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ABSTRACT

EVALUATION OF COST EFFECTIVE APPROACHES FOR NUTRIENT REMOVAL IN

URBAN STORMWATER AND WASTEWATER: CITY OF FORT COLLINS CASE STUDY

To respond to pending regulation that affects effluent nitrogen and phosphorus standards
from urban watersheds, this study compares existing nutrient discharges from wastewater and
stormwater sources in Fort Collins, Colorado and evaluates the benefits and costs of nutrient
removal strategies identified in both sectors as a gtoderban planners. Six alternative
wastewater advanced nutrient removal technologies were modeled in BioWin® to be integrated
with the existing modified Bardenpho unifApproximately 1,500 stormwater control measures
(SCMs) are implemented in Fort Collins at present; however, not all provide water quality
treatment. Two alternative stormwater scenarios were evaluated using the Simple Method and
include: 1) retrofitting existing flood control SCMs to provide treatment, and 2) implementing
SCMs to treat runoff from currently untreated impervious areas. Treatment level, environmental
impacts, and 20-year lifecycle costs were determined for all alternatives and compared within a
multi-criterion decision analysis (MCDA). Existing wastewater discharges of nitrogen and
phosphorus are 2.0 and 1.5 times larger than those from stormwater, respedReatpval
efficiencies from these discharge nutrient levels were found to be between 7.5% and 30% for
wastewater and 20% and 35% for stormwatédithough wastewater alternatives had large
ranges of potential costs, all were determined to be more cost effective ($/Ib. removal) than the
stormwater scenariosStruvite precipitation in all MCDA scenarios is the most advantageous

alternative, followed by ammonia stripping and extended detention basin (EDB) retrofits.



TABLE OF CONTENTS

FN =S I Y O TP U PP PPOOPPPPPPRPPPR [ PPPPRR
TABLE OF CONTENT S ...ttt ettt e e e e st et e e e e e e e e e bbbttt e e e e e e e e e s bbbttt e et e e e e e e e aannbbbeeeeeaeas iii
1.0 INTRODUGCTION ...utttiiiiiieeeeeiiiittiett et e e e e s s asasaaaeeeaaeaeaaasaasssseaeeeaaaeeesssanssssssaeeeeeaeeasaaasssssseeeaaaeeeessnnnsssnnes 1
I @ o] [=Tox 1]/ 1
A S T= o3 (o | (01U o T PP PRPPPPP T TPPPPP 2
1.2.1 Wastewater TEChNOIOGIES .........cooiiiiiiiiiiie e e as 2
1.2.2 Stormwater Best Management PractiCeS (BMP)..........uuiiiiiiiiiiiiiiiiieeeeee e 9
2.0 METHODOLOGY ....uiiiiiiiiiiieee ettt ettt e e e s ettt e e e e e e a4 s e bbb e et et e e e e e e s s s b b bbb e et e e e e e e e e s ansbbbbeeeeeeaeeenanns 11
2.1 WaSteWater MELNOUS ..........oiviiiiiiieeei et a s s e e e e e e e e e n e e nn e e e e e aenas 11
2.1.1 BioWin Set-Up and CaliDration ..............uuuiiiiieiiiiee e a e e e e 11
2.1.2 BioWin Modeling of Nutrient Removal AREIMALIVES ...........ooiiiiiiiiiiiiiiiiiiiceee e 14
2.1.3 RML Rates in Alternatives ANalYSIS .......ccoooiiiiiii e 17
DA A (0 ) € V1= LT 1Y =1 o o £ 19
2.2.1 SIMPIE METNOG ... ..o e e a e e e e e e e e e naaas 19
2.2.2 Scenario 0: EXISTING SCIMS ......uiiiiiiiiiiiiiiiie ittt e e e e e e s e e e e e e e e s e n e e e e e e e e e e aannes 21
2.2.3 Scenario 1: Retrofitted Extended Detention and Flood Control Wetland Basins ...................... 22
2.2.3 Scenario 2: Implementing Bioretention BaSiNS.........ccccoiiiiiiiiiiieiiiie e 22
2.3 EVAluAtioN MELNOAS .. ..o a s 22
3.0 COST METHODOLOGY ...tttiiiiiiieeeiiiiiiieeeeeeea e e e e s st eteaaeeeassaanssbbaeeeaeeaesasaaansssaneeeeeaaeesaaansnnsnseeeeaeens 25
I 0= T o] r= L 00 51 = (| PP PP TP PPPTPPPPPP 26
3.2 MAINtENANCE COSES (M) ... eie ettt 26
3.3 ReNADIIILAtION COSIIRY) .....vvveeeeieeeeeeiiiiiie ettt e e e e e e e e e e e e e e e e e e s e r e e e e e e e e e e annnnbbnee s 27
3.4 Revenue from BY-Product REUSE (A) ....ccoeiiiiiii i 27
Rl @ 1 01T g 01 A @01 1] T =T = 11T 1 27
3.5.1 Cost AdJUSIMENLS fOF TIME ... oo 28
3.5.2 COSE COMPATISONS ....eeeeiieeeieiiiittee et e e e e e e e ettt e e e e e e e sttt e e e e e e e e s bbb e s e et e e e e e e e eaannbbbenereeeaeensaans 28
4.0 COST ESTIMATES AND DAT A ...ttt ettt e e e e e e e sttt e e e e e e e e s s s s s e et eeeeaee e e s e nnnnbeeeeeeaeens 29
4.1 Wastewater COSt EStIMALES .........cooii it ar e 29
4.1.1 Alternatives COSt DetermMiNatiONS ...........evvvveiiieriiiiiiiiiiiiiiii e aa e e e e e eas 30
A - o = | 01 SRR 32
4.1.3 MAINTENANCE COSES ....vvvvivirriiiiiiiiiiiiiiriirrraenraa s e s e e e s s e aaaaaaaaaaaaaaaaaaaaaaaaaaaeeeaeeeeeeereeeees 33
4.1.4 Potential REVENUE ... .ot 35
4.1.5 Rehabilitation COSES ......cccci i 35



