital Costs 

 

1. Dechlorination Contact Tank, Dechlorination Building, Chemical Storage 

Building, and Miscellaneous Items (e.g., grass seeding, site cleanup, piping). 

Costed in 2014 $ using the CAPDETWorks™ chlorination unit process and 

selecting unit process input values to simulate dechlorination rather than 

chlorination. 

• Revised the CAPDETWorks™ input contact time at peak flow to 5 

minutes to reflect the dechlorination unit contact time: 

— CAPDETWorks™ uses the contact time at peak flow to calculate 

the contact tank volume (Hydromantis, 2014). 

— EPA’s Wastewater Technology Fact Sheet – Dechlorination 

recommends dechlorination contact times of one to five minutes to 

react with free chlorine and inorganic chloramines (U.S. EPA, 

2000). ERG selected five minutes to ensure adequate 

dechlorination prior to discharge. 

• Revised the CAPDETWorks™ input chemical dose to 3.75 mg/L to 

reflect the sodium bisulfite solution dose: 

— CAPDETWorks™ uses the chemical dose to size the chemical 

feed storage building (Hydromantis, 2014). 

— ERG selected the input chlorine dose for each wastewater 

treatment configuration to achieve approximately 1 mg/L residual 

chlorine. Specifically, for the chlorination unit process, ERG used 

10 mg/L for Levels 1, 2-1, and 2-2; 8 mg/L for levels 3-1, 3-2, 4-1, 

and 4-2; and 5 mg/L for Levels 5-1 and 5-2 (see Appendix E.1.8).  

— EPA’s Wastewater Technology Fact Sheet – Dechlorination 

indicates that, on a mass basis, 1.46 parts of sodium bisulfite is 

required to dechlorinate 1.0 parts of residual chlorine (U.S. EPA, 

2000), which ERG rounded to 1.5 parts of sodium bisulfite. 

Assuming a 40% by weight sodium bisulfide in solution results in 

a sodium bisulfite dose of 3.75 mg/L, as presented in Equation E-1. 

 

 3.75 NaHSO3 40% Solution (
mg

L
) = 1.5 NaHSO3 100% Solution (

mg

L
) × 

100% NaHSO3 Solution

40% NaHSO3 Solution
   

Equation E-1 
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2. Sodium Bisulfite Liquid Feed System 

• See Table E-1 for calculation of sodium bisulfite liquid feed rates for each 

wastewater treatment configuration. 

• For sodium bisulfite liquid feed rates less than 100 gph, purchase cost of 

$5,000, plus $300 for transport, in 2011 $, based on telephone contact with 

EnPro Technologies (ERG, 2011b). Escalated to 2014 $ using RSMeans 

Construction Cost Index and the calculation presented in Section 3.2.1 

(RSMeans, 2017). 

• Used the installation factor of 0.3 from CAPDETWorks™ for the 

installation of the dechlorination system to account for installation and 

other costs such as electrical, piping, painting, etc. associated with the 

sodium bisulfite system (Hydromatis, 2014). 

3. Total capital costs were estimated by applying the CAPDETWorks™ direct and 

indirect cost factors to the purchase costs, using the factors and methodology 

described in Section 3.3 of this report. 
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Table E-1. Sodium Bisulfite Liquid Feed Rate Calculation 

Level 

NaHSO3Rate 

(gph) = 

Sodium Bisulfite 

Dose (mg/L) 

× Gram to 

Milligram 

Factor (g/mg) 

× NaHSO3 Dose 

Factor (calculated in 

Table E-2) 

× Estimated 

Wastewater 

Treatment Flow 

(MGD) 

× 1,000,000 

gal/Mgal 

× Day to Hour 

Factor (day/hr) 

Level 1 2.6 3.8 1.0E-3 1.7E-3 10 1.0E+6 0.04 

Level 2-1 2.6 3.8 1.0E-3 1.7E-3 10 1.0E+6 0.04 

Level 2-2 2.6 3.8 1.0E-3 1.7E-3 10 1.0E+6 0.04 

Level 3-1 2.6 3.8 1.0E-3 1.7E-3 10 1.0E+6 0.04 

Level 3-2 2.6 3.8 1.0E-3 1.7E-3 10 1.0E+6 0.04 

Level 4-1 2.6 3.8 1.0E-3 1.7E-3 10 1.0E+6 0.04 

Level 4-2 2.6 3.8 1.0E-3 1.7E-3 10 1.0E+6 0.04 

Level 5-1 4.3 7.5 1.0E-3 1.7E-3 8.2 1.0E+6 0.04 

Level 5-2 4.4 7.5 1.0E-3 1.7E-3 8.3 1.0E+6 0.04 

 

 

Table E-2. Sodium Bisulfite Dose Factor Calculation 

NaHSO3 Dose 

Factor = 1 / (NaHSO3 Concentration (%) × NaHSO3 Density (kg/L) × 1,000 g/kg) 

0.00168919 1 0.4 1.48 1000 
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E.3 Annual Costs 

1. Operating Labor, Maintenance Labor, Materials and Supplies13 

• Costed in 2014 $ using the CAPDETWorks™ chlorination unit process to 

simulate dechlorination rather than chlorination. 

• Revised the CAPDETWorks™ input contact time at peak flow to 5 

minutes and chemical dose to 3.75 mg/L to reflect the dechlorination unit 

contact time and dose (see justification in the Capital Cost section item 

#1). 

2. Energy 

• One 0.5 HP feed system pump operated continuously for a calculated 

annual electrical requirement of approximately 6,500 kWh/yr (ERG, 

2011b).  

• Using the CAPDETWorks™ energy rate of $0.10/kWh (2014 $) 

(Hydromantis, 2014), total energy costs are approximately $650/yr. 

3. Sodium Bisulfite 

• Calculated using: 

— Dosage rate of: 

o 1.5 mg/L for Levels 1, 2-1, 2-2, 3-1, 3-2, 4-1, and 4-2 (see 

justification in the Capital Cost section #1) 

o 3.0 mg/L for Levels 5-1 and 5-2 to also account for the 

chemicals required for RO pretreatment.14 

— Effluent flow rate from the chlorination unit process for each 

wastewater treatment configuration modeled in CAPDETWorksTM. 

• Assumed a 40% by weight sodium bisulfide in solution. 

• Chemical cost of $344/ton of 40% sodium bisulfide solution in 2010 $ 

(ERG, 2014). This cost includes freight and assumes the chemical will be 

delivered in drums or totes. Escalated to 2014 $ using RSMeans 

Construction Cost Index (RSMeans, 2017. 

E.4 Methanol Addition 

Listed below are the capital cost elements included for dechlorination using sodium 

bisulfite (NaHSO3), with a general description of the basis of estimate, followed by the O&M 

cost elements and the basis of estimate. 

 
13 Materials and supplies include materials and replacement parts required to keep the facilities in proper operating 

conditions. 

14 The RO system requires 1 mg/L chlorine pretreatment and a corresponding sodium bisulfite dechlorination. ERG 

assumed the majority of the 1 mg/L chlorine would remain as chlorine residual. Therefore, the dechlorination 

sodium bisulfite dose is 1.5 mg/L neat. Capital costs for the RO pretreatment sodium bisulfite system are included in 

Appendix E.5. 
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Capital Costs 

 

1. Methanol Storage Tank, Feed Pump, Control System, and Miscellaneous Items 

(e.g., piping). 

Costed in 2014 $ using the CAPDETWorksTM denitrification – attached growth 

(i.e., denitrification filter) unit process that includes methanol addition. Selected 

unit process input values to match the required nitrate reduction and used only the 

output associated with the methanol system. 

• Revised the CAPDETWorksTM influent wastewater average and minimum 

flow rates to 10.1 MGD and maximum flow rate to 20.1 MGD to match 

the influent flow rates for the 4-stage Bardenpho. CAPDETWorksTM uses 

the influent wastewater flow rates to calculate the methanol system capital 

cost (Hydromantis, 2014). 

• Revised the CAPDETWorksTM influent nitrate concentration to 8.24 mg/L 

to match the effluent from the 4-stage Bardenpho and the denitrification – 

attached growth input allowable effluent nitrate to 1.95 mg/L to match the 

necessary effluent nitrate concentration to achieve 3 mg/L total nitrogen 

(TKN effluent is 1.05 mg/L) for Level 4-2, MBR. CAPDETWorksTM uses 

the difference between the influent and allowable effluent nitrate 

concentration to calculate the methanol feed rate, which is used to 

calculate the methanol system capital cost (Hydromantis, 2014). 

 

2. Methanol feed system cost (2014 $) from the CAPDETWorksTM output were 

added to the 4-stage Bardenpho capital costs for the Level 4-2, MBR. 

 

3. Total capital costs for the 4-stage Bardenpho were estimated by applying the 

CAPDETWorks™ direct and indirect cost factors to the purchase costs, using the 

factors and methodology described in Section 3.3 of this report. 

 

Annual Costs 

1. Operating Labor, Maintenance Labor, Materials and Supplies15, and Energy 

• CAPDETWorksTM does not calculate costs for operating labor, 

maintenance labor, materials and supplies, and energy for the methanol 

feed system separately from the denitrification – attached growth unit 

process. As a result, assumed the 4-stage Bardenpho operating labor, 

maintenance labor, materials and supplies, and energy include costs for the 

methanol feed system. 

2. Methanol 

• CAPDETWorksTM calculates the methanol cost based on the influent 

nitrate and allowable effluent nitrate concentrations, as discussed in the 

 
15 Materials and supplies include materials and replacement parts required to keep the facilities in proper operating 

conditions. 
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Capital Costs section above. Used the default methanol cost of $0.60/lb 

from CAPDETWorksTM. 

E.5 Ultrafiltration 

Listed below are the capital cost elements included for ultrafiltration, with a general 

description of the basis of estimate, followed by the O&M cost elements and the basis of 

estimate. Table E-3 and Table E-4 summarize the capital and O&M cost calculations, 

respectively. 

Capital Costs 

 

1. Membrane Filtration System – cost basis obtained from email contacts with 

Evoqua Water Technologies LLC, 2015 (ERG, 2015a). Escalated to 2014 $ using 

RSMeans Construction Cost Index (RSMeans, 2017). For a 9 MGD system for 

this project16, purchase costs for membrane equipment and appurtenances are 

approximately $3.7 million. Total capital costs were estimated by applying the 

CAPDETWorks™ installation factor, and direct and indirect cost factors, to the 

purchase costs, after incorporating the purchase costs into the CAPDETWorks™ 

outputs. 

2. Membrane Filtration Building – using equipment dimensions provided by Evoqua 

(ERG, 2015a), calculated a required building footprint of 8,040 square feet to 

house the system. Using the CAPDETWorks™ building unit cost of $110/square 

foot, calculated a total capital building cost of approximately $880,000. 

 

Operating and Maintenance Costs 

 

1. Operating Labor – transferred the operating labor costs from reverse osmosis 

(RO) (see Appendix E.6). 

2. Maintenance Labor – transferred the operating labor costs from RO (see 

Appendix E.6). 

3. Materials – membrane replacement cost of $1,650 per membrane times an 

estimated 768 membranes for a 9 MGD system based on Evoqua (ERG, 2015a). 

Assumed membranes have a 7-year life based on Evoqua (ERG, 2015a). 

Escalated to 2014 $ using RSMeans Construction Cost Index (RSMeans, 2017). 

Calculated materials costs of approximately $240,000/yr. 

4. Chemicals – membrane cleaning chemical costs estimated using chemical usage 

rates and costs per Evoqua (ERG, 2015a) and a $0.03/lb freight cost from 

FreightCenter.com (ERG, 2011a), which were escalated to 2014 $ using 

RSMeans Construction Cost Index (RSMeans, 2017), resulting in a total annual 

chemicals cost of approximately $91,000/yr. Cleaning chemicals include citric 

acid, sodium hypochlorite, sulfuric acid, sodium hydroxide, and sodium bisulfite. 

 
16 Based on side stream treatment of 90 percent of the 10 MGD flow for Level 5-1 5-Stage Bardenpho with 

Sidestream Reverse Osmosis. 
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5. Energy – energy usage equal to the average of estimates provided by two sources: 

• Evoqua (ERG, 2015a) estimated energy usage of 0.5 kWh/kgal 

• WateReuse Research Foundation, 2014 estimated energy usage ranging from 

0.75 to 1.1 kWh/kgal (average of 0.925 kWh/kgal) 

Used the average of the average estimated energy usage from these two sources, 

0.7125kWh/kgal (average of 0.5 kWh/kgal and 0.925 kWh/kgal). For a 9 MGD 

system, and using the CAPDETWorks™ energy rate of $0.10/kWh (2014 $), total 

annual energy costs are approximately $230,000. 
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Table E-3. Ultrafiltration Capital Costs 

Equipment 

Cost Item 

Size or 

Number Units Unit Cost Total Cost Year 2014 Purchased Cost Total Capital Cost Source 

Ultrafiltration 9 MGD  $3,750,000 2015 $3,717,344  Evoqua (ERG, 2015a). 

Ultrafiltration 

Building 8,040 sq. foot $110 $884,400 2014  $884,400 

Evoqua, 2015; building unit 

cost from CAPDETWorksTM. 

 

 

Table E-4. Ultrafiltration Operating and Maintenance Costs 

Operating Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual Operating 

Labor Cost ($/yr) Source 

Ultrafiltration 1 $51.50 365 $18,798 

Evoqua (ERG, 2015a); transferred 1 hour/day operating labor 

from RO (see Table B.4-3); labor rate from CAPDETWorks™ 

for Operator.  

Maintenance Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual 

Maintenance Labor 

Cost ($/yr) Source 

Ultrafiltration 1 $51.50 365 $18,798 

Evoqua (ERG, 2015a); transferred 1 hour/day maintenance 

labor from RO (see Table B.4.3); labor rate from 

CAPDETWorks™ for Operator.  

Material 

Annual Materials 

Cost ($/yr)    Source 

Membrane 

Replacement $124,473    Evoqua (ERG, 2015a). 
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Table E-5. Ultrafiltration Operating and Maintenance Costs 

Membrane Cleaning 

Chemicals Usage (gal/yr) Cost ($/gal) Annual Chemicals Cost ($/yr) Source 

50% Citric Acid 4,551 $10.41 $47,369 

Evoqua (ERG, 2015a); freight per FreightCenter.com 

(ERG, 2011a). 

50% Sulfuric Acid 2,891 $4.56 $13,183 

Evoqua (ERG, 2015a); freight per FreightCenter.com 

(ERG, 2011a). 

12.5% Sodium 

Hypochlorite 2,997 $0.89 $2,674 

Evoqua (ERG, 2015a); freight per FreightCenter.com 

(ERG, 2011a). 

25% Sodium Hydroxide 10,366 $2.43 $25,176 

Evoqua (ERG, 2015a) (multiplied usage by 2 as usage 

data based on 50% solution and cost data based on 25% 

solution); freight per FreightCenter.com (ERG, 2011a). 

12.5% Sodium Bisulfite 1,223 $2.43 $2,970 

Evoqua (ERG, 2015a); freight per FreightCenter.com 

(ERG, 2011a). 

 

Table E-6. Ultrafiltration Operating and Maintenance Costs 

Energy Rate (kWh/day) Annual Energy (kWh/yr) Energy Rate ($/kWh) 

Annual Energy Cost 

($/yr) Source 

Ultrafiltration 6,413 2,340,563 $0.10 $234,056 

Evoqua (ERG, 2015a); 

WateReuse, 2014; and 

CAPDETWorksTM. 
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E.6 Reverse Osmosis (RO) 

Listed below are the capital cost elements included for RO, with a general description of 

the basis of estimate, followed by the O&M cost elements and the basis of estimate. Table E-7 

and Table E-8 summarize the capital cost calculations for the 90 and 85 percent flow options, 

respectively (Levels 5-1 and 5-2), while Table E-9 and Table E-12 summarize the O&M cost 

calculations for the 90 and 85 percent flow options, respectively (Levels 5-1 and 5-2). 

Capital Costs 

 

1. RO System – cost basis obtained from telephone contacts with Wigen Water 

Technologies, 2015 (ERG, 2015b). Prepared a cost curve based on purchase costs 

provided for 2.5, 5, and 10 MGD systems (see Figure E-1).  

 

 

Figure E-1. RO Purchase Cost Curve 

 

Escalated to 2014 $ using RSMeans Construction Cost Index (RSMeans, 2017). 

For a 9 MGD and 8.5 MGD system for this project17, purchase costs for 

membrane equipment and appurtenances are approximately $4.4 million and $4.2 

million, respectively. Total capital costs were estimated by applying the 

CAPDETWorks™ installation factor, and direct and indirect cost factors, to the 

purchase costs, after incorporating the purchase costs into the CAPDETWorks™ 

outputs. 

2. RO Building – using equipment dimensions provided by Wigen (ERG, 2015b), 

calculated a required building footprint of 4,960 square feet to house the system. 

 
17 Based on side stream treatment of 85% and 90% of the 10 MGD flow for Level 5-1 5-Stage Bardenpho with 

Sidestream Reverse Osmosis and Level 5-2 5-Stage Bardenpho Membrane Bioreactor with Sidestream Reverse 

Osmosis, respectively. 
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Using the CAPDETWorks™ building unit cost of $110/square foot, calculated a 

total capital building cost of approximately $550,000. 

3. Chlorine Feed System – assumed a single, shared chlorine feed system for the RO 

biofouling control pretreatment and final wastewater disinfection. Costs for the 

shared chlorine feed system were estimated as part of the CAPDETWorks™ 

chlorine wastewater disinfection module. 

4. Dechlorination and Antiscalant Feed Systems – purchase cost of $5,000, plus 

$300 for transport, for each feed system based on telephone contact with 

EnProTechnologies (ERG, 2011b). Escalated to 2014 $ Using RSMeans 

Construction Cost Index (RSMeans, 2017), resulting in a 2014 purchase cost of 

approximately $5,900 for each of these two systems. Total capital costs were 

estimated by applying the CAPDETWorks™ installation factor, and direct and 

indirect cost factors, to the purchase costs, after incorporating the purchase costs 

into the CAPDETWorks™ outputs. 

5. Brine Surge Sump – estimated an in-ground concrete brine collection sump 

volume based on an assumed 60-minute residence time (best professional 

judgement) and a RO rejection rate of 20 percent based on telephone contacts 

with Wigen (ERG, 2015b). Calculated a total capital cost of approximately 

$190,000 for the 90% side stream treatment option, and approximately $180,000 

for the 85% side stream treatment option, using a concrete basin cost curve 

developed using RSMeans Building Construction Cost Data (see Figure E-2). 

Escalated from $2010 to 2014 $ using RSMeans Construction Cost Index 

(RSMeans, 2017). 

 

 

Figure E-2. Brine Surge Sump Total Capital Cost Curve 
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Operating and Maintenance Costs 

 

1. Operating Labor – One labor hour per day based on Wigen (ERG, 2015b) and 

CAPDETWorks™ operator labor rate of $51.50/hour (2014 $) for a total 

operating labor cost of approximately $19,000/yr. 

2. Maintenance Labor – One labor hour per day based on best professional 

judgement that maintenance labor requirements would be similar to, and not 

greater than, operating labor requirements, and sufficient for maintenance 

activities such as lubrication, troubleshooting, and installing replacement parts. 

Used the CAPDETWorks™ operator labor rate of $51.50/hour (2014 $), for a 

total annual maintenance labor cost of approximately $19,000/yr. 

3. Materials – membrane replacement cost of $450 per membrane times an 

estimated 2,000 membranes for a 10 MGD system based on Wigen (ERG, 

2015b), scaled to 9 MGD and 8.5 MGD systems for this project. Assumed 

membranes has a 4-year life based on Wigen (ERG, 2015b). Escalated to 2014 $ 

using RSMeans Construction Cost Index (RSMeans, 2017). Calculated materials 

costs of approximately $162,000/yr for the 90% side stream treatment option, and 

approximately $150,000/yr for the 85% side stream treatment option. 

4. Antiscalant Chemicals – calculated using dosage rate of 3 mg/L of Vitec 3000 per 

Wigen (ERG, 2015b). Vitec 3000 chemical cost of approximately $1,300/500 lb 

provided by Water Surplus, 2015 and a $0.03/lb freight cost from 

FreightCenter.com (ERG, 2011a), for a total antiscalant chemicals cost of 

approximately $220,000/yr and $200,000/yr for the 90% and 85% side stream 

treatment options, respectively. 

5. Membrane Cleaning Chemicals – per Wigen (ERG, 2015b), two cleaning 

chemicals are each 4,000 lb/yr for a 2.5 MGD system at a cost of $5/lb. Scaled to 

9 MGD and 8.5 MGD for this project and added a $0.03/lb freight cost from 

FreightCenter.com (ERG, 2011a), for a total membrane cleaning chemicals cost 

of approximately $145,000/yr and $137,000/yr for the 90% and 85% side stream 

treatment options, respectively. 

6. Chlorine and Sodium Bisulfite Pretreatment Chemicals – modified the 

CAPDETWorks™ chlorine wastewater disinfection module, and the 

supplemental dechlorination module developed for this project, to incorporate the 

additional chemical requirements associated with RO pretreatment. Assumed a 1 

mg/L chlorine dosage rate per Wigen (ERG, 2015b) and a corresponding 

dechlorination dosage rate. 

7. RO System Energy – energy usage equal to the average of estimates provided by 

two sources: 

• Wigen (ERG, 2015b) estimated energy usage ranging from 3,000 to 6,000 

kWh/day for a 2.5 MGD system (average of 4,500 kWh for a 2.5 MGD 

system, or 1.8 kWh/kgal) 

• WateReuse Research Foundation, 2014 estimated energy usage ranging from 

1.9 to 2.3 kWh/kgal (average of 2.1 kWh/kgal) 
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Used the average of the average estimated energy usage from these two sources, 

1.95kWh/kgal (average of 1.8 kWh/kgal and 2.1 kWh/kgal). For a 9 MGD 

system, and using the CAPDETWorks™ energy rate of $0.10/kWh (2014 $), total 

annual energy costs are approximately $640,000/yr and $600,000/yr for the 90% 

and 85% side stream treatment options, respectively.  

8. Dechlorination and Antiscalant Feed System Energy – Two 0.5 HP feed system 

pumps operated continuously for a calculated annual electrical requirement of 

approximately 6,500 kWh/yr. Using the CAPDETWorks™ energy rate of 

$0.10/kWh (2014 $), total energy costs are approximately $650/yr. 
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Table E-7. RO Capital Costs, 90 Percent of Flow 

Equipment Cost Item 

Size or 

number Units Unit Cost Total Cost Year 

2014 Purchased 

Cost 

Total Capital 

Cost Source 

RO System 9 MGD  $4,460,136 2015 $4,421,296  Wigen (ERG, 2015b). 

RO System Building 4,960 sq. foot $110 $545,600 2014  $545,600 

Wigen (ERG, 2015b); building 

unit cost from 

CAPDETWorksTM. 

Chlorination Feed System      $0 $0   

Dechlorination Feed 

System 1 Each $5,300 $5,300 2010 $5,918  EnPro (ERG, 2011b). 

Anti-Scale Feed System 1 Each $5,300 $5,300 2010 $5,918  EnPro (ERG, 2011b). 

Brine Surge Sump 75,000 gallons  $166,005 2010  $185,364 

RSMeans Building 

Construction Cost Data; RO 

rejection rate from Wigen 

(ERG, 2015b). 

 

 

Table E-8. RO Capital Costs, 85 Percent of Flow 

Equipment Cost Item 

Size or 

number Units 

Unit 

Cost Total Cost Year 

2014 Purchased 

Cost 

Total Capital 

Cost Source 

RO System 8.5 MGD   $4,214,802 2015 $4,178,098   Wigen (ERG, 2015b). 

RO System Building 4,960 sq. foot $110 $545,600 2014   $545,600 

Wigen (ERG, 2015b); building 

unit cost from 

CAPDETWorksTM. 

Chlorination Feed System           $0 $0   

Dechlorination Feed 

System 1 Each $5,300 $5,300 2010 $5,918   EnPro (ERG, 2011b). 

Anti-Scale Feed System 1 Each $5,300 $5,300 2010 $5,918   EnPro (ERG, 2011b). 

Brine Surge Sump 70,833 gallons   $160,650 2010   $179,385 

RSMeans Building 

Construction Cost Data; RO 

rejection rate from Wigen 

(ERG, 2015b). 
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Table E-9. RO Operating and Maintenance Costs, 90 Percent of Flow 

Operating Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual Operating Labor Cost 

($/yr) Source 

RO System 1 $51.50 365 $18,798 Wigen (ERG, 2015b). 

Maintenance Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual Maintenance Labor 

Cost ($/yr) Source 

RO System 1 $51.50 365 $18,798 

Best Professional Judgement and 

CAPDETWorksTM 

Materials 

Annual 

Materials Cost 

($/yr)    Source 

RO System $162,044    Wigen (ERG, 2015b). 

 

 

Table E-10. RO Operating and Maintenance Costs, 90 Percent of Flow 

Chemicals 

Dose Rate 

(lbs/gal) Total Flow (gal/yr) 

Annual Anti-

Scale Chemicals 

(lbs/yr) 

Cost 

($/lb) 

Annual 

Chemicals 

Cost ($/yr) Source Chemical Consumption 

Pretreatment 

Anti-Scale 0.00002 3,285,000,000 82,063 $2.64 $216,317 

Dose per Wigen (ERG, 

2015b); cost per Water 

Surplus, 2015; freight per 

FreightCenter.com (ERG, 

2011a).  

Annual Vitec 3000 

Consumption: 91,181 lb/yr 

 

Annual Citric Acid 

Consumption: 16,000 lb/yr 

 

Annual Sodium Hypochlorite 

Consumption: 16,000 lb/yr 
Membrane 

Cleaning 0.00001 3,285,000,000 28,800 $5.03  $144,864  

Wigen (ERG, 2015b); freight 

per FreightCenter.com (ERG, 

2011a). 

Pretreatment 

Chlorine         $0.00 

Incorporated into wastewater 

disinfection module. 

Pretreatment 

Sodium Bisulfite         $0.00 

Incorporated into wastewater 

dechlorination module. 
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Table E-11. RO Operating and Maintenance Costs, 90 Percent of Flow 

Energy Rate (kWh/day) Annual Electrical (kWh/yr) Energy Rate ($/kWh) Annual Energy Cost ($/yr) Source 

RO System 17,550 6,405,750 $0.10 $640,575 

Wigen (ERG, 2015b); 

WateReuse, 2014; 

CAPDETWorksTM. 

Chemical Feed 

Systems 18 6,531 $0.10 $653 

EnPro (ERG, 2011b); 

CAPDETWorksTM. 

 

Table E-12. RO Operating and Maintenance Costs, 85 Percent of Flow 

Operating Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual Operating Labor Cost 

($/yr) Source 

RO System 1 $51.50 365 $18,798 Wigen (ERG, 2015b). 

Maintenance Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual Maintenance Labor Cost 

($/yr) Source 

RO System 1 $51.50 365 $18,798 

Best Professional Judgement 

and CAPDETWorksTM 

Materials 

Annual Materials 

Cost ($/yr)       Source 

RO System $153,041        Wigen (ERG, 2015b). 
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Table E-13. RO Operating and Maintenance Costs, 85 Percent of Flow 

Chemicals 

Dose Rate 

(lbs/gal) 

Total Flow 

(gal/yr) 

Annual Anti-Scale 

Chemicals (lbs/yr) 

Cost 

($/lb) 

Annual 

Chemicals 

Cost ($/yr) Source Chemical Consumption 

Pretreatment 

Anti-Scale 0.00002 3,102,500,000 77,504 $2.64 $204,299 

Dose per Wigen (ERG, 

2015b); cost per Water 

Surplus, 2015; freight per 

FreightCenter.com (ERG, 

2011a). 

Annual Vitec 3000 

Consumption: 91,181 lb/yr 

 

Annual Citric Acid 

Consumption: 16,000 lb/yr 

 

Annual Sodium Hypochlorite 

Consumption: 16,000 lb/yr Membrane 

Cleaning 0.00001 3,102,500,000 27,200 $5.03  $136,816  

Wigen (ERG, 2015b); 

freight per 

FreightCenter.com (ERG, 

2011a). 

Pretreatment 

Chlorine         $0.00 

Incorporated into 

wastewater disinfection 

module. 

Pretreatment 

Sodium 

Bisulfite         $0.00 

Incorporated into 

wastewater dechlorination 

module. 

 

 

Table E-14. RO Operating and Maintenance Costs, 85 Percent of Flow 

Energy Rate (kWh/day) Annual Electrical (kWh/yr) Energy Rate ($/kWh) 

Annual Energy Cost 

($/yr) Source 

RO System 16,575 6,049,875 $0.10 $604,988 

Wigen (ERG, 2015b); 

WateReuse, 2014; 

CAPDETWorksTM. 

Chemical Feed 

Systems 
18 6,531 $0.10 $653 

EnPro (ERG, 2011b) and 

CAPDETWorksTM. 
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E.7 Deep Well Injection  

Listed below are the capital cost elements included for deep well injection, with a general 

description of the basis of estimate, followed by the O&M cost elements and the basis of 

estimate. Table E-15 and Table E-16 summarize the capital and O&M cost calculations, 

respectively. 

Capital Costs 

 

1. Deep Injection Well – cost basis obtained from telephone contact with North Star 

Disposal, Inc (U.S. EPA, 2012a). Drilling a new underground injection well costs 

$3.5 million for a deep well, which was escalated to 2014 $ using RSMeans 

Construction Cost Index (RSMeans, 2017), resulting in a 2014 total capital cost of 

approximately $3.7 million. 

2. Injection Pump/Electrical Building – estimated pump house dimensions (12’x14’) 

based on best professional judgement to house the 3 pumps and control panel, as 

informed by domestic wastewater deep well injection proposal prepared by the 

Santa Clarita Valley Sanitation District, 201518. Using the CAPDETWorks™ 

building unit cost of $110/square foot, calculated a total capital building cost of 

approximately $18,000. 

3. Injection Well Pumps – cost basis of approximately $49,000 for a 786 gpm 

multistate pump obtained from Water Surplus, 2015, which was escalated to 2014 

$ using RSMeans Construction Cost Index (RSMeans, 2017). Assumed 2 pumps 

in operation and 1 spare for a total purchase cost of approximately $140,000. 

Total capital costs were estimated by applying the CAPDETWorks™ installation 

factor, and direct and indirect cost factors, to the purchase costs, after 

incorporating the purchase costs into the CAPDETWorks™ outputs. 

4. Injection Well Pumps Freight – cost basis of approximately $1,750 per flatbed 

truckload to transport all three pumps (total of 10 tons) obtained from Siemens 

(ERG, 2011c), which we escalated to 2014 $ using RSMeans Construction Cost 

Index (RSMeans, 2017). Total capital costs were estimated by applying the 

CAPDETWorks™ installation factor, and direct and indirect cost factors, to the 

purchase costs, after incorporating the purchase costs into the CAPDETWorks™ 

outputs. 

 

Operating and Maintenance Costs 

 

1. Operating Labor – 0.5 labor hour per day based on best professional judgement to 

inspect the pump motors and to record data, and CAPDETWorks™ operator labor 

rate of $51.50/hour (2014 $), for a total annual operating labor cost of 

approximately $9,400. 

 
18 Santa Clarity Valley Sanitation District. 2015. Information Sheet – Deep Well Injection Site for Brine Disposal. 

DOC #2970311. Accessed from http://www.lacsd.org/civicax/filebank/blobdload.aspx?blobid=9556. 

http://www.lacsd.org/civicax/filebank/blobdload.aspx?blobid=9556
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2. Maintenance Labor – 0.5 labor hour per day based on best professional judgement 

that maintenance labor requirements would be similar to, and not greater than, 

operating labor requirements, and sufficient for maintenance activities such as 

lubrication, troubleshooting, and installing replacement parts. Used the 

CAPDETWorks™ operator labor rate of $51.50/hour (2014 $), for a total annual 

maintenance labor cost of approximately $9,400/yr. 

3. Materials – calculated total annual maintenance materials cost as 2 percent of 

injection well pump purchase cost based on CAPDETWorks™ methodology. 

Calculated a maintenance materials cost of approximately $3,000/yr. 

4. Energy – Two 350 HP injection well pumps operated continuously for a 

calculated annual electrical requirement of approximately 4.5 million kWh/yr. 

Using the CAPDETWorks™ energy rate of $0.10/kWh (2014 $), total energy 

costs are approximately $460,000/yr. 
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Table E-15. Deep Well Injection Capital Costs 

Equipment Cost Item Number Units Unit Cost Total Cost Year 2014 Cost 

Total Capital 

Cost Data Source 

Deep Injection Well 1 Each $3,500,000 $3,500,000 2012  $3,685,252 

North Star Disposal (U.S. 

EPA, 2012a). 

Injection pump building to 

house pumps and electrical 168 square feet $110 $18,480 2014  $18,480 

Best professional judgement; 

building unit cost from 

CAPDETWorksTM. 

Injection Well Pumps 3 Each $48,730 $146,190 2015 $144,917  Water Surplus, 2015. 

Injection Well Pumps 

Freight 1 

Flatbed 

Truck $1,750 $1,750 2011 $1,875  Siemens (ERG, 2011c). 

 

 

Table E-16. Deep Well Injection Operating and Maintenance Costs 

Operating Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual Operating 

Labor Cost ($/yr) Source 

 0.5 $51.50 365 $9,399 

Best Professional Judgement and 

CAPDETWorksTM. 

Maintenance Labor Labor (hrs/day) Labor Rate ($/hr) Days/yr 

Annual Operating 

Labor Cost ($/yr) Source 

 0.5 $51.50 365 $9,399 

Best Professional Judgement and 

CAPDETWorksTM. 

Material 

Purchased Pump 

Cost 

Rate (% of 

Purchase) 

Annual Materials 

Cost ($/yr)  Source 

 $144,917 2 $2,898  CAPDETWorksTM. 

Chemicals 

Dose Rate 

(lbs/gal) 

Total Flow 

(gallons/yr) 

Annual Anti-Scale 

Chemicals (lbs/yr) Cost ($/lb) Annual Chemicals Cost ($/yr) 

No chemical requirements      

Energy Rate (kWh/day) 

Annual Electrical 

(kWh/yr) Energy Rate ($/kWh) 

Annual Energy 

Cost ($/yr) Source 

 12,526 4,572,019 $0.10 $457,202 

Water Surplus, 2015 and 

CAPDETWorksTM. 
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E.8 CAPDETWorks™ Direct Cost Factor Development 

See Companion PDF File. 
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Appendix F: Detailed Air Emissions Methodology 

F.1 Greenhouse Gas Analysis 

This section details the calculations used to determine the process-level GHG emissions 

from the wastewater treatment and sludge handling stages, from the effluent, and from landfilled 

sludge. GHG emissions from background and upstream fuel and material processes already exist 

within the LCI databases used, and while incorporated in the study results, are not discussed 

here. 

F.1.1 Methane Emissions from Biological Treatment 

The methodology for calculating CH4 emissions associated with the wastewater treatment 

configurations evaluated as part of this study is generally based on the guidance provided in the 

IPCC Guidelines for national inventories. CH4 emissions are estimated based on the amount of 

organic material (i.e., BOD) entering the unit operations that may exhibit anaerobic activity, an 

estimate of the theoretical maximum amount of methane that can be generated from the organic 

material (Bo), and a methane correction factor that reflects the ability of the treatment system to 

achieve that theoretical maximum. In general, the IPCC does not estimate CH4 emissions from 

well managed centralized aerobic treatment systems. However, there is acknowledgement that 

some CH4 can be emitted from pockets of anaerobic activity, and more recent research suggests 

that dissolved CH4 in the influent wastewater to the treatment system is emitted when the 

wastewater is aerated. 