S (0] 4 1\ Y= L G O 0 ) A =ty 1] 1 =1 (YT 36

4.2.1 Alternatives COSt DetermMiNatioNS ...........cevviiiiiieiiiiiiiiiiiiiniiiiiee e s e e e e e e e e e e eeas 36
4.2.1.1 BMP-REAICOSE MOUEL........uuiiiiiiiiiiiiiiiiiiie ettt e e e e e e s e e e e e e e e e s anannes 37
A 0% T o] ¢ | O o 1= PP PREPPPTR PPN 38
4.2.3 MAINTENANCE COSES .....uuutiiiiiiiiee e e ettt et e e e e e e e st et e e e e e e s s s bbb e ettt e e e e e s e s bbb be e e e et aaeeeesnnnnbbneeees 38
o1 (=T L= I =3 =T o 11 38
4.2.5 RENADINTALION COSES ...ceiiiiiiiiiiiiiiit e et e e e e e e et e e e e e e e e e s s bbb b e e e e aaeeeaas 39
4.3 Impacts to Budget and RAte PAYEIS..........coooiiiiiiiiiiii ettt 39
5.1 Mass-Loading and COSt RESUIES.........c.uiiiiiiieieee et e e e e eeeeas 41
5.2 Financial Impact 10 RAE PaAYEIS.........ccciiiiiiiiiieiieeeeeeeeeeeeeeeee e e e e n s 50
5.3 Multi-Criterion Decision ANalySiS RESUILS ............uuiiiiiiiiiiii e 52
OO B I G4 15151 [ ] PP RPN 54
7.0 CONGCLUSION ... ..ttt ettt e e e e e e s st aeeeeeaeeeeesasssseaeeeeeaaeeaaaassssssaeeeeaeeeeessnsssstnenaaaeaeeennans 59
8.0 REFERENGCES .....ooottiiiiiiiiittie ettt ettt e e e e e e ettt e e e e e e e e e s bbbt et e e e e e e e e e aans bbb e e e e e e aaeeeeennnnbeeneeees 61
F N o = N 3 1 65
F Y o =N 10T G = SRRSO PPPPRRRR 73
A el = 11 1 G S 75
C.1 Ammonia Stripping Calculation EXAMPIE ..........ovviiiiiiiiiiiiiiiiiii s e e e e e e e e eea e 76
C.2 Electrodialysis Calculation EXAMPIE..........u et 79
C.3 StruVIte PreCipitalion ..........coo oo 80
C.4 SElECHIVE AUSOIPIION ...ttt ettt e e e ettt e e e e e e s e bbbt e et e e e e e e e s e nsb b b e s e e e e e e e e e e e annnbnneeeeaeas 80
F N e e = AN 5 1 G I P 82
D.1 Data fOr SOCIAI CrILEIIA ....veeeiiieee e ittt e e e e e e et e e e e e e e e s st e e e e eeeeeeaaaaannssnneeeeaaeens 83
D.2 Data for Environmental CrteIIa........ccooiiiii it eaennees 85
D.3 Data fOor ECONOMIC CHEEIIA ....uvvveeieieeeeiiiiiiiiiiiee e e e e e e e ettt e e e e e e e e s sttt e e e e e e e e e s nnnnbe e eeeaaeeeeesannnnnenes 87