For this analysis, some of the wastewater treatment configurations include anaerobic 

zones within the treatment system. For these configurations, a methane correction factor (MCF) 

was used. The methodological equation is: 

CH4 PROCESS = BOD (mg/L) × Flow (MGD) × 3.785 L/gal × 365.25 days/yr × 1x10-6 kg/mg × Bo × MCF 

Equation F-1 

 

where: 

CH4 PROCESS = CH4 emissions from wastewater treatment process (kg CH4 /yr) 

BOD = Concentration of BOD entering biological treatment process (mg/L) 

Flow = Wastewater treatment flow entering biological treatment process (MGD) 

Bo = maximum CH4 producing capacity, kg CH4/kg BOD 

MCF = methane correction factor (fraction) 

 

For this analysis, there was no relevant MCF provided in the IPCC guidance for 

centralized aerobic treatment with the wastewater treatment configurations included in this study. 

Instead, MCFs were developed based on GHG emission studies that were conducted at two U.S. 

WWTPs. The first study (Czepiel, 1995) evaluated emissions associated with a conventional 

activated sludge treatment plant, resulting in an MCF of 0.005, which was used for Level 1. The 

second study (Daelman et al., 2013) evaluated emissions associated with a municipal treatment 
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plant with biological nutrient removal (specifically nitrification and denitrification), resulting in 

an MCF of 0.05, which was used for all other levels of treatment. No other studies were available 

and acceptable for use to allow differentiating CH4 emissions between Levels 2 through 5. 

The annual emissions per system were than translated to emissions per m3 of wastewater 

treated, using the following calculation and displayed in Table F-1. 

CH4 Process Emissions (kg CH4 /m3 wastewater) = CH4 PROCESS ÷ [10 MGD x 365 days/yr x  

0.00378541 m3/gal] 

Equation F-2 

 

Table F-1. Methane Emissions from Biological Treatment 

System 

Configuration 

Level 

Influent BOD to 

biotreatment, 

mg/L Flow, MGD MCF 

CH4 Emitted by 

Process, kg 

CH4/yr 

CH4 Process 

Emissions, kg 

CH4/m3 wastewater 

1 1.6E+2 10 5.0E-3 6.8E+3 5.0E-4 

2-1 1.6E+2 10 0.05 6.6E+4 4.8E-3 

2-2 1.6E+2 10 0.05 6.8E+4 4.9E-3 

3-1 1.7E+2 10 0.05 7.1E+4 5.1E-3 

3-2 1.7E+2 10 0.05 7.1E+4 5.1E-3 

4-1 1.7E+2 10 0.05 7.1E+4 5.1E-3 

4-2 1.6E+2 10 0.05 6.6E+4 4.8E-3 

5-1 1.7E+2 10 0.05 7.1E+4 5.1E-3 

5-2 1.7E+2 10 0.05 7.0E+4 5.1E-3 

 

F.1.2 Nitrous Oxide Emissions from Biological Treatment 

The methodology for calculating N2O emissions associated with wastewater treatment is 

based on estimates of emissions reported in the literature. The guidance provided in the IPCC 

Guidelines for national inventories does not provide a sufficient basis to distinguish N2O 

emissions from varying types of wastewater treatment configurations, particularly related to 

biological nutrient reduction. More recent research has highlighted the fact that emissions from 

these systems can be highly variable based on operational conditions, specific treatment 

configurations, and other factors (Chandran, 2012). 

For this analysis, data collected from 12 WWTPs were reviewed to identify which 

wastewater treatment configuration they may best represent (Chandran, 2012). Using the 

emissions measured from these systems, an average emission factor (EF) was calculated and 

applied to the modeled data for the nine system configurations. The methodological equation is: 

N2O PROCESS = TKN (mg/L) × Flow (MGD) × 3.785 L/gal × 365.25 days/yr × 1x10-6 kg/mg × EF% × 

44/14 

Equation F-3 
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where: 

N2O PROCESS = N2O emissions from wastewater treatment process (kg N2O /yr) 

TKN = Concentration of TKN entering biological treatment process (mg/L) 

Flow = Wastewater treatment flow entering biological treatment process (MGD) 

EF%  = average measured % of TKN emitted as N2O, % 

44/14 = molecular weight conversion of N to N2O 

 

As displayed in Table F-2, the annual emissions per system were translated to emissions 

per m3 of wastewater treated, using the following calculation. 

N2O Process Emissions (kg N2O /m3 wastewater) = N2O PROCESS ÷ [10 MGD x 365 days/yr x  

0.00378541 m3/gal] 

Equation F-4 

 

Table F-2. Nitrous Oxide Emissions from Biological Treatment 

System 

Configuration 

Level 

Influent TKN 

to 

biotreatment, 

mg/La 

Flow, 

MGDa 

EF%, % 

Emitted 

as N2O Source of EF 

Unit 

Operation 

Basis 

N2O 

Emitted by 

Process, kg 

N2O/yr 

N2O Process 

Emissions, 

kg N2O/m3 

wastewater 

1 43 10 0.035% 
Czepiel 
(1995) 

conventional 
activated 
sludge 

6.6E+2 4.8E-5 

2-1 41 10 0.160% 
Chandran 

(2012) 
MLE 2.9E+3 2.1E-4 

2-2 43 10 0.020% 
Chandran 

(2012) 
separate stage 

BNR 
3.9E+2 2.8E-5 

3-1 42 10 0.425% 
Chandran 

(2012) 
4-stage 

Bardenpho 
7.8E+3 5.7E-4 

3-2 42 10 0.160% 
Chandran 

(2012) 
MLE 3.0E+3 2.1E-4 

4-1 43 10 0.425% 
Chandran 

(2012) 
4-stage 

Bardenpho 
8.2E+3 5.9E-4 

4-2 41 10 0.425% 
Chandran 

(2012) 
4-stage 

Bardenpho 
7.7E+3 5.6E-4 

5-1 42 10 0.425% 
Chandran 

(2012) 
4-stage 

Bardenpho 
7.8E+3 5.7E-4 

5-2 42 10 0.425% 
Chandran 

(2012) 
4-stage 

Bardenpho 
7.7E+3 5.6E-4 

a – Flow and influent TKN to biotreatment is based on CAPDETWorks™ modeling 

 

F.1.3 Methane Emissions due to Anaerobic Digestion 

The methodology for calculating CH4 emissions associated with anaerobic sludge 

digestion is based on the guidance provided in the IPCC Guidelines for national inventories. CH4 

emissions from anaerobic digestion of sludge were estimated based on the amount of biogas 
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generated by the digester, an estimation of the biogas composition, and an estimation of the 

amount of CH4 destroyed through flaring. 

CH4 emissions from anaerobic digesters were estimated by multiplying the amount of 

biogas generated by wastewater sludge treated in anaerobic digesters by the proportion of CH4 in 

digester biogas (0.65), the density of CH4 (662 g CH4/m
3 CH4), and the destruction efficiency 

associated with burning the biogas in an energy/thermal device (0.99). For this analysis, ERG is 

assuming the biogas is flared, and not recovered for energy use. The methodological equation is: 

CH4 DIGESTER = Biogas Flow × conversion to m3 × (525960 min/year) × (FRAC_CH4) × (density of CH4) × 

(1-DE) × 1/10^3 

Equation F-5 

where: 

CH4 DIGESTER = CH4 emissions from anaerobic digestion (kg CH4 /yr) 

Biogas Flow = Cubic feet of digester gas produced by digester (ft3/min) 

conversion to m3 = Conversion factor, ft3 to m3 (0.0283) 

FRAC_CH4 = Proportion CH4 in biogas (0.65) 

density of CH4 = 662 (g CH4/m
3 CH4) 

DE = CH4 destruction efficiency from flaring (0.99 for enclosed flares) 

1/10^3 = Conversion factor, g to kg 

 

As shown in Table F-3 the annual emissions per system were translated to emissions per 

m3 of wastewater treated, using the following calculation. 

CH4 Digester Emissions (kg CH4 /m3 wastewater) = CH4 DIGESTER ÷ [10 MGD x 365 days/yr x  

0.00378541 m3/gal] 

Equation F-6 

 

Table F-3. Methane Emissions due to Anaerobic Digestion 

System 

Configuration 

Level Biogas Flow, ft3/mina 

CH4 Generated by 

Digester, kg 

CH4/yr 

CH4 Emitted by 

Digester, kg CH4/yr 

CH4 Digester Emissions, 

kg CH4/m3 wastewater 

1 1.1E+2 6.9E+5 6.9E+3 5.0E-4 

2-1 88 5.6E+5 5.6E+3 4.1E-4 

2-2 1.2E+2 7.6E+5 7.6E+3 5.5E-4 

3-1 85 5.4E+5 5.4E+3 3.9E-4 

3-2 85 5.4E+5 5.4E+3 3.9E-4 

4-1 85 5.4E+5 5.4E+3 3.9E-4 

4-2 87 5.6E+5 5.6E+3 4.1E-4 

5-1 85 5.4E+5 5.4E+3 3.9E-4 

5-2 82 5.2E+5 5.2E+3 3.8E-4 

a – Biogas flow is based on CAPDETWorks™ modeling. 
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Air emissions other than CH4 associated with flaring the digester biogas are covered at 

the end of this Appendix. 

F.1.4 Nitrous Oxide Emissions from Effluent Discharged to Receiving Waters 

The methodology for calculating nitrous oxide emissions associated with effluent 

discharge is based on the guidance provided in the IPCC Guidelines for national inventories. 

N2O emissions from domestic wastewater (wastewater treatment) were estimated based on the 

amount of nitrogen discharged to aquatic environments from each of the system configurations, 

which accounts for nitrogen removed with sewage sludge. 

N2OEFFLUENT = NEFFLUENT × Flow × 3.785 L/gal × 365.25 days/yr × 1x10-6 kg/mg × EF3 × 44/28 

Equation F-7 

 

where: 

N2OEFFLUENT = N2O emissions from wastewater effluent discharged to aquatic 

environments (kg N2O/yr) 

NEFFLUENT = N in wastewater discharged to receiving stream, mg/L 

Flow = Effluent flow, MGD 

EF3 = Emission factor (0.005 kg N2O -N/kg sewage-N produced) 

44/28 = Molecular weight ratio of N2O to N2 

 

As presented in Table F-4, the annual emissions per system were then translated to 

emissions per m3 of wastewater treated, using the following calculation. 

N2O Effluent Emissions (kg N2O/m3 wastewater) = N2OEFFLUENT ÷ [10 MGD x 365 days/yr x  

0.00378541 m3/gal] 

Equation F-8 

 

Table F-4. Nitrous Oxide Emissions from Effluent Discharged to Receiving Waters 

System Configuration 

Level 

Effluent Total Nitrogen, 

mg/La 

N2O Effluent Emissions, 

kg N2O /yr 

N2O Effluent Emissions, 

kg N2O/m3 wastewater 

1 30 3.2E+3 2.3E-4 

2-1 8.0 8.7E+2 6.3E-5 

2-2 7.8 8.4E+2 6.1E-5 

3-1 6.0 6.5E+2 4.7E-5 

3-2 6.0 6.5E+2 4.7E-5 

4-1 3.0 3.2E+2 2.4E-5 

4-2 3.0 3.3E+2 2.4E-5 

5-1 0.78 69 5.0E-6 

5-2 1.9 1.7E+2 1.3E-5 

a – Effluent nitrogen is based on CAPDETWorks™ modeling and calculated as TKN + nitrate + nitrite. 
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F.1.5 Methane Emissions and Energy Recovery from Sludge Disposal in Landfills 

The methodology for calculating CH4 emissions associated with landfill disposal are 

based on the general presumption that the portion of the landfill receiving anaerobic digester 

sludge operates as a “bioreactor landfill” due to the high BOD and water loading. As such, the 

anaerobic digestion process will reach steady state quickly. In addition, the anaerobic conversion 

of BOD to CH4 will be very similar between anaerobic sludge digesters and anaerobic bioreactor 

landfills. As such, the ratio of CH4 evolution to BOD removal in an anaerobic digester will also 

be applicable to sewage sludge degradation in anaerobic landfills. ERG calculated an emission 

factor for landfill emissions based on the conversion of organic material to CH4, as seen in the 

anaerobic sludge digester. Using modeled outputs from Level 1, ERG calculated an emission 

factor of 0.61 kg CH4 emitted per kg BOD added using the following equation: 

CH4EF LANDFILL = Digester CH4 Generated × [(Digester BOD Inlet–Digester BOD Outlet) ×  

365.25 days/yr] 

Equation F-9 

where: 

CH4EF LANDFILL = CH4 emission factor for landfills receiving municipal sludge 

(kg CH4 /kg BOD removed) 

Digester CH4 Generated = CH4 emissions generated in anaerobic sludge digester for 

Level 1 system, kg CH4 /yr 

Digester BOD Inlet = BOD entering the digester, kg/day 

Digester BOD Outlet = BOD exiting the digester, kg/day 

 

CH4 emissions from domestic wastewater (wastewater treatment) were estimated based 

on the amount of BOD transferred to the landfill in digested sludge. 

CH4 LANDFILL = Sludge Volume × BOD × 3.785 L/gal × 365.25 days/yr × 1x10-6 kg/mg × CH4EF LANDFILL 

Equation F-10 

 

where: 

CH4 LANDFILL = CH4 emissions from landfilled sludge (kg CH4 /yr) 

Sludge Volume = Volume of sludge transferred to landfill, MGD 

BOD = BOD concentration in digested sludge, mg/L 

CH4EF LANDFILL = CH4 emission factor for landfills receiving municipal sludge (kg 

CH4 /kg BOD) 

 

As displayed in Table F-5, the annual emissions per system were then translated per m3 

of wastewater treated, using the following calculation. These values assume no capture of 

landfill gas. 
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CH4 Landfill Emissions (kg CH4 /m3 wastewater) = CH4 LANDFILL ÷ [10 MGD x 365 days/yr x 0.00378541 

m3/gal] 

Equation F-11 

 

Table F-5. Raw Methane Emissions from Sludge Disposal in Landfills 

System 

Configuration 

Level 

Sludge Volume, 

MGDa 

Sludge BOD, 

mg/La 

CH4 Landfill 

Emissions, kg CH4/yr 

Raw CH4 Landfill 

Emissions, kg CH4 /m3 

wastewater 

1 0.02 7.2E+3 1.2E+5 8.9E-3 

2-1 0.02 7.0E+3 1.0E+5 7.3E-3 

2-2 0.03 5.4E+3 1.4E+5 9.8E-3 

3-1 0.02 5.6E+3 9.7E+4 7.0E-3 

3-2 0.02 5.6E+3 9.7E+4 7.0E-3 

4-1 0.02 5.5E+3 9.7E+4 7.0E-3 

4-2 0.02 5.7E+3 1.0E+5 7.3E-3 

5-1 0.02 5.5E+3 9.7E+4 7.0E-3 

5-2 0.02 5.5E+3 9.4E+4 6.8E-3 

a – Sludge volume and sludge BOD is based on CAPDETWorks™ modeling. 

 

However, currently, about 71 percent of CH4 generated from municipal solid waste 

landfills is converted to CO2 before it is released to the environment. 10.6 percent is flared, 56.8 

percent is burned with energy recovery, and about 3.8 percent is oxidized as it travels through the 

landfill cover based on the Inventory of U.S. GHG emissions and sinks (U.S. EPA, 2015b). 

Overall, only approximately 29 percent of the total CH4 generated is released as methane without 

treatment. The net CH4 emissions from sludge in a landfill, calculated by applying the percentage 

of CH4 released without treatment to raw CH4 emissions reported in Table F-5, is provided in 

Table F-6. 

Table F-6. Methane Emissions from Sludge Disposal in Landfills after Treatment 

System 

Configuration Level 

Raw CH4 Landfill 

Emissions, kg CH4 /m3 

wastewatera 

% CH4 Released without 

Treatment 

kg CH4 Released without 

Treatment/m3 wastewater 

1 8.9E-3 29% 2.6E-3 

2-1 7.3E-3 29% 2.1E-3 

2-2 9.8E-3 29% 2.8E-3 

3-1 7.0E-3 29% 2.0E-3 

3-2 7.0E-3 29% 2.0E-3 

4-1 7.0E-3 29% 2.0E-3 

4-2 7.3E-3 29% 2.1E-3 

5-1 7.0E-3 29% 2.0E-3 

5-2 6.8E-3 29% 1.9E-3 

a – Derived from Table F-5 results. 

 

The U.S. EPA’s Landfill Methane Outreach Program Landfill Database indicates that the 

majority of landfill gas burned with energy recovery is used to produce electricity (U.S. EPA, 



Appendix F: Detailed Air Emissions Methodology 

EP-C-16-003; WA 2-37  F-8 

2016). The gross energy recovered from combustion of sludge landfill is converted to displaced 

quantities of grid electricity using an efficiency factor of 1 kWh generated per 11,700 Btu (or 

12.34 MJ) of landfill CH4 burned (U.S. EPA, 2014). Each system configuration is credited with 

avoiding the GWP associated with production of the offset quantity of grid electricity. The 

calculations to derive this offset or avoided electricity per system configuration level are shown 

in Table F-7. 

Table F-7. Electricity Generation from Landfill Methane Energy Recovery 

System 

Configuration 

Level 

Raw CH4 Landfill 

Emissions, kg 

CH4 /m3 

wastewater 

% CH4 

Burned with 

Energy 

Recovery 

kg CH4 Burned 

with Energy 

Recovery/m3 

wastewater 

Gross MJ from 

Landfill Gas 

Energy 

Recoverya/m3 

wastewater 

Net kWh from 

Landfill CH4 

Energy 

Recovery/m3 

wastewaterb 

1 8.9E-3 57% 5.0E-3 0.28 0.02 

2-1 7.3E-3 57% 4.1E-3 0.23 0.02 

2-2 9.8E-3 57% 5.6E-3 0.31 0.03 

3-1 7.0E-3 57% 4.0E-3 0.22 0.02 

3-2 7.0E-3 57% 4.0E-3 0.22 0.02 

4-1 7.0E-3 57% 4.0E-3 0.22 0.02 

4-2 7.3E-3 57% 4.1E-3 0.23 0.02 

5-1 7.0E-3 57% 4.0E-3 0.22 0.02 

5-2 6.8E-3 57% 3.8E-3 0.21 0.02 

a – HHV of methane = 11.47 MJ/kg 

b – Modeled as avoided electricity with a negative value in the LCA. 

 

F.2 Anaerobic Digester Biogas Flaring 

Biogas production for each treatment level is a calculated based on the output of the 

CAPDETWorks™ model. Emissions inventory information for biogas flaring is compiled from 

three resources with the maximum reported emission value for each compound being taken as 

the emission factor for this project. Table F-8 shows the data extracted from each study with the 

last column displaying the emission factor selected for inclusion in this study. All emission 

factors in the table are included as kg of compound emitted per cubic meter of biogas flared. 

Emission factors from Levis and Barlaz 2013 are presented in the original study per cubic meter 

of biogas CH4 content. 

Table F-8. Biogas Flaring Emission Factors (All values are kg/m3 Biogas Flared) 

Compound Levis & Barlaz a Alberta Environment b 

Environment 

Canada c 

This Study  

(Max Value) 

Nitrous Oxide 1.1E-5 3.5E-5 4.5E-4 4.5E-4 

PM-Total 6.0E-5 
 

8.5E-4 8.5E-4 

PM10 1.0E-5 
 

8.5E-4 8.5E-4 

PM‐2.5 4.7E-6 
 

8.5E-4 8.5E-4 

Nitrogen Oxides 0.01 
  

0.01 

NMVOCs 2.0E-5 
  

2.0E-5 
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Table F-8. Biogas Flaring Emission Factors (All values are kg/m3 Biogas Flared) 

Compound Levis & Barlaz a Alberta Environment b 

Environment 

Canada c 

This Study  

(Max Value) 

Sulfur Oxides 4.3E-4 
 

9.2E-5 4.3E-4 

Carbon Monoxide 6.2E-3 
 

5.6E-5 6.2E-3 

Ammonia 1.8E-5 
  

1.8E-5 

Hydrogen Sulfide 3.9E-6 
  

3.9E-6 

PAH 
  

8.7E-6 8.7E-6 

Sources: 

a – Levis, J.W., and Barlaz, M.A. 2013. Anaerobic Digestion Process Model Documentation. North Carolina State 

University. http://www4.ncsu.edu/~jwlevis/AD.pdf. Accessed 5 April, 2016 

b – Alberta Environment. 2007. Quantification Protocol for the Anaerobic Decomposition of Agricultural 

Materials Project: Excel Biogas Calculator. http://environment.gov.ab.ca/info/library/7917.pdf.  Accessed 5 

April, 2016. 

c – Environment Canada. 2005. Biogas Flare. https://www.ec.gc.ca/inrp-npri/14618D02-387B-469D-B1CD-

42BC61E51652/biogas_flare_e_04_02_2009.xls. Accessed 5 April, 2016 

http://www4.ncsu.edu/~jwlevis/AD.pdf
http://environment.gov.ab.ca/info/library/7917.pdf
https://www.ec.gc.ca/inrp-npri/14618D02-387B-469D-B1CD-42BC61E51652/biogas_flare_e_04_02_2009.xls
https://www.ec.gc.ca/inrp-npri/14618D02-387B-469D-B1CD-42BC61E51652/biogas_flare_e_04_02_2009.xls
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Appendix G: Example LCI Data Calculations 

CAPDETWorks™ design and costing software (Hydromantis, 2014) provides the main 

source of LCI data for treatment plant unit process construction and operation. The relevant 

elements of the CAPDETWorks™ model output were imported into an Excel document where 

supplemental calculations were performed to standardize flows to be on the basis of physical 

units per cubic meter of treated wastewater. Calculation procedures were similar regardless of 

treatment level. Output LCI associated with the Level 1 treatment system is included in Table 

G-1 to provide an example of the procedure applied to all treatment levels. Supplementary LCI 

calculations not associated with CAPDETWorks™ output (e.g., process-level air emissions) are 

described elsewhere in the report. 

.
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Table G-1. Example Standardization of CAPDETWorks™ Output to LCI per m3 of Treated Wastewater (Level 1) 

Unit 

CAPDETWorks™ Model Output   Calculated LCI Values 

Description Value Units  Calculated Flow Units Value Assumptions 

Grit Removal Energy cost 4,690  $/yr  Electricity kwh/m3 3.0E-3 $0.10/kWh 

Primary 

Clarifier 

Structural 40  years  Building m2/m3 3.4E-8 structural lifespan 40 years 

Area of pump building 201  sqft      
 

  

Electrical energy required 10,100  kWh/yr  Electricity, Total kwh/m3 8.4E-4   

Electrical energy required 1,510  kWh/yr      
 

  

Volume of earthwork required 129,000  cuft  Earthwork, Total m3/m3 2.7E-6 plant lifespan of 100 years 

Volume of earthwork required 1,610  cuft      
 

  

Volume of slab concrete required 10,700  cuft  Concrete, Total m3/m3 9.5E-7 structural lifespan 40 years 

Volume of wall concrete required 7,810  cuft      
 

  

Plug Flow 

Activated 

Sludge  

Electrical energy required 1,880,000  kWh/yr  Electricity, Total kwh/m3 0.14   

Electrical energy required 113,000  kWh/yr      
 

  

Volume of earthwork required 176,000  cuft  Earthwork, Total m3/m3 3.7E-6 plant lifespan of 100 years 

Volume of earthwork required 2,670  cuft      
 

  

Structural 40  years  Concrete m3/m3 5.9E-6  structural lifespan 40 years 

Volume of slab concrete required 75,900  cuft      
 

  

Volume of wall concrete required 38,200  cuft      
 

  

Handrail length 1,290 ft  Steel kg/m3 6.4E-6 lifespan of 40 years 

Area of pump building 334  sqft  Building m2/m3 5.6E-8 lifespan of 40 years 

Secondary 

Clarifier 

Electrical energy required 11,100  kWh/yr  Electricity, Total kwh/m3 1.0E-3   

Electrical energy required 6,500  kWh/yr      
 

  

Volume of earthwork required 216,000  cuft  Earthwork, Total m3/m3 4.5E-6 plant lifespan of 100 years 

Volume of earthwork required 1,630  cuft      
 

  

Structural 40  years  Concrete, Total m3/m3 1.4E-7 structural lifespan 40 years 

Volume of slab concrete required 17,000  cuft      
 

  

Volume of wall concrete required 9,830  cuft      
 

  

Area of pump building 204  sqft  Building m2/m3 3.4E-8 structural lifespan 40 years 
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Table G-1. Example Standardization of CAPDETWorks™ Output to LCI per m3 of Treated Wastewater (Level 1) 

Unit 

CAPDETWorks™ Model Output   Calculated LCI Values 

Description Value Units  Calculated Flow Units Value Assumptions 

Chlorination 

Average chlorine required 832 lb/d  Chlorine kg/m3 0.01 operates 365 days per year 

Electrical energy required 131,000 kWh/yr  Electricity kwh/m3 9.5E-3   

Volume of earthwork required 11,900 cuft  Earthwork m3/m3 2.4E-7 plant lifespan of 100 years 

Structural 40.0 years  Concrete, Total m3/m3 4.0E-7 structural lifespan 40 years 

Volume of slab concrete required 2,790 cuft      
 

  

Volume of wall concrete required 4,980 cuft      
 

  

Chlorination building area 220 sqft  Building m2/m3 3.4E-7 structural lifespan 40 years 

Area of chlorine storage building 1,820 sqft      
 

  

Dechlorination 

Sodium Bisulfite 40% Solution 3.75 mg/L  Sodium bisulfite kg/m3 3.8E-3   

Electrical energy required 131,000 kWh/yr  Electricity kwh/m3 9.5E-3   

Volume of earthwork required 1,980 cuft  Earthwork m3/m3 4.1E-8 plant lifespan of 100 years 

Structural 40.0 years  Concrete, Total m3/m3 1.4E-7 structural lifespan 40 years 

Volume of slab concrete required 464 cuft      
 

  

Volume of wall concrete required 2,330 cuft      
 

  

Dechlorination building area 220 sqft  Building m2/m3 1.5E-7 structural lifespan 40 years 

Area of sodium bisulfite 40% 

solution storage building 700 sqft 
 

    

 

  

Gravity 

Thickening 

Electrical energy required 10,300 kWh/yr  Electricity kwh/m3 7.5E-4   

Volume of earthwork required 14,400 cuft  Earthwork m3/m3 3.0E-7 plant lifespan of 100 years 

Structural 40.0 years  Concrete, Total m3/m3 1.6E-7 structural lifespan 40 years 

Volume of slab concrete required 1,260 cuft      
 

  

Volume of wall concrete required 1,860 cuft      
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Table G-1. Example Standardization of CAPDETWorks™ Output to LCI per m3 of Treated Wastewater (Level 1) 

Unit 

CAPDETWorks™ Model Output   Calculated LCI Values 

Description Value Units  Calculated Flow Units Value Assumptions 

Anaerobic 

Digester 

Gas produced 107 cuft/min  Biogas, production m3/m3 0.12 continuous production 

Electrical energy required 253,000 kWh/yr  Electricity kwh/m3 0.02   

Volume of earthwork required 196,000 cuft  Earthwork m3/m3 4.0E-6 plant lifespan of 100 years 

Structural 40.0 years  Concrete, Total m3/m3 1.8E-6 structural lifespan 40 years 

Volume of slab concrete required 6,860 cuft      
 

  

Volume of wall concrete required 27,300 cuft      
 

  

Length of total piping system 833 ft 
 

Steel kg/m3 

2.4E-5 8" steel pipe, 16.2 kg/ft, 

lifespan 40 years 

Surface area/floor of 2-story 

control bldg.. 1,180 sqft 
 

Building m2/m3 

2.0E-7 

  

Heat required 1,350,000 BTU/hr  Natural Gas m3/m3 0.02 38.4 MJ/m3 Gas HHV 

Centrifuge 

Polymer dosage 248  lb/d  Polymer kg/m3 2.1E-3 operates 5 days per week 

Electrical energy required 237,000  kWh/yr  Electricity kwh/m3 0.02   

Area of building 453  sqft  Building m2/m3 7.6E-8 structural lifespan 40 years 

Sludge 

Hauling 

& 

Landfill 

Volume of earthwork required 26,700  cuft  Earthwork m3/m3 5.5E-7 plant lifespan of 100 years 

Structural 40  years  Concrete m3/m3 5.7E-7 structural lifespan 40 years 

Volume of slab concrete required 11,100  cuft      
 

  

Sludge storage shed area 10,100  sqft  Building, Total m2/m3 3.4E-6 structural lifespan 40 years 

Surface area of canopy roof 10,100  sqft      
 

  

Sludge hauled 80,286  kg/day 
 

Truck Transport 

ton-

km/m3 

0.09 25 km haul distance, 365 

days per year 
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Appendix H: Summary LCI Result 

Table H-1. LCI for Level 1: Conventional Plug Flow Activated Sludge  

Wastewater Treatment Configuration (per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite 

(40%) 

Truck 

Transport 

Digester Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) Earthwork Concrete Building Steel 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 tkm/m3 b m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 

Screening and Grit Removal 

3.4E-3 
    

  
  

       

Primary Clarifier 8.6E-4 
    

    
   

2.7E-6 1.2E-6 3.4E-8 
 

Plug Flow Activated Sludge 
0.14 

    

    3.3E-4 4.8E-5 
 

3.7E-6 5.8E-6 5.6E-8 6.4E-6 

Secondary Clarifier 1.3E-3 
    

    
   

4.5E-6 1.9E-6 3.4E-8 
 

Chlorination 9.5E-3 
 

1.0E-2 
  

    
   

4.9E-7 7.0E-7 3.4E-7 
 

Dechlorination 9.5E-3 
   

3.8E-3     
   

8.1E-8 1.9E-7 1.5E-7 
 

Effluent Release a 
     

    
 

2.4E-4 
     

Gravity Thickener 7.5E-4 
    

    
   

3.0E-7 1.9E-7 
  

Anaerobic Digester 0.02 0.04 
   

  0.12 2.5E-3 
  

5.0E-6 2.0E-6 2.4E-7 2.6E-5 

Centrifuge 0.02 
  

2.1E-3 
 

    
     

8.4E-8 
 

Sludge Hauling and Landfill 

     

0.09   2.6E-3 
 

0.02 5.5E-7 5.7E-7 3.4E-6 
 

Totals 0.20 0.04 1.0E-2 2.1E-3 3.8E-3 0.09 0.12 5.4E-3 2.9E-4 0.02 1.7E-5 1.3E-5 4.4E-6 3.2E-5 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table F-8  

 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-2 

Table H-2. LCI for Level 2-1: Anaerobic/Anoxic/Oxic Wastewater  

Treatment Configuration(per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite 

(40%) 

Truck 

Transport 

Digester Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) Earthwork Concrete Building Steel 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 tkm/m3 b m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 

Screening and Grit Removal 3.4E-3 
             

Primary Clarifier 8.5E-4 
         

2.6E-6 1.1E-6 3.4E-8 
 

Biological Nutrient 

Removal–3-Stage 

0.43 
      

3.3E-3 2.1E-4 
 

9.5E-6 1.2E-5 1.2E-7 1.6E-5 

Secondary Clarifier 1.1E-3 
         

4.5E-6 1.9E-6 3.4E-8 
 

Chlorination 9.5E-3 
 

1.0E-2 
       

4.9E-7 7.0E-7 3.4E-7 
 

Dechlorination 9.5E-3 
   

3.8E-3 
     

8.1E-8 1.9E-7 1.5E-7 
 

Effluent Release a 
        

6.3E-5 
     

Gravity Thickener 7.1E-4 
         

2.6E-7 1.8E-7 
  

Anaerobic Digester 0.02 0.04 
    

0.10 2.1E-3 
  

5.0E-6 2.0E-6 2.4E-7 2.6E-5 

Centrifuge 0.01 
  

1.8E-3 
        

7.8E-8 
 

Sludge Hauling and Landfill 
     

0.07 
 

2.1E-3 
 

0.02 4.7E-7 4.9E-7 2.9E-6 
 

Totals 0.48 0.04 1.0E-2 1.8E-3 3.8E-3 0.07 0.10 7.5E-3 2.8E-4 0.02 2.3E-5 1.9E-5 3.9E-6 4.2E-5 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table F-8. 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-3 

Table H-3. LCI for Level 2-2: Activated Sludge, 3-Sludge System Wastewater Treatment Configuration 

(per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite 

(40%) 

Al 

Sulfate 

Calcium 

Carbonate Methanol 

Truck 

Transport 

Digester 

Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) Earthwork Concrete Building Steel 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 tkm/m3 b m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 

Screening and Grit 
Removal 

3.4E-3 
                

Primary Clarifier 8.8E-4 
            

2.7E-6 1.2E-6 3.4E-8 
 

Plug Flow Activated 

Sludge 

0.15 
         

3.3E-3 2.8E-5 
 

3.8E-6 6.1E-6 5.6E-8 6.6E-6 

Chemical Phosphorus 

Removal 

     
0.08 

           

Nitrification - 

Suspended Growth 

0.16 
     

0.21 
      

3.8E-6 6.1E-6 5.6E-8 6.6E-6 

Denitrification - 

Suspended Growth 

0.13 
      

0.05 
     

2.3E-6 1.8E-6 5.6E-8 
 

Secondary Clarifier 1.3E-3 
            

4.5E-6 1.9E-6 3.4E-8 
 

Tertiary Clarification 
(Nitrification) 

8.3E-4 
            

4.5E-6 1.9E-6 3.4E-8 
 

Tertiary Clarification 

(Denitrification) 

1.0E-3 
            

4.5E-6 1.9E-6 3.4E-8 
 

Chlorination 9.5E-3 
 

1.0E-2 
          

4.9E-7 7.0E-7 3.4E-7 
 

Dechlorination 9.5E-3 
   

3.8E-3 
        

8.1E-8 1.9E-7 1.5E-7 
 

Effluent Release a 
           

6.1E-5 
     

Gravity Thickener 8.2E-4 
            

3.8E-7 2.3E-7 
  

Anaerobic Digester 0.02 0.06 
       

0.13 2.8E-3 
  

6.6E-6 2.7E-6 3.0E-7 3.5E-5 

Centrifuge 0.02 
  

3.2E-3 
           

9.0E-8 
 

Sludge Hauling and 
Landfill 

        
0.13 

 
2.8E-3 

 
0.03 8.1E-7 8.4E-7 5.1E-6 

 

Totals 0.51 0.06 1.0E-2 3.2E-3 3.8E-3 0.08 0.21 0.05 0.13 0.13 8.9E-3 8.9E-5 0.03 3.4E-5 2.5E-5 6.3E-6 4.8E-5 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table F-8. 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-4 

Table H-4. LCI for Level 3-1: 5-Stage Bardenpho System Wastewater Treatment Configuration 

(per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite 

(40%) Al Sulfate 

Truck 

Transport 

Digester Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) Earthwork Concrete Building Steel Sand Gravel Anthracite 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 kg/m3 tkm/m3 b m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 kg/m3 kg/m3 kg/m3 