1.0 INTRODUCTION

Nutrient pollutionis a widespread problem and concern in the United States; the Environmental
Protection Agency (EPA) has estimated that there are now more than 15,000 waters thaiedd statte
nutrient standards and more than 7,000 that are impaired due to excess nutrient concentratioms (Shap
2013). Nutrients enter natural water bodies in a multitude of ways, inclstitesym bank erosion, runoff
from agriculture, stormwater, and discharges of treated municipal wastewaterthese sources,
agriculture is by far the greatest net contributor throughout the USiegtds (Puckett, 1995 owever,
the contributions from stormwater and wastewater are not trivial and cannot égadisd in urban
environments.

In Colorado, effluent nutrient standards have become more stringent with the appfroval
Regulation 85. Passed in 2012, this regulation will have a compliance date in 2023 andatequire
discharge permits for wastewater treatment plants (WWTPS) to contain nutaiedéarsts of 15 mg/L
total nitrogen and 1 mg/L total phosphorus in addition to more frequent monit@ingrements
(CDPHE, 2012). Recognizing the role of stormwater in urban nutrient discharge, ahigtheosts
associated with wastewater treatment facility processes, Regulation 85 alsegpitbe opportunity of
water quality trading between point and nonpoint sourblegrients Management Control Regulation ,
2012). This approach has been implemented in multiple locations in the Unitedvtiatesccess in
lowering pollutant concentrations and is believed to be a sustainable solution tdoagulet allow for
the optimization of cost-effective approaches, yield water quality results egugieater to those

required, and achieve multiple environmental and economic benefits.

1.1 Objectives
This study uses Fort Collins, Colorado as a case-study to evaluate and carapaftectiveness
of wastewater and stormwater nutrient removal technologies.

Objectives of the analysis are to:



1. lIdentify Fort Colling annual load of nutrients generated both from stormwater discharge and
wastewater treatment plants

2. Determine the potential nutriedbad reductions from alternative wastewater treatment and
stormwater control implementation scenarios

3. Characterize the costs, performance, and efficiency of each treatmentdgghswth that other
municipalities may determine the optimal options for them

4. Assess the potential for nutrient trading when more cost effective nutridetredvd measures

are available in the stormwater sector

1.2 Background
1.2.1 Wastewater Technologies
The goal of nutrient removal at wastewater treatment plants is to reduce trotgémiand total
phosphorus concentrations to below levels established by state environmental regulatomys,agenci
selected as the maximum value that still protects aquatic and humn dmelaallows for the water’s
intended use. Nutrient removal can be accomplished through a number of processes including:
- Modified Bardenpho process
- Centrate and Recycle Activated Sludge Reaeration Basin
- Anaerobic Ammonium Oxidation
- Selective Adsorption
- Electrodialysis
- Ammonia Stripping
- Struvite Precipitation
Processes within WWTPs are described as either primary treatment (rersospended solids
from the waste stream) or secondary treatment, which targets numehtsganic compounds. Since all
influent wastewater flows along this treatment line, it is referred thesnhinstream process. Solids

settled out from primary and secondary clarifiers are treated as well, diyedaveatered and removed



for land application. The liquid generated, called centrate, is recycled to sectsrdment. Although
centrate is a much smaller flow rate than the plant influent, it contains muehn tamgcentrations of
nitrogen, phosphorus, and biological oxygen demand (BOD) (Rittmann & McCarty, 2001¢mBying
nutrients from the centrate stream, treatment pressure in the mainstream grdeessased, potentially
allowing lower aeration and/or sludge recycling rates. For these reasons, noizieynt removal
technologies focus on treating centrate prior to remixing with the maimstnesstewater. Figure 1
illustrates the location of sidestream treatment within the wastewater treatoeegsr
Both biological and physicochemical methods are commonly used in nutrient removal.

Biological processes utilize microorganisms that metabolize nitrogen, phosphorgsylamal Different
species of microorganisms are used to exploit different removal pathways, betulle specific
environmental factors to grow optimally. Temperature, pH, and dissolved oxygebamegiulated and
monitored closely, as most bacteria thrive within a narrow range of conditionwilhrstow or even

reverse nutrient removal if these are not met.
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Figure 1: lllustration of processes within a wastewater treatment plant

Phosphorus is more difficult to remove than nitrogen, as this process is alsp deégkhdent on the
solids retention time of the biologically active sludge (Rittmann & McC&001). However, once
biological removal is initiated, very little to no chemical addition during se&xy treatment is required.
Physicochemical processes exploit chemical properties of nitrogen and phosphorus to tbepafaden
the wastewater stream. In many cases, this includes the addition of a cherfacditate a chemical

reaction, whose product is settles out easily, or a mechanical procebange the properties of the



pollutant. The extent of nutrient removal depends on the amount of treatmentiaopli is relatively
easy to control (Sengupta & Pandit, 2011). In addition, some processes make possible theakcovery
nitrogen or phosphorus and turning these nutrients into serviceable fertiliabte I summarizes the

technology types included in this analysis and their role within the wastewater treatnoesspro

Table 1: Summary of wastewater nutrient removal processes

Treatment Technology | Location Treatment Type Nutrient Recovery
Modified Bardenpho Mainstream Biological No

CaRRB Sidestream Biological No

ANAMMOX Sidestream Biological No

Selective Adsorption | Sidestream Physicochemical Yes (Phosphorus)
Struvite Precipitation | Sidestream Physicochemical Yes (Phosphorus)
Electrodialysis Sidestream Physicochemical Yes (Nitrogen)
Ammonia Stripping Sidestream Physicochemical Yes (Nitrogen)

1.2.1.1 Modified Bardenpho

Nitrification and denitrification are the driving biological processes fardBnpho nitrogen
removal. In the first step of nitrification, bacteria oxidize ammonia triteyiwhich is then oxidized to
nitrate. This reaction must take place in an aerobic reactor due to its higienoxiemand.
Denitrification reduces nitrate and nitrite to nitrogen gas, where it is relfrasethe wastewater stream.
Microorganisms use nitrate, produced during nitrification, as the electron oxidipilegute and require
an environment where oxygen is absent (Rittmann & McCarty, 2001). Carbon swdteahvailable
from the wastewater influent can be a limiting factor in the reactitwuis, Traditional BNR process trains
include at least one aerobic reactor preceded by an anoxic zone so that BOD caizeoke bytithe
denitrifiers. A portion of the sludge generated in the aerobic reactor is recycletblibe influent of the
anoxic basin to provide the stream with the nitrates necessary faifaerion. To achieve phosphorus
removal, Bardenpho must be modified with an anaerobic reactor prior to the smimdbardenpho
process, in which electron acceptors including oxygen and nitrate are not ffégarg 2). While
initially causing a release of phosphorus from microorganisms, this step primesab#xtemditional
phosphorus uptake in the aerobic stage, resulting in a net phosphorus removal (Rittmanmargy,McC

2001).



Despite excellent nitrogen removal, phosphorus removal is not as efficient, samoaiits in the

system via sludge processing and recycling. Multiple treatment plants have alsedrépalr biological

phosphorus removal can hinder solids dewatering efficiency (CH2M HILL, 20I#)ese, along

phosphorus removal’s strong dependence on specific process settings, lead to process stability issugs

standard effluent phosphorus concentrations may not be consistently met.
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Figure 2: Process lllustration of Modified Bardenpho

1.2.1.2 Centrate and RAS Reaeration Basin (CaRRB)

Centrate and RS reaeration basin (CaRRB) technology provides additional nitrification of the

centrate wastewater stream, allowing for increased denitrification and nitrogevatdoarollo, 2012). It

is not a complete treatment, but works jointly with biological nutrienbreinin the mainstream process

(Figure 3). CaRRB is known by other names as well, such as bioaugumentation regeneration (BAR),

bioaugumentation batch enhanced (BABE), and mainstream autotrophic recycle enabling enhanced N-

removal (MAUREEN); the common trait among them is the mixing of high ammonia re@®stvith

RAS (FWR, 2014). Thus, no seeding is required during the startup of CaRRB.
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1.2.1.3 Anaerobic Ammonia Oxidation

Anaerobic Ammonia Oxidation (ANAMMOX) is