Screening and 

Grit Removal 
3.4E-3                  

Primary Clarifier 8.5E-4           2.6E-6 1.1E-6 3.4E-8     

Fermenter 8.8E-4           2.1E-7 1.4E-7      

Biological 

Nutrient 

Removal–5-Stage 

0.46        8.4E-3 5.7E-4  1.1E-5 1.4E-5 1.2E-7 1.9E-5    

Chemical 
Phosphorus 

Removal 

     4.2E-3             

Secondary 

Clarifier 
1.2E-3           4.5E-6 1.9E-6 3.4E-8     

Filtration–Sand 
Filter 

5.6E-3           2.7E-6 1.6E-6   1.1E-3 4.0E-4 2.7E-4 

Chlorination 9.5E-3  8.0E-3         4.9E-7 7.0E-7 2.7E-7     

Dechlorination 9.5E-3    3.8E-3       8.1E-8 1.9E-7 1.5E-7     

Effluent Release a          4.7E-5         

Gravity Thickener 7.1E-4           2.6E-7 1.8E-7      

Anaerobic 

Digester 
0.02 0.04      0.09 2.0E-3   5.0E-6 2.0E-6 2.4E-7 2.6E-5    

Centrifuge 0.01   1.8E-3          7.9E-8     

Sludge Hauling 

and Landfill 
      0.07  2.0E-3  0.02 4.7E-7 4.9E-7 2.9E-6     

Totals 0.52 0.04 8.0E-3 1.8E-3 3.8E-3 4.2E-3 0.07 0.09 0.01 6.2E-4 0.02 2.7E-5 2.2E-5 3.9E-6 4.5E-5 1.1E-3 4.0E-4 2.7E-4 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table F-8. 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-5 

Table H-5. LCI for Level 3-2: Modified University of Cape Town Process Wastewater Treatment Configuration 

(per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite 

(40%) 

Al 

Sulfate 

Truck 

Transport 

Digester 

Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) Earthwork Concrete Building Steel Sand Gravel Anthracite 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 kg/m3 tkm/m3 b m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 kg/m3 kg/m3 kg/m3 

Screening and 
Grit Removal 

3.4E-3 
          

- - - - 
   

Primary 

Clarifier 

8.5E-4 
          

2.6E-6 1.1E-6 3.4E-8 - 
   

Fermenter 8.8E-4 
          

2.1E-7 1.4E-7 - - 
   

Biological 

Nutrient 
Removal–4-

Stage 

0.51 
       

8.4E-3 2.2E-4 
 

1.1E-5 1.4E-5 1.1E-7 1.9E-5 
   

Chemical 

Phosphorus 
Removal 

     
4.2E-3 

     
- - - - 

   

Secondary 

Clarifier 

1.2E-3 
          

4.5E-6 1.9E-6 3.4E-8 - 
   

Filtration–Sand 

Filter 

5.6E-3 
          

2.7E-6 1.6E-6 - - 1.1E-3 4.0E-4 2.7E-4 

Chlorination 9.5E-3 
 

8.0E-3 
        

4.9E-7 7.0E-7 2.7E-7 - 
   

Effluent 

Release a 

         
4.7E-5 

        

Dechlorination 9.5E-3 
   

3.8E-3 
      

8.1E-8 1.9E-7 1.5E-7 - 
   

Gravity 

Thickener 

7.1E-4 
          

2.6E-7 1.8E-7 - - 
   

Anaerobic 
Digester 

0.02 0.04 
     

0.09 2.0E-3 
  

5.0E-6 2.0E-6 2.4E-7 2.6E-5 
   

Centrifuge 0.01 
  

1.8E-3 
       

- - 7.9E-8 - 
   

Sludge Hauling 

and Landfill 

      
0.07 

 
2.0E-3 

 
0.02 4.7E-7 4.9E-7 2.9E-6 - 

   

Totals 0.57 0.04 8.0E-3 1.8E-3 3.8E-3 4.2E-3 0.07 0.09 0.01 2.6E-4 0.02 2.7E-5 2.2E-5 3.9E-6 4.5E-5 1.1E-3 4.0E-4 2.7E-4 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table F-8. 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-6 

Table H-6. LCI for Level 4-1: 5-Stage Bardenpho System with Denitrification Filter Wastewater Treatment Configuration 

(per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electr-

icity 

Natu-ral 

Gas 

Chlorine 

Gas Polym-er 

Sodium 

Bisulfite 

(40%) 

Al Sulf-

ate 

Met-

hanol 

Truck 

Trans-port 

Digester Gas, 

Flared c 

CH4 Emiss-

ions 

N2O Emiss-

ions 

Elect-ricity 

(Avo-i-ded) Earth-work Concrete Building Steel Sand Gravel Anthracite 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 tkm/m3 b m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 kg/m3 kg/m3 kg/m3 

Screening and 

Grit Removal 

3.4E-3 
                  

Primary Clarifier 
8.5E-4 

           
2.6E-6 1.1E-6 3.4E-8 

    

Fermenter 8.8E-4 
           

2.1E-7 1.4E-7 - 
    

Biological 

Nutrient 

Removal–5-Stage 

0.46 
        

8.4E-3 5.7E-4 
 

1.1E-5 1.4E-5 1.2E-7 1.9E-5 
   

Chemical 

Phosphorus 

Removal 

     
4.2E-3 

             

Secondary 

Clarifier 

1.2E-3 
           

4.5E-6 1.9E-6 3.4E-8 
    

Denitrification - 

Attached Growth 

0.13 
     

0.02 
     

1.5E-6 1.1E-6 1.9E-7 
 

2.8E-4 1.2E-4 
 

Filtration–Sand 

Filter 

5.6E-3 
           

2.7E-6 1.6E-6 
  

1.1E-3 4.0E-4 2.7E-4 

Chlorination 9.5E-3 
 

8.0E-3 
         

4.9E-7 7.0E-7 2.7E-7 
    

Dechlorination 9.5E-3 
   

3.8E-3 
       

8.1E-8 1.9E-7 1.5E-7 
    

Effluent Release a 

          
2.3E-5 

        

Gravity 

Thickener 

7.1E-4 
           

2.6E-7 1.8E-7 
     

Anaerobic 

Digester 

0.02 0.04 
      

0.09 2.0E-3 
  

5.0E-6 2.0E-6 2.4E-7 2.6E-5 
   

Centrifuge 0.01 
  

1.8E-3 
          

7.9E-8 
    

Sludge Hauling 

and Landfill 

       
0.07 

 
2.0E-3 

 
0.02 4.7E-7 4.9E-7 2.9E-6 

    

Totals 0.65 0.04 8.0E-3 1.8E-3 3.8E-3 4.2E-3 0.02 0.07 0.09 0.01 6.0E-4 0.02 2.9E-5 2.3E-5 4.1E-6 4.5E-5 1.4E-3 5.3E-4 2.7E-4 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table C-8. 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-7 

Table H-7. LCI for Level 4-2: 4-Stage Bardenpho Membrane Bioreactor System Wastewater Treatment Configuration 

(per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite 

(40%) 

Al 

Sulfate 

Truck 

Transport 

Digester 

Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) Earthwork Concrete Building Steel 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 kg/m3 tkm/m3 b m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 

Screening and Grit 
Removal 

3.4E-3 
          

- - - - 

Primary Clarifier 8.5E-4 
          

2.6E-6 1.1E-6 3.4E-8 - 

Biological Nutrient 
Removal–4-Stage 

0.35 
       

8.4E-3 5.6E-4 
 

5.5E-6 7.8E-6 1.2E-7 9.4E-6 

Chemical Phosphorus 

Removal 

     
2.2E-3 

     
- - - - 

Membrane Filter 0.23 
          

1.5E-6 3.1E-6 8.2E-8 5.4E-6 

Chlorination 9.5E-3 
 

8.0E-3 
        

4.9E-7 7.0E-7 2.7E-7 - 

Dechlorination 9.5E-3 
   

3.8E-3 
      

8.1E-8 1.9E-7 1.5E-7 - 

Effluent Release a 
         

2.4E-5 
 

- - - - 

Gravity Thickener 7.0E-4 
          

2.6E-7 1.8E-7 - - 

Anaerobic Digester 0.02 0.03 
     

0.09 2.0E-3 
  

4.5E-6 1.9E-6 2.2E-7 2.5E-5 

Centrifuge 0.01 
  

1.8E-3 
       

- - 7.8E-8 - 

Sludge Hauling and 
Landfill 

      
0.07 

 
2.1E-3 

 
0.02 4.6E-7 4.8E-7 2.9E-6 - 

Totals 0.64 0.03 8.0E-3 1.8E-3 3.8E-3 2.2E-3 0.07 0.09 0.01 5.9E-4 0.02 1.5E-5 1.5E-5 3.8E-6 4.0E-5 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table C-8. 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-8 

Table H-8. Operational LCI for Level 5-1: 5-Stage Bardenpho with Sidestream Reverse Osmosis Wastewater Treatment Configuration 

(per m3 wastewater treated) 

Unit: 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite 

(40%/12.5

%) 

Al 

Sulfate Methanol Antiscalant 

Brine 

Injection 

(Water 

Loss) 

Truck 

Transport 

Citric 

Acid 

Sodium 

Hypochlorite 

Sulfuric 

Acid 

Sodium 

Hydroxide 

Digester 

Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 m3/m3 tkm/m3 b kg/m3 kg/m3 kg/m3 kg/m3 m3/m3 kg/m3 kg/m3 kWh/m3 

Screening and Grit 

Removal 
3.4E-3                  

Primary Clarifier 8.5E-4                  

Fermenter 8.8E-4                  

Biological 

Nutrient Removal 

– 5-Stage 

0.46               8.4E-3 5.7E-4  

Chemical 

Phosphorus 

Removal 

     4.2E-3             

Secondary 

Clarifier 
1.2E-3                  

Denitrification – 

Attached Growth 
0.01      2.3E-3            

Filtration – Sand 

Filter 
5.9E-4                  

Chlorination 9.1E-3  4.9E-3                

Dechlorination 9.1E-3    7.5E-3              

Ultrafiltration 0.17    4.0E-4      1.6E-3 9.9E-4 1.2E-3 3.9E-3     

Reverse Osmosis 0.46       2.7E-3   9.5E-4        

Effluent Release a                 5.0E-6  

Gravity Thickener 7.1E-4                  

Anaerobic 

Digester 
0.02 0.04             0.09 2.0E-3   

Centrifuge 0.01   1.8E-3               

Sludge Hauling 

and Landfill 
         0.07      2.0E-3  0.02 

Underground 

Injection of Brine 
0.33        0.18 2.7E-5         

Totals 1.5 0.04 4.9E-3 1.8E-3 7.9E-3 4.2E-3 2.3E-3 2.7E-3 0.18 0.07 2.5E-3 9.9E-4 1.2E-3 3.9E-3 0.09 0.01 5.8E-4 0.02 

a – All effluent release emissions are presented in Table 1-4. 

b – tkm is an abbreviation for ton-kilometers. 

c – Biogas flaring emissions are presented in Table C-8. 

 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-9 

Table H-9. Infrastructure LCI for Level 5-1: 5-Stage Bardenpho with Sidestream Reverse Osmosis Wastewater Treatment Configuration 

(per m3 wastewater treated) 

Unit: 

Earthwork Concrete Building Steel Sand Gravel Anthracite 

m3/m3 m3/m3 m2/m3 kg/m3 kg/m3 kg/m3 kg/m3 

Screening and Grit Removal 
       

Primary Clarifier 2.6E-6 1.1E-6 3.4E-8 
    

Fermenter 2.1E-7 1.4E-7 
     

Biological Nutrient Removal – 5-Stage 1.1E-5 1.4E-5 1.2E-7 1.9E-5 
   

Chemical Phosphorus Removal 
       

Secondary Clarifier 4.5E-6 1.9E-6 3.4E-8 
    

Denitrification – Attached Growth 3.2E-7 4.1E-7 8.5E-8 
 

2.8E-5 1.2E-5 
 

Filtration – Sand Filter 3.9E-7 2.2E-7 
  

1.1E-4 4.0E-5 2.7E-5 

Chlorination 4.0E-7 5.9E-7 2.0E-7 
    

Dechlorination 6.7E-8 1.8E-7 2.3E-7 
    

Ultrafiltration 2.6E-6 - 2.7E-6 
    

Reverse Osmosis 1.6E-6 - 1.7E-6 
    

Gravity Thickener 2.6E-7 1.8E-7 
     

Anaerobic Digester 5.0E-6 2.0E-6 2.4E-7 2.6E-5 
   

Centrifuge 
  

7.9E-8 
    

Sludge Hauling and Landfill 4.7E-7 4.9E-7 2.9E-6 
    

Underground Injection of Brine 
  

2.8E-8 2.7E-5 
   

Totals 2.9E-5 2.1E-5 8.4E-6 7.2E-5 1.4E-4 5.3E-5 2.7E-5 

 

  



Appendix H: Summary LCI Result 

EP-C-16-003; WA 2-37  H-10 

Table H-10. LCI for Level 5-2: 5-Stage Bardenpho Membrane Bioreactor  

with Sidestream Reverse Osmosis Wastewater Treatment Configuration  

(per m3 wastewater treated) 

Unit: 

Operation Infrastructure 

Electricity 

Natural 

Gas 

Chlorine 

Gas Polymer 

Sodium 

Bisulfite (40%) 

Al 

Sulfate Antiscalant 

Brine 

Injection 

(Water Loss) 

Truck 

Transport 

Citric 

Acid 

Digester Gas, 

Flared c 

CH4 

Emissions 

N2O 

Emissions 

Electricity 

(Avoided) Earthwork Concrete Building Steel 

kWh/m3 m3/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 m3/m3 tkm/m3 b kg/m3 m3/m3 kg/m3 kg/m3 kWh/m3 m3/m3 m3/m3 m2/m3 kg/m3 

Screening and Grit Removal 3.4E-3 
                 

Primary Clarifier 8.5E-4 
             

2.6E-6 1.1E-6 3.4E-8 
 

Fermenter 8.8E-4 
             

2.1E-7 1.4E-7 
  

Biological Nutrient Removal 

– 5-Stage 

0.39 
          

8.4E-3 5.7E-4 
 

5.3E-6 7.6E-6 1.2E-7 9.1E-6 

Chemical Phosphorus 

Removal 

     
2.1E-3 

            

Membrane Filter 0.23 
             

1.5E-6 3.1E-6 8.3E-8 5.4E-6 

Chlorination 9.1E-3 
 

5.0E-3 
           

4.8E-7 6.9E-7 2.0E-7 
 

Dechlorination 9.1E-3 
   

7.5E-3 
         

8.0E-8 1.9E-7 2.3E-7 
 

Reverse Osmosis 0.44 
     

2.5E-3 
  

8.9E-4 
    

1.6E-6 - 1.7E-6 
 

Effluent Release a 
            

1.3E-5 
     

Gravity Thickener 7.0E-4 
             

2.1E-7 1.5E-7 
  

Anaerobic Digester 0.02 0.03 
        

0.09 1.9E-3 
  

4.0E-6 1.8E-6 2.0E-7 2.4E-5 

Centrifuge 0.01 
  

1.7E-3 
            

7.7E-8 
 

Sludge Hauling and Landfill 

        
0.07 

  
2.0E-3 

 
0.02 4.5E-7 4.7E-7 2.8E-6 

 

Underground Injection of 

Brine 

0.33 
      

0.17 2.7E-5 
       

2.8E-8 2.7E-5 

Totals 1.4 0.03 5.0E-3 1.7E-3 7.5E-3 2.1E-3 2.5E-3 0.17 0.07 8.9E-4 0.09 0.01 5.8E-4 0.02 1.6E-5 1.5E-5 5.4E-6 6.6E-5 
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Table H-11. Sludge Quantity Produced by Wastewater Treatment Configuration 

Wastewater Treatment 

Configuration kg Sludge/m3 Wastewater Treateda % Change to Level 1, AS 

Level 1, AS 0.26 - 

Level 2-1, A2O 0.22 -15% 

Level 2-2, AS3 0.38 48% 

Level 3-1, B5 0.22 3% 

Level 3-2, MUCT 0.22 3% 

Level 4-1, B5/Denit 0.22 4% 

Level 4-2, MBR 0.22 4% 

Level 5-1, B5/RO 0.22 4% 

Level 5-2, MBR/RO 0.21 0% 

a 21 percent moisture 
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Appendix I: Cost Results by Unit Process 

This Appendix provides cost results by unit process using the 3% interest and discount 

rates. Table I-1 and Table I-2 display the detailed results for the total construction costs and total 

annual costs by unit process. Table I-3 through Table I-7 display the detailed results by total 

annual cost component (e.g., operational labor, maintenance labor) by unit process. Net present 

value was not calculated by unit process. 
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Table I-1. Total Construction Costs by Detailed Unit Process (2014 $) 

Process 

Level 1, 

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal $1,890,000 $1,890,000 $1,900,000 $1,890,000 $1,890,000 $1,888,000 $1,890,000 $1,888,000 $1,890,000 

Primary clarifier $1,260,000 $1,230,000 $1,260,000 $1,230,000 $1,230,000 $1,230,000 $1,230,000 $1,230,000 $1,230,000 

Activated Sludge $5,100,000   $5,260,000             

Biological nutrient removal-3-stage   $12,500,000               

Biological nutrient removal-4-stage         $14,800,000   $7,580,000     

Biological nutrient removal-5-stage       $13,800,000   $13,800,000   $13,800,000 $8,550,000 

Blower System $715,000 $770,000 $1,150,000 $787,000 $787,000 $787,000 $2,490,000 $787,000 $2,520,000 

Secondary Clarifier $1,880,000 $1,880,000 $1,890,000 $1,880,000 $1,880,000 $1,880,000   $1,880,000   

Membrane Filter             $13,300,000   $13,300,000 

Nitrification, suspended growth     $5,330,000             

Tertiary clarification, nitrification     $1,860,000             

Denitrification, suspended growth     $1,830,000             

Tertiary clarification, 

denitrification     $1,880,000             

Fermenter       $788,000 $788,000 $788,000   $788,000 $788,000 

Chemical Phosphorus Removal     $0 $0 $0 $0 $0 $0 $0 

Alum Feed System     $302,000 $214,000 $214,000 $214,000 $214,000 $214,000 $214,000 

Denitrification, attached growth           $2,580,000   $560,000   

Sand Filter       $3,810,000 $3,810,000 $3,810,000   $1,100,000   

Ultrafiltration               $11,430,000   

Reverse Osmosis               $12,990,000 $12,340,000 

Chlorination $977,000 $977,000 $977,000 $954,000 $954,000 $954,000 $955,000 $795,000 $860,000 

$0Dechlorination $213,000 $213,000 $213,000 $213,000 $213,000 $213,000 $213,000 $224,000 $235,000 

Effluent Release $0 $0 $0 $0 $0 $0 $0 $0 $0 

Gravity Thickener $1,090,000 $1,010,000 $1,240,000 $1,010,000 $1,010,000 $1,010,000 $1,010,000 $1,010,000 $901,000 

Anaerobic Digester $5,440,000 $5,320,000 $7,450,000 $5,320,000 $5,320,000 $5,320,000 $4,570,000 $5,320,000 $4,830,000 

Centrifuge $2,720,000 $2,370,000 $3,760,000 $2,380,000 $2,380,000 $2,380,000 $2,350,000 $2,390,000 $2,320,000 

Sludge Hauling and Landfill $988,000 $649,000 $1,320,000 $651,000 $651,000 $651,000 $644,000 $651,000 $639,000 

Brine Injection Well               $7,790,000 $7,790,000 

Other Costs $33,000,000 $42,600,000 $55,500,000 $51,500,000 $53,000,000 $55,300,000 $53,700,000 $95,400,000 $86,000,000 

Total $55,300,000 $71,400,000 $93,100,000 $86,400,000 $88,900,000 $92,800,000 $90,100,000 $160,000,000 $144,000,000 
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Table I-2. Total Annual Costs by Detailed Unit Process (2014 $) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal $170,000 $170,000 $174,000 $170,000 $171,000 $172,000 $171,000 $171,000 $171,000 

Primary clarifier $117,000 $117,000 $120,000 $120,000 $117,000 $118,000 $118,000 $118,000 $118,000 

Activated Sludge $518,000   $532,000             

Biological nutrient removal-3-stage   $1,300,000               

Biological nutrient removal-4-stage         $1,540,000   $1,120,000     

Biological nutrient removal-5-stage       $1,380,000   $1,380,000   $1,380,000 $1,140,000 

Blower System $0 $0 $0 $0 $0 $0 $0 $0 $0 

Secondary Clarifier $157,000 $156,000 $160,000 $157,000 $157,000 $158,000   $158,000   

Membrane Filter             $1,230,000   $1,230,000 

Nitrification, suspended growth     $554,000             

Tertiary clarification, nitrification     $148,000             

Denitrification, suspended growth     $1,370,000             

Tertiary clarification, 

denitrification     $155,000             

Fermenter       $72,000 $72,100 $72,800   $72,500 $72,400 

Chemical Phosphorus Removal     $1,210,000 $61,500 $61,500 $61,500 $31,000 $61,500 $61,300 

Alum Feed System     $124,000 $37,300 $37,300 $37,300 $35,200 $37,300 $37,300 

Denitrification, attached growth           $1,030,000   $372,000   

Sand Filter       $128,000 $128,000 $129,000   $47,400   

Ultrafiltration               $487,000   

Reverse Osmosis               $1,200,000 $1,140,000 

Chlorination $313,000 $313,000 $313,000 $266,000 $267,000 $267,000 $267,000 $189,000 $193,000 

Dechlorination $121,000 $122,000 $122,000 $122,000 $122,000 $122,000 $122,000 $171,000 $173,000 

Effluent Release $0 $0 $0 $0 $0 $0 $0 $0 $0 

Gravity Thickener $75,000 $67,000 $92,800 $66,000 $66,600 $67,200 $66,800 $66,900 $64,900 

Anaerobic Digester $591,000 $526,000 $804,000 $523,000 $523,000 $525,000 $510,000 $524,000 $489,000 

Centrifuge $797,000 $717,000 $1,060,000 $720,000 $720,000 $721,000 $711,000 $720,000 $704,000 

Sludge Hauling and Landfill $1,990,000 $1,680,000 $2,910,000 $1,690,000 $1,690,000 $1,680,000 $1,660,000 $1,690,000 $1,640,000 

Brine Injection Well               $479,000 $479,000 

Other Costs $288,000 $288,000 $290,000 $288,000 $288,000 $288,000 $288,000 $361,000 $360,000 

Total $5,140,000 $5,470,000 $10,150,000 $5,800,000 $5,960,000 $6,840,000 $6,330,000 $8,320,000 $8,080,000 

 

  



Appendix I: Cost Results by Unit Process 

EP-C-16-003; WA 2-37  I-4 

Table I-3. Total Operational Labor Costs by Detailed Unit Process (2014 $) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal $100,000 $100,000 $101,000 $100,000 $100,000 $100,000 $99,800 $100,000 $99,800 

Primary clarifier $68,900 $68,700 $69,500 $68,700 $68,700 $68,700 $68,600 $68,700 $68,600 

Activated Sludge $148,000   $149,000             

Biological nutrient removal-3-stage   $316,000               

Biological nutrient removal-4-stage         $348,000   $276,000     

Biological nutrient removal-5-stage       $320,000   $320,000   $320,000 $288,000 

Blower System $0 $0 $0 $0 $0 $0 $0 $0 $0 

Secondary Clarifier $90,800 $89,800 $91,400 $90,300 $90,300 $90,300   $90,300   

Membrane Filter             $440,000   $440,000 

Nitrification, suspended growth     $154,000             

Tertiary clarification, nitrification     $84,900             

Denitrification, suspended growth     $129,000             

Tertiary clarification, 

denitrification     $88,500             

Fermenter       $38,600 $38,600 $38,600   $38,600 $38,400 

Chemical Phosphorus Removal     $0 $0 $0 $0 $0 $0 $0 

Alum Feed System     $118,000 $33,000 $33,000 $33,000 $30,900 $33,000 $33,000 

Denitrification, attached growth           $554,000   $221,000   

Sand Filter       $15,400 $15,400 $15,400   $4,140   

Ultrafiltration               $18,800   

Reverse Osmosis               $18,800 $18,800 

Chlorination $74,400 $74,400 $74,400 $66,100 $66,100 $66,100 $66,100 $51,000 $51,400 

Dechlorination $44,200 $44,200 $44,100 $44,200 $44,200 $44,200 $44,200 $57,400 $57,800 

Effluent Release $0 $0 $0 $0 $0 $0 $0 $0 $0 

Gravity Thickener $40,000 $34,900 $50,300 $34,700 $34,700 $34,700 $34,600 $34,700 $34,000 

Anaerobic Digester $134,000 $115,000 $171,000 $114,000 $114,000 $114,000 $113,000 $114,000 $111,000 

Centrifuge $570,000 $521,000 $730,000 $523,000 $523,000 $523,000 $517,000 $523,000 $512,000 

Sludge Hauling and Landfill $204,000 $173,000 $302,000 $174,000 $174,000 $173,000 $171,000 $174,000 $168,000 

Brine Injection Well               $9,400 $9,400 

Other Costs $288,000 $288,000 $288,000 $288,000 $288,000 $288,000 $288,000 $361,000 $357,000 

Total $1,760,000 $1,830,000 $2,650,000 $1,910,000 $1,940,000 $2,460,000 $2,150,000 $2,240,000 $2,290,000 
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Table I-4. Total Maintenance Labor Costs by Detailed Unit Process (2014 $) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal $41,700 $42,200 $44,100 $42,400 $42,500 $43,800 $43,300 $43,200 $43,400 

Primary clarifier $34,500 $34,900 $36,500 $35,100 $35,200 $36,200 $35,800 $35,700 $36,000 

Activated Sludge $74,100   $78,900             

Biological nutrient removal-3-stage   $168,000               

Biological nutrient removal-4-stage         $191,000   $149,000     

Biological nutrient removal-5-stage       $171,000   $176,000   $174,000 $158,000 

Blower System $0 $0 $0 $0 $0 $0 $0 $0 $0 

Secondary Clarifier $45,500 $45,600 $48,000 $46,100 $46,200 $47,700   $47,000   

Membrane Filter             $239,000   $241,000 

Nitrification, suspended growth     $81,300             

Tertiary clarification, nitrification     $43,300             

Denitrification, suspended growth     $70,200             

Tertiary clarification, 

denitrification     $46,100             

Fermenter     $24,300 $24,400 $25,100   $24,800 $24,900 

Chemical Phosphorus Removal   $0 $0 $0 $0 $0 $0 $0 

Alum Feed System   $0 $0 $0 $0 $0 $0 $0 

Denitrification, attached growth         $216,000   $120,000   

Sand Filter     $9,090 $9,110 $9,390   $2,410   

Ultrafiltration             $18,800   

Reverse Osmosis             $18,800 $18,800 

Chlorination $15,600 $15,800 $16,300 $12,800 $12,900 $13,200 $13,100 $8,140 $8,310 

Dechlorination $6,020 $6,120 $6,310 $12,800 $6,160 $13,200 $6,290 $10,100 $10,300 

Effluent Release $0 $0 $0 $0 $0 $0 $0 $0 $0 

Gravity Thickener $22,900 $20,700 $29,000 $20,700 $20,800 $21,400 $21,100 $21,100 $20,900 

Anaerobic Digester $72,100 $63,600 $96,100 $63,500 $63,600 $65,500 $64,500 $64,700 $63,300 

Centrifuge $31,800 $29,800 $44,400 $30,100 $30,200 $31,000 $30,500 $30,600 $30,300 

Sludge Hauling and Landfill $0 $0 $0 $0 $0 $0 $0 $0 $0 

Brine Injection Well               $9,400 $9,400 

Other Costs $0 $0 $0 $0 $0 $0 $0 $0 $0 

Total $344,000 $427,000 $641,000 $461,000 $482,000 $692,000 $603,000 $629,000 $665,000 
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Table I-5. Total Material Costs by Detailed Unit Process (2014 $) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal $23,600 $23,600 $23,700 $23,600 $23,600 $23,600 $23,600 $23,600 $23,600 

Primary clarifier $12,500 $12,200 $12,500 $12,200 $12,200 $12,200 $12,200 $12,200 $12,200 

Activated Sludge $97,400   $100,000             

Biological nutrient removal-3-stage   $228,000               

Biological nutrient removal-4-stage         $259,000   $132,000     

Biological nutrient removal-5-stage       $253,000   $253,000   $253,000 $152,000 

Blower System $0 $0 $0 $0 $0 $0 $0 $0 $0 

Secondary Clarifier $18,700 $18,700 $18,700 $18,700 $18,700 $18,700   $18,700   

Membrane Filter             $130,000   $130,000 

Nitrification, suspended growth     $102,000             

Tertiary clarification, nitrification     $18,500             

Denitrification, suspended growth     $6,830             

Tertiary clarification, 

denitrification     $18,600             

Fermenter       $7,880 $7,880 $7,880   $7,875 $7,875 

Chemical Phosphorus Removal     $0 $0 $0 $0 $0 $0 $0 

Alum Feed System     $6,040 $4,280 $4,280 $4,280 $4,280 $4,280 $4,280 

Denitrification, attached growth           $14,200   $3,270   

Sand Filter       $96,200 $96,200 $96,200   $40,000   

Ultrafiltration               $124,000   

Reverse Osmosis               $162,000 $153,000 

Chlorination $30,600 $30,600 $30,600 $31,400 $31,400 $31,400 $31,400 $29,300 $31,600 

Dechlorination $20,200 $20,200 $20,200 $20,200 $20,200 $20,200 $20,200 $20,600 $20,900 

Effluent Release $0 $0 $0 $0 $0 $0 $0 $0 $0 

Gravity Thickener $10,900 $10,100 $12,400 $10,100 $10,100 $10,100 $10,100 $10,100 $9,010 

Anaerobic Digester $42,400 $40,800 $59,400 $40,800 $40,800 $40,800 $39,100 $40,800 $37,400 

Centrifuge $86,400 $73,500 $128,000 $73,800 $73,800 $73,800 $72,300 $73,800 $71,400 

Sludge Hauling and Landfill $1,790,000 $1,510,000 $2,610,000 $1,520,000 $1,520,000 $1,510,000 $1,490,000 $1,520,000 $1,470,000 

Brine Injection Well               $2,900 $2,900 

Other Costs $0 $0 $0 $0 $0 $0 $0 $0 $0 

Total $2,130,000 $1,970,000 $3,170,000 $2,110,000 $2,120,000 $2,120,000 $1,970,000 $2,350,000 $2,130,000 
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Table I-6. Total Chemical Costs by Detailed Unit Process (2014 $) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal $0 $0 $0 $0 $0 $0 $0 $0 $0 

Primary clarifier $0 $0 $0 $0 $0 $0 $0 $0 $0 

Activated Sludge $0   $0             

Biological nutrient removal-3-stage   $0               

Biological nutrient removal-4-stage         $0   $77,300     

Biological nutrient removal-5-stage       $0   $0   $0 $0 

Blower System $0 $0 $0 $0 $0 $0 $0 $0 $0 

Secondary Clarifier $0 $0 $0 $0 $0 $0   $0   

Membrane Filter             $103,000   $103,000 

Nitrification, suspended growth     $0             

Tertiary clarification, nitrification     $0             

Denitrification, suspended growth     $991,000             

Tertiary clarification, 

denitrification     $0             

Fermenter       $0 $0 $0   $0 $0 

Chemical Phosphorus Removal     $1,210,000 $61,500 $61,500 $61,500 $31,000 $61,500 $61,300 

Alum Feed System     $0 $0 $0 $0 $0 $0 $0 

Denitrification, attached growth           $74,300   $7,430   

Sand Filter       $0 $0 $0   $0   

Ultrafiltration               $91,400   

Reverse Osmosis               $361,000 $341,000 

Chlorination $179,000 $179,000 $179,000 $143,000 $143,000 $143,000 $143,000 $88,200 $89,300 

Dechlorination $50,400 $50,400 $50,400 $50,400 $50,400 $50,400 $50,400 $82,500 $83,500 

Effluent Release $0 $0 $0 $0 $0 $0 $0 $0 $0 

Gravity Thickener $0 $0 $0 $0 $0 $0 $0 $0 $0 

Anaerobic Digester $0 $0 $0 $0 $0 $0 $0 $0 $0 

Centrifuge $84,700 $71,800 $126,000 $72,100 $72,100 $72,100 $70,700 $72,200 $69,800 

Sludge Hauling and Landfill $0 $0 $0 $0 $0 $0 $0 $0 $0 

Brine Injection Well               $0 $0 

Other Costs $0 $0 $0 $0 $0 $0 $0 $0 $0 

Total $314,000 $301,000 $2,560,000 $327,000 $327,000 $401,000 $475,000 $764,000 $748,000 
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Table I-7. Total Energy Costs by Detailed Unit Process (2014 $) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal $4,700 $4,680 $4,720 $4,690 $4,690 $4,690 $4,680 $4,690 $4,680 

Primary clarifier $1,190 $1,180 $1,210 $1,180 $1,180 $1,180 $1,180 $1,180 $1,180 

Activated Sludge $198,000   $204,000             

Biological nutrient removal-3-stage   $592,000               

Biological nutrient removal-4-stage         $737,000   $483,000     

Biological nutrient removal-5-stage       $635,000   $635,000   $635,000 $541,000 

Blower System $0 $0 $0 $0 $0 $0 $0 $0 $0 

Secondary Clarifier $1,760 $1,590 $1,820 $1,660 $1,660 $1,660   $1,660   

Membrane Filter             $319,000   $320,000 

Nitrification, suspended growth     $217,000             

Tertiary clarification, nitrification     $1,140             

Denitrification, suspended growth     $175,000             

Tertiary clarification, 

denitrification     $1,400             

Fermenter       $1,220 $1,220 $1,220   $1,223 $1,220 

Chemical Phosphorus Removal     $0 $0 $0 $0 $0 $0 $0 

Alum Feed System     $0 $0 $0 $0 $0 $0 $0 

Denitrification, attached growth           $174,000   $20,400   

Sand Filter       $7,690 $7,690 $7,690   $820   

Ultrafiltration               $234,000   

Reverse Osmosis               $641,000 $606,000 

Chlorination $13,100 $13,100 $13,100 $13,100 $13,100 $13,100 $13,100 $12,600 $12,600 

Dechlorination $650 $650 $650 $650 $650 $650 $650 $650 $650 

Effluent Release $0 $0 $0 $0 $0 $0 $0 $0 $0 

Gravity Thickener $1,030 $977 $1,130 $975 $975 $975 $972 $975 $965 

Anaerobic Digester $342,320 $306,861 $477,457 $304,875 $304,875 $304,875 $293,400 $304,875 $277,773 

Centrifuge $24,000 $20,500 $34,500 $20,600 $20,600 $20,600 $20,300 $20,600 $20,000 

Sludge Hauling and Landfill $0 $0 $0 $0 $0 $0 $0 $0 $0 

Brine Injection Well               $457,000 $457,000 

Other Costs $0 $0 $0 $0 $0 $0 $0 $0 $0 

Total $587,000 $942,000 $1,130,000 $992,000 $1,090,000 $1,170,000 $1,140,000 $2,340,000 $2,240,000 
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Appendix J: LCIA Results by Unit Process 

This Appendix provides LCIA results by unit process. Table J-1 through Table J-12 

display the detailed results for the twelve impact categories by unit process on the basis of a 

cubic meter of wastewater treated. 
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Table J-1. Eutrophication Potential Results by Detailed Unit Process (kg N eq/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 1.2E-5 1.2E-5 1.2E-5 1.2E-5 1.2E-5 1.2E-5 1.2E-5 1.2E-5 1.2E-5 

Primary clarifier 3.4E-6 3.4E-6 3.5E-6 3.4E-6 3.4E-6 3.3E-6 3.3E-6 3.4E-6 3.3E-6 

Activated sludge 5.0E-4   5.1E-4             

Secondary clarifier 5.1E-6 4.6E-6 5.2E-6 4.8E-6 4.8E-6 4.8E-6   4.8E-6   

Biological nutrient removal-3-stage   1.5E-3               

Biological nutrient removal-4-stage         1.8E-3   1.2E-3     

Biological nutrient removal-5-stage       1.6E-3   1.6E-3   1.6E-3 1.4E-3 

Filtration       2.2E-5 2.2E-5 2.2E-5   2.3E-6   

Tertiary clarification, 

denitrification     4.2E-6             

Tertiary clarification, nitrification     3.5E-6             

Chlorination 1.1E-4 1.0E-4 1.0E-4 9.0E-5 9.0E-5 9.0E-5 9.0E-5 6.7E-5 6.7E-5 

Dechlorination 4.3E-5 4.3E-5 4.3E-5 4.3E-5 4.3E-5 4.3E-5 4.3E-5 5.1E-5 5.1E-5 

Reverse osmosis               1.7E-3 1.6E-3 

Denitrification, attached growth           4.5E-4   5.3E-5   

Denitrification, suspended growth     4.8E-4             

Nitrification, suspended growth     5.5E-4             

Ultrafiltration               6.7E-4   

Chemical phosphorus removal     2.5E-4 1.3E-5 1.3E-5 1.3E-5 6.4E-6 1.3E-5 6.3E-6 

Membrane filter             8.3E-4   8.3E-4 

Centrifuge 8.6E-5 7.3E-5 1.3E-4 7.4E-5 7.4E-5 7.4E-5 7.2E-5 7.4E-5 7.1E-5 

Sludge hauling and landfill 1.7E-3 1.5E-3 2.6E-3 1.5E-3 1.5E-3 1.5E-3 1.4E-3 1.5E-3 1.4E-3 

Anaerobic digester 1.4E-4 1.2E-4 1.7E-4 1.2E-4 1.2E-4 1.2E-4 1.2E-4 1.2E-4 1.1E-4 

Fermentation       3.1E-6 3.1E-6 3.1E-6   3.1E-6 3.1E-6 

Gravity thickener 2.6E-6 2.5E-6 2.9E-6 2.5E-6 2.5E-6 2.5E-6 2.5E-6 2.5E-6 2.5E-6 

Effluent release 0.06 6.5E-3 0.01 3.3E-3 3.3E-3 2.2E-3 3.0E-3 5.9E-4 8.5E-4 

Underground injection of brine               1.1E-3 1.1E-3 

Total 0.07 9.8E-3 0.02 6.8E-3 6.9E-3 6.1E-3 6.8E-3 7.5E-3 7.5E-3 
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Table J-2. Cumulative Energy Demand Results by Detailed Unit Process (MJ/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 

Primary clarifier 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Activated sludge 2.0 - 2.1 - - - - - - 

Secondary clarifier 0.02 0.02 0.02 0.02 0.02 0.02   0.02 - 

Biological nutrient removal-3-stage - 6.1 - - - - - - - 

Biological nutrient removal-4-stage - - - - 7.2 - 5.0 - - 

Biological nutrient removal-5-stage - - - 6.5 - 6.5 - 6.5 5.6 

Filtration - - - 0.09 0.09 0.09 - 9.2E-3 - 

Tertiary clarification, 

denitrification - - 0.02 - - - - - - 

Tertiary clarification, nitrification - - 0.01 - - - - - - 

Chlorination 0.35 0.33 0.33 0.29 0.29 0.29 0.29 0.23 0.23 

Dechlorination 0.17 0.17 0.17 0.17 0.17 0.17 0.17 0.20 0.20 

Reverse osmosis - - - - - - - 6.9 6.5 

Denitrification, attached growth - - - - - 2.7 - 0.30 - 

Denitrification, suspended growth - - 3.8 - - - - - - 

Nitrification, suspended growth - - 2.3 - - - - - - 

Ultrafiltration - - - - - - - 2.8 - 

Chemical phosphorus removal - - 0.79 0.04 0.04 0.04 0.02 0.04 0.02 

Membrane filter - - - - - - 3.4 - 3.4 

Centrifuge 0.39 0.33 0.57 0.33 0.33 0.33 0.33 0.33 0.32 

Sludge hauling and landfill 0.51 0.44 0.88 0.45 0.45 0.45 0.43 0.45 0.43 

Anaerobic digester 1.8 1.6 2.5 1.8 1.6 1.6 1.6 1.6 1.5 

Fermentation - - - 0.01 0.01 0.01 - 0.01 0.01 

Gravity thickener 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Effluent release - - - - - - - - - 

Underground injection of brine - - - - - - - 4.7 4.7 

Total 5.4 9.1 14 9.7 10 12 11 24 23 
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Table J-3. Global Warming Potential Results by Detailed Unit Process (kg CO2 eq/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 2.7E-3 2.7E-3 2.7E-3 2.7E-3 2.7E-3 2.7E-3 2.7E-3 2.7E-3 2.7E-3 

Primary clarifier 1.0E-3 1.0E-3 1.1E-3 1.0E-3 1.0E-3 1.0E-3 1.0E-3 1.0E-3 1.0E-3 

Activated sludge 0.14 - 0.21 - - - - - - 

Secondary clarifier 1.6E-3 1.5E-3 1.6E-3 1.5E-3 1.5E-3 1.5E-3   1.5E-3 - 

Biological nutrient removal-3-stage - 0.49 - - - - - - - 

Biological nutrient removal-4-stage - - - - 0.68 - 0.66 - - 

Biological nutrient removal-5-stage - - - 0.75 - 0.75 - 0.75 0.69 

Filtration - - - 4.5E-3 4.5E-3 4.5E-3 - 4.8E-4 - 

Tertiary clarification, 

denitrification - - 1.4E-3 - - - - - - 

Tertiary clarification, nitrification - - 1.2E-3 - - - - - - 

Chlorination 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 

Dechlorination 9.4E-3 9.4E-3 9.4E-3 9.4E-3 9.4E-3 9.4E-3 9.4E-3 0.01 0.01 

Reverse osmosis - - - - - - - 0.39 0.36 

Denitrification, attached growth - - - - - 0.12 - 0.01 - 

Denitrification, suspended growth - - 0.14 - - - - - - 

Nitrification, suspended growth - - 0.13 - - - - - - 

Ultrafiltration - - - - - - - 0.15 - 

Chemical phosphorus removal - - 0.04 2.1E-3 2.1E-3 2.1E-3 1.0E-3 2.1E-3 1.0E-3 

Membrane filter - - - - - - 0.19   0.19 

Centrifuge 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 

Sludge hauling and landfill 0.07 0.06 0.09 0.06 0.06 0.06 0.06 0.06 0.05 

Anaerobic digester 0.19 0.16 0.23 0.16 0.16 0.16 0.15 0.16 0.15 

Fermentation - - - 7.4E-4 7.4E-4 7.4E-4 - 7.4E-4 7.4E-4 

Gravity thickener 6.5E-4 6.1E-4 7.2E-4 6.1E-4 6.1E-4 6.1E-4 6.1E-4 6.1E-4 6.0E-4 

Effluent release 0.07 0.02 0.02 0.01 0.01 6.8E-3 7.0E-3 1.5E-3 3.9E-3 

Underground injection of brine - - - - - - - 0.26 0.26 

Total 0.52 0.77 0.92 1.0 0.96 1.1 1.1 1.8 1.8 
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Table J-4. Acidification Potential Results by Detailed Unit Process (kg SO2 eq/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 2.1E-4 2.1E-4 2.1E-4 2.1E-4 2.1E-4 2.1E-4 2.1E-4 2.1E-4 2.1E-4 

Primary clarifier 5.7E-5 5.7E-5 5.9E-5 5.7E-5 5.7E-5 5.7E-5 5.7E-5 5.7E-5 5.7E-5 

Activated sludge 9.0E-3 - 9.2E-3 - - - - - - 

Secondary clarifier 8.6E-5 7.8E-5 8.8E-5 8.1E-5 8.2E-5 8.2E-5 - 8.2E-5 - 

Biological nutrient removal-3-stage - 0.03 - - - - - - - 

Biological nutrient removal-4-stage - - - - 0.03 - 0.02 - - 

Biological nutrient removal-5-stage - - - 0.03 - 0.03 - 0.03 0.02 

Filtration - - - 3.5E-4 3.5E-4 3.5E-4 - 3.7E-5 - 

Tertiary clarification, 

denitrification - - 6.9E-5 - - - - - - 

Tertiary clarification, nitrification - - 5.8E-5 - - - - - - 

Chlorination 6.5E-4 6.4E-4 6.4E-4 6.3E-4 6.3E-4 6.3E-4 6.3E-4 5.9E-4 5.9E-4 

Dechlorination 6.0E-4 6.0E-4 6.0E-4 6.0E-4 6.0E-4 6.0E-4 6.0E-4 5.9E-4 5.9E-4 

Reverse osmosis - - - - - - - 0.03 0.03 

Denitrification, attached growth - - - - - 7.9E-3 - 9.2E-4 - 

Denitrification, suspended growth - - 8.0E-3 - - - - - - 

Nitrification, suspended growth - - 9.8E-3 - - - - - - 

Ultrafiltration - - - - - - - 0.01 - 

Chemical phosphorus removal - - 7.5E-4 3.8E-5 3.8E-5 3.8E-5 1.9E-5 3.8E-5 1.9E-5 

Membrane filter - - - - - - 0.01 - 0.01 

Centrifuge 1.1E-3 9.5E-4 1.6E-3 9.6E-4 9.6E-4 9.6E-4 9.4E-4 9.6E-4 9.2E-4 

Sludge hauling and landfill - - - -9.6E-4 -9.7E-4 -9.7E-4 -9.8E-4 -9.7E-4 -9.3E-4 

Anaerobic digester 2.4E-3 2.1E-3 3.0E-3 2.2E-3 2.0E-3 2.0E-3 2.0E-3 2.0E-3 2.0E-3 

Fermentation - - - 5.6E-5 5.6E-5 5.6E-5 - 5.6E-5 5.5E-5 

Gravity thickener 4.7E-5 4.5E-5 5.2E-5 4.5E-5 4.5E-5 4.5E-5 4.4E-5 4.5E-5 4.4E-5 

Effluent release - - - - - - - - - 

Underground injection of brine - - - - - - - 0.02 0.02 

Total 0.01 0.03 0.03 0.03 0.04 0.04 0.04 0.09 0.09 
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Table J-5. Fossil Depletion Results by Detailed Unit Process (kg oil eq/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 1.1E-3 1.1E-3 1.1E-3 1.1E-3 1.1E-3 1.1E-3 1.1E-3 1.1E-3 1.1E-3 

Primary clarifier 3.1E-4 3.0E-4 3.1E-4 3.0E-4 3.0E-4 3.0E-4 3.0E-4 3.0E-4 3.0E-4 

Activated sludge 0.05 - 0.05 - - - - - - 

Secondary clarifier 4.6E-4 4.2E-4 4.7E-4 4.4E-4 4.4E-4 4.4E-4 - 4.4E-4 - 

Biological nutrient removal-3-stage - 0.14 - - - - - - - 

Biological nutrient removal-4-stage - - - - 0.16  0.11 - - 

Biological nutrient removal-5-stage - - - 0.15  0.15 - 0.15 0.12 

Filtration - - - 1.9E-3 1.9E-3 1.9E-3 - 2.1E-4 - 

Tertiary clarification, 

denitrification 

- - 3.8E-4 - - - - - - 

Tertiary clarification, nitrification - - 3.2E-4 - - - - - - 

Chlorination 6.0E-3 5.7E-3 5.7E-3 5.2E-3 5.2E-3 5.2E-3 5.2E-3 4.2E-3 4.3E-3 

Dechlorination 3.6E-3 3.6E-3 3.6E-3 3.6E-3 3.6E-3 3.6E-3 3.6E-3 4.1E-3 4.1E-3 

Reverse osmosis - - - - - - - 0.15 0.14 

Denitrification, attached growth - - - - - 0.06 - 6.7E-3 - 

Denitrification, suspended growth - - 0.09 - - - - - - 

Nitrification, suspended growth - - 0.05 - - - - - - 

Ultrafiltration - - - - - - - 0.06 - 

Chemical phosphorus removal - - 0.01 6.3E-4 6.3E-4 6.3E-4 3.2E-4 6.3E-4 3.2E-4 

Membrane filter - - - - - - 0.08 - 0.08 

Centrifuge 8.8E-3 7.5E-3 0.01 7.6E-3 7.5E-3 7.5E-3 7.4E-3 7.5E-3 7.2E-3 

Sludge hauling and landfill 0.01 9.2E-3 0.02 9.6E-3 9.5E-3 9.5E-3 9.1E-3 9.5E-3 9.0E-3 

Anaerobic digester 0.04 0.04 0.06 0.04 0.04 0.04 0.04 0.04 0.03 

Fermentation - - - 2.8E-4 2.8E-4 2.8E-4 - 2.8E-4 2.8E-4 

Gravity thickener 2.4E-4 2.3E-4 2.7E-4 2.3E-4 2.3E-4 2.3E-4 2.3E-4 2.3E-4 2.2E-4 

Effluent release - - - - - - - - - 

Underground injection of brine - - - - - - - 0.10 0.10 

Total 0.12 0.20 0.30 0.22 0.23 0.28 0.25 0.54 0.51 
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Table J-6. Smog Formation Potential Results by Detailed Unit Process (kg O3 eq/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 1.6E-3 1.6E-3 1.6E-3 1.6E-3 1.6E-3 1.6E-3 1.6E-3 1.6E-3 1.6E-3 

Primary clarifier 4.5E-4 4.5E-4 4.6E-4 4.5E-4 4.5E-4 4.5E-4 4.5E-4 4.5E-4 4.5E-4 

Activated sludge 0.07 - 0.07 - - - - - - 

Secondary clarifier 6.8E-4 6.2E-4 7.0E-4 6.5E-4 6.5E-4 6.5E-4 - 6.5E-4 - 

Biological nutrient removal-3-stage - 0.21 - - - - - - - 

Biological nutrient removal-4-stage - - - - 0.25 - 0.17 - - 

Biological nutrient removal-5-stage - - - 0.22 - 0.22 - 0.22 0.19 

Filtration - - - 2.7E-3 2.7E-3 2.7E-3 - 2.9E-4 - 

Tertiary clarification, 

denitrification 

- - 5.5E-4 - - - - - - 

Tertiary clarification, nitrification - - 4.7E-4 - - - - - - 

Chlorination 5.1E-3 5.0E-3 5.0E-3 4.9E-3 4.9E-3 4.9E-3 4.9E-3 4.6E-3 4.6E-3 

Dechlorination 5.0E-3 5.0E-3 5.0E-3 5.0E-3 5.0E-3 5.0E-3 5.0E-3 5.3E-3 5.3E-3 

Reverse osmosis - - - - - - - 0.22 0.21 

Denitrification, attached growth - - - - - 0.06 - 7.1E-3 - 

Denitrification, suspended growth - - 0.06 - - - - - - 

Nitrification, suspended growth - - 0.08 - - - - - - 

Ultrafiltration - - - - - - - 0.08 - 

Chemical phosphorus removal - - 3.0E-3 1.5E-4 1.5E-4 1.5E-4 7.6E-5 1.5E-4 7.5E-5 

Membrane filter - - - - - - 0.11 - 0.11 

Centrifuge 8.6E-3 7.3E-3 0.01 7.4E-3 7.4E-3 7.4E-3 7.2E-3 7.4E-3 7.1E-3 

Sludge hauling and landfill - - -7.1E-3 -5.9E-3 -5.9E-3 -5.9E-3 -6.0E-3 -5.9E-3 -5.7E-3 

Anaerobic digester 0.05 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 

Fermentation - - - 4.3E-4 4.3E-4 4.3E-4 - 4.3E-4 4.3E-4 

Gravity thickener 3.7E-4 3.5E-4 4.0E-4 3.5E-4 3.5E-4 3.5E-4 3.4E-4 3.5E-4 3.4E-4 

Effluent release - - - - - - - - - 

Underground injection of brine - - - - - 4.3E-4 - 0.16 0.16 

Total 0.14 0.27 0.29 0.28 0.30 0.34 0.33 0.75 0.72 
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Table J-7. Human Health- Particulate Matter Formation Potential Results by Detailed Unit Process (kg PM2.5 eq/m3 

Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 2.4E-5 2.4E-5 2.4E-5 2.4E-5 2.4E-5 2.4E-5 2.4E-5 2.4E-5 2.4E-5 

Primary clarifier 6.5E-6 6.5E-6 6.6E-6 6.5E-6 6.5E-6 6.5E-6 6.5E-6 6.5E-6 6.4E-6 

Activated sludge 1.0E-3 - 1.0E-3 - - - - - - 

Secondary clarifier 9.8E-6 8.9E-6 1.0E-5 9.2E-6 9.3E-6 9.3E-6 - 9.3E-6 - 

Biological nutrient removal-3-stage - 3.0E-3 - - - - - - - 

Biological nutrient removal-4-stage - - - - 3.6E-3 - 2.5E-3 - - 

Biological nutrient removal-5-stage - - - 3.2E-3 - 3.2E-3 - 3.2E-3 2.7E-3 

Filtration - - - 3.9E-5 3.9E-5 3.9E-5 - 4.1E-6 - 

Tertiary clarification, 

denitrification 

- - 7.9E-6 - - - - - - 

Tertiary clarification, nitrification - - 6.6E-6 - - - - - - 

Chlorination 7.2E-5 7.1E-5 7.1E-5 7.0E-5 7.0E-5 7.0E-5 7.0E-5 6.6E-5 6.6E-5 

Dechlorination 7.0E-5 7.0E-5 7.0E-5 7.0E-5 7.0E-5 7.0E-5 7.0E-5 7.1E-5 7.1E-5 

Reverse osmosis - - - - - - - 3.2E-3 3.1E-3 

Denitrification, attached growth - - - - - 8.8E-4 - 1.0E-4 - 

Denitrification, suspended growth - - 8.9E-4 - - - - - - 

Nitrification, suspended growth - - 1.1E-3 - - - - - - 

Ultrafiltration - - - - - - - 1.2E-3 - 

Chemical phosphorus removal - - 6.6E-5 3.3E-6 3.3E-6 3.3E-6 1.7E-6 3.3E-6 1.7E-6 

Membrane filter - - - - - - 1.6E-3 - 1.6E-3 

Centrifuge 1.3E-4 1.1E-4 1.8E-4 1.1E-4 1.1E-4 1.1E-4 1.1E-4 1.1E-4 1.0E-4 

Sludge hauling and landfill - - -1.5E-4 -1.1E-4 -1.1E-4 -1.1E-4 -1.1E-4 -1.1E-4 -1.1E-4 

Anaerobic digester 1.8E-4 1.6E-4 2.3E-4 1.7E-4 1.6E-4 1.6E-4 1.6E-4 1.6E-4 1.5E-4 

Fermentation - - - 6.2E-6 6.2E-6 6.2E-6 - 6.2E-6 6.2E-6 

Gravity thickener 5.3E-6 5.0E-6 5.8E-6 5.0E-6 5.0E-6 5.0E-6 5.0E-6 5.0E-6 4.9E-6 

Effluent release - - - - - - - - - 

Underground injection of brine - - - - - - - 2.3E-3 2.3E-3 

Total 1.5E-3 3.4E-3 3.5E-3 3.6E-3 3.9E-3 4.5E-3 4.4E-3 0.01 0.01 
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Table J-8. Ozone Depletion Potential Results by Detailed Unit Process (kg CFC-11 eq/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1, 

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 1.8E-9 1.8E-9 1.8E-9 1.8E-9 1.8E-9 1.8E-9 1.8E-9 1.8E-9 1.8E-9 

Primary clarifier 5.0E-10 5.0E-10 5.1E-10 5.0E-10 5.0E-10 5.0E-10 5.0E-10 5.0E-10 5.0E-10 

Activated sludge 6.1E-7 - 3.9E-7 - - - - - - 

Secondary clarifier 7.6E-10 6.9E-10 7.8E-10 7.1E-10 7.2E-10 7.2E-10 - 7.2E-10 - 

Biological nutrient removal-3-stage - 2.6E-6 - - - - - - - 

Biological nutrient removal-4-stage - - - - 2.7E-6 - 6.4E-6 - - 

Biological nutrient removal-5-stage - - - 6.6E-6 - 6.6E-6 - 6.6E-6 6.5E-6 

Filtration - - - 3.0E-9 3.0E-9 3.0E-9 - 3.2E-10 - 

Tertiary clarification, 
denitrification 

- - 6.1E-10 - - - - - - 

Tertiary clarification, nitrification - - 5.1E-10 - - - - - - 

Chlorination 2.6E-8 2.5E-8 2.5E-8 2.1E-8 2.1E-8 2.1E-8 2.1E-8 1.5E-8 1.5E-8 

Dechlorination 6.0E-9 6.0E-9 6.0E-9 6.0E-9 6.0E-9 6.0E-9 6.0E-9 6.7E-9 6.7E-9 

Reverse osmosis - - - - - - - 2.7E-7 2.5E-7 

Denitrification, attached growth - - - - - 7.4E-8 - 8.5E-9 - 

Denitrification, suspended growth - - 8.2E-8 - - - - - - 

Nitrification, suspended growth - - 8.6E-8 - - - - - - 

Ultrafiltration - - - - - - - 1.1E-7 - 

Chemical phosphorus removal - - 1.5E-8 7.7E-10 7.7E-10 7.7E-10 3.9E-10 7.7E-10 3.8E-10 

Membrane filter - - - - - - 1.3E-7 - 1.3E-7 

Centrifuge 1.1E-8 9.1E-9 1.5E-8 9.2E-9 9.1E-9 9.1E-9 9.0E-9 9.1E-9 8.8E-9 

Sludge hauling and landfill 4.9E-9 4.4E-9 1.2E-8 4.9E-9 4.8E-9 4.8E-9 4.4E-9 4.8E-9 4.6E-9 

Anaerobic digester 5.9E-7 4.9E-7 6.5E-7 4.7E-7 4.7E-7 4.7E-7 4.8E-7 4.7E-7 4.5E-7 

Fermentation    4.8E-10 4.8E-10 4.8E-10 - 4.8E-10 4.8E-10 

Gravity thickener 4.1E-10 3.9E-10 4.5E-10 3.9E-10 3.9E-10 3.9E-10 3.9E-10 3.9E-10 3.8E-10 

Effluent release 2.6E-6 6.9E-7 6.7E-7 5.2E-7 5.2E-7 2.5E-7 2.6E-7 5.5E-8 1.4E-7 

Underground injection of brine - - - - - - - 1.8E-7 1.8E-7 

Total 3.9E-6 3.8E-6 2.0E-6 7.6E-6 3.7E-6 7.4E-6 7.3E-6 7.7E-6 7.7E-6 
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Table J-9. Water Depletion Results by Detailed Unit Process (m3 H2O/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 8.2E-6 8.1E-6 8.2E-6 8.2E-6 8.2E-6 8.2E-6 8.1E-6 8.2E-6 8.1E-6 

Primary clarifier 5.9E-6 5.8E-6 6.0E-6 5.8E-6 5.8E-6 5.8E-6 5.8E-6 5.8E-6 5.8E-6 

Activated sludge 3.6E-4 - 3.8E-4 - - - - - - 

Secondary clarifier 9.4E-6 9.1E-6 9.5E-6 9.2E-6 9.2E-6 9.2E-6 - 9.2E-6 - 

Biological nutrient removal-3-stage - 1.1E-3 - - - - - - - 

Biological nutrient removal-4-stage - - - - 1.3E-3 - 8.7E-4 - - 

Biological nutrient removal-5-stage - - - 1.2E-3 - 1.2E-3 - 1.2E-3 9.7E-4 

Filtration - - - 1.6E-5 1.6E-5 1.6E-5 - 1.7E-6 - 

Tertiary clarification, 

denitrification 

- - 8.7E-6 - - - - - - 

Tertiary clarification, nitrification - - 8.3E-6 - - - - - - 

Chlorination 1.7E-4 1.6E-4 1.6E-4 1.3E-4 1.3E-4 1.3E-4 1.3E-4 9.0E-5 9.1E-5 

Dechlorination 3.7E-5 3.7E-5 3.7E-5 3.7E-5 3.7E-5 3.7E-5 3.7E-5 4.9E-5 4.9E-5 

Reverse osmosis - - - - - - - 1.7E-3 1.6E-3 

Denitrification, attached growth - - - - - 3.5E-4 - 4.0E-5 - 

Denitrification, suspended growth - - 4.1E-4 - - - - - - 

Nitrification, suspended growth - - 4.1E-4 - - - - - - 

Ultrafiltration - - - - - - - 1.4E-3 - 

Chemical phosphorus removal - - 2.4E-3 1.2E-4 1.2E-4 1.2E-4 6.0E-5 1.2E-4 6.0E-5 

Membrane filter - - - - - - 6.7E-4 - 6.7E-4 

Centrifuge 6.3E-5 5.3E-5 9.1E-5 5.4E-5 5.4E-5 5.4E-5 5.3E-5 5.4E-5 5.1E-5 

Sludge hauling and landfill 9.0E-5 7.8E-5 1.5E-4 8.0E-5 8.0E-5 8.0E-5 7.7E-5 8.0E-5 7.6E-5 

Anaerobic digester 5.7E-5 5.1E-5 7.4E-5 5.5E-5 5.1E-5 5.1E-5 5.0E-5 5.1E-5 4.8E-5 

Fermentation - - - 2.6E-6 2.6E-6 2.6E-6 - 2.6E-6 2.6E-6 

Gravity thickener 2.4E-6 2.3E-6 2.7E-6 2.3E-6 2.3E-6 2.3E-6 2.3E-6 2.3E-6 2.2E-6 

Effluent release - - - - - - - - - 

Underground injection of brine - - - - - - - 0.18 0.17 

Total 8.0E-4 1.5E-3 4.1E-3 1.7E-3 1.8E-3 2.0E-3 2.0E-3 0.19 0.17 
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Table J-10. Human Health-Cancer Results by Detailed Unit Process (CTUh/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 1.1E-11 1.1E-11 1.1E-11 1.1E-11 1.1E-11 1.1E-11 1.1E-11 1.1E-11 1.1E-11 

Primary clarifier 5.0E-12 4.9E-12 5.1E-12 4.9E-12 4.9E-12 4.9E-12 4.9E-12 4.9E-12 4.9E-12 

Activated sludge 4.8E-10 - 5.0E-10 - - - - - - 

Secondary clarifier 7.5E-12 7.1E-12 7.6E-12 7.2E-12 7.2E-12 7.2E-12 - 7.2E-12 - 

Biological nutrient removal-3-stage - 1.4E-9 - - - - - - - 

Biological nutrient removal-4-stage - - - - 1.7E-9 - 1.2E-9 - - 

Biological nutrient removal-5-stage - - - 1.5E-9 - 1.5E-9 - 1.5E-9 1.3E-9 

Filtration - - - 1.9E-11 1.9E-11 1.9E-11 - 2.0E-12 - 

Tertiary clarification, 

denitrification 

- - 6.6E-12 - - - - - - 

Tertiary clarification, nitrification - - 6.0E-12 - - - - - - 

Chlorination 1.9E-10 1.4E-10 1.4E-10 1.2E-10 1.2E-10 1.2E-10 1.2E-10 8.4E-11 8.5E-11 

Dechlorination 5.4E-11 5.4E-11 5.4E-11 5.4E-11 5.4E-11 5.4E-11 5.4E-11 7.3E-11 7.4E-11 

Reverse osmosis - - - - - - - 1.7E-9 1.6E-9 

Denitrification, attached growth - - - - - 4.8E-10 - 5.6E-11 - 

Denitrification, suspended growth - - 5.6E-10 - - - - - - 

Nitrification, suspended growth - - 5.6E-10 - - - - - - 

Ultrafiltration - - - - - - - 7.6E-10 - 

Chemical phosphorus removal - - 4.9E-9 2.4E-10 2.4E-10 2.4E-10 1.2E-10 2.4E-10 1.2E-10 

Membrane filter - - - - - - 8.1E-10 - 8.1E-10 

Centrifuge 8.8E-11 7.5E-11 1.3E-10 7.6E-11 7.6E-11 7.6E-11 7.4E-11 7.6E-11 7.3E-11 

Sludge hauling and landfill 2.6E-10 2.3E-10 3.8E-10 2.4E-10 2.5E-10 2.4E-10 2.7E-10 2.8E-10 2.8E-10 

Anaerobic digester 9.0E-11 8.1E-11 1.2E-10 8.7E-11 8.1E-11 8.1E-11 7.9E-11 8.1E-11 7.6E-11 

Fermentation - - - 3.1E-12 3.1E-12 3.1E-12 - 3.1E-12 3.1E-12 

Gravity thickener 2.7E-12 2.6E-12 3.0E-12 2.6E-12 2.6E-12 2.6E-12 2.6E-12 2.6E-12 2.5E-12 

Effluent release 3.1E-9 3.1E-9 2.5E-9 2.1E-9 1.5E-9 2.4E-9 1.0E-9 4.0E-10 1.7E-10 

Underground injection of brine - - - - - - - 1.1E-9 1.1E-9 

Total 4.3E-9 5.1E-9 9.9E-9 4.5E-9 4.1E-9 5.2E-9 3.7E-9 6.4E-9 5.7E-9 
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Table J-11. Human Health-NonCancer Results by Detailed Unit Process (CTUh/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 1.1E-10 1.1E-10 1.1E-10 1.1E-10 1.1E-10 1.1E-10 1.1E-10 1.1E-10 1.1E-10 

Primary clarifier 6.1E-11 6.0E-11 6.1E-11 6.0E-11 6.0E-11 6.0E-11 6.0E-11 6.0E-11 6.0E-11 

Activated sludge 4.8E-9 - 4.9E-9 - - - - - - 

Secondary clarifier 9.3E-11 8.9E-11 9.4E-11 9.1E-11 9.1E-11 9.1E-11 - 9.1E-11 - 

Biological nutrient removal-3-stage - 1.4E-8 - - - - - - - 

Biological nutrient removal-4-stage - - - - 1.7E-8 - 1.2E-8 - - 

Biological nutrient removal-5-stage - - - 1.5E-8 - 1.5E-8 - 1.5E-8 1.3E-8 

Filtration - - - 1.8E-10 1.8E-10 1.8E-10 - 2.0E-11 - 

Tertiary clarification, 

denitrification 

- - 8.4E-11 - - - - - - 

Tertiary clarification, nitrification - - 7.8E-11 - - - - - - 

Chlorination 2.0E-9 1.6E-9 1.6E-9 1.3E-9 1.3E-9 1.3E-9 1.3E-9 9.2E-10 9.3E-10 

Dechlorination 9.6E-10 9.6E-10 9.6E-10 9.6E-10 9.6E-10 9.6E-10 9.6E-10 1.6E-9 1.6E-9 

Reverse osmosis - - - - - - - 1.6E-8 1.5E-8 

Denitrification, attached growth - - - - - 4.5E-9 - 5.3E-10 - 

Denitrification, suspended growth - - 5.1E-9 - - - - - - 

Nitrification, suspended growth - - 5.4E-9 - - - - - - 

Ultrafiltration - - - - - - - 1.1E-8 - 

Chemical phosphorus removal - - 1.2E-8 5.8E-10 5.8E-10 5.8E-10 3.0E-10 5.8E-10 2.9E-10 

Membrane filter - - - - - - 8.0E-9 - 8.0E-9 

Centrifuge 9.3E-10 7.9E-10 1.3E-9 8.0E-10 8.0E-10 8.0E-10 7.8E-10 8.0E-10 7.7E-10 

Sludge hauling and landfill 4.5E-9 4.2E-9 5.8E-9 4.9E-9 5.3E-9 4.9E-9 6.3E-9 6.6E-9 6.7E-9 

Anaerobic digester 2.1E-9 1.9E-9 2.9E-9 2.1E-9 1.9E-9 1.9E-9 1.8E-9 1.9E-9 1.8E-9 

Fermentation - - - 3.2E-11 3.2E-11 3.2E-11 - 3.2E-11 3.2E-11 

Gravity thickener 2.9E-11 2.7E-11 3.2E-11 2.7E-11 2.7E-11 2.7E-11 2.7E-11 2.7E-11 2.6E-11 

Effluent release 1.0E-7 1.0E-7 1.0E-7 7.6E-8 6.2E-8 7.6E-8 1.9E-8 1.1E-8 2.1E-9 

Underground injection of brine - - - - - - - 1.1E-8 1.1E-8 

Total 1.2E-7 1.3E-7 1.4E-7 1.0E-7 9.0E-8 1.1E-7 5.0E-8 7.7E-8 6.1E-8 
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Table J-12. Ecotoxicity Results by Detailed Unit Process (CTUe/m3 Wastewater Treated) 

Process 

Level 1,  

AS 

Level 2-1, 

A2O 

Level 2-2, 

AS3 

Level 3-1,  

B5 

Level 3-2, 

MUCT 

Level 4-1, 

B5/Denit 

Level 4-2, 

MBR 

Level 5-1, 

B5/RO 

Level 5-2, 

MBR/RO 

Screening and grit removal 0.59 0.58 0.59 0.59 0.59 0.59 0.58 0.59 0.58 

Primary clarifier 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 

Activated sludge 25 - 26 - - - - - - 

Secondary clarifier 0.29 0.27 0.29 0.28 0.28 0.28 - 0.28 - 

Biological nutrient removal-3-stage - 74 - - - - - - - 

Biological nutrient removal-4-stage - - - - 88 - 61 - - 

Biological nutrient removal-5-stage - - - 80 - 80 - 80 68 

Filtration - - - 1.0 1.0 1.0 - 0.11 - 

Tertiary clarification, 

denitrification 

- - 0.24 - - - - - - 

Tertiary clarification, nitrification - - 0.21 - - - - - - 

Chlorination 5.2 4.9 4.9 4.3 4.3 4.3 4.3 3.2 3.2 

Dechlorination 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.5 2.6 

Reverse osmosis - - - - - - - 83 78 

Denitrification, attached growth - - - - - 23 - 2.7 - 

Denitrification, suspended growth - - 25 - - - - - - 

Nitrification, suspended growth - - 28 - - - - - - 

Ultrafiltration - - - - - - - 34 - 

Chemical phosphorus removal - - 14 0.68 0.68 0.68 0.35 0.68 0.34 

Membrane filter - - - - - - 42 - 42 

Centrifuge 3.5 3.0 5.1 3.0 3.0 3.0 3.0 3.0 2.9 

Sludge hauling and landfill 11 11 12 14 14 14 17 18 18 

Anaerobic digester 7.3 6.4 9.7 7.0 6.4 6.4 6.2 6.4 6.0 

Fermentation - - - 0.16 0.16 0.16 - 0.16 0.16 

Gravity thickener 0.14 0.13 0.15 0.13 0.13 0.13 0.13 0.13 0.13 

Effluent release 2.8E+2 2.8E+2 2.8E+2 1.6E+2 1.6E+2 1.6E+2 72 25 6.0 

Underground injection of brine - - - - - - - 57 57 

Total 3.4E+2 3.9E+2 4.1E+2 2.7E+2 2.8E+2 2.9E+2 2.1E+2 3.2E+2 2.9E+2 
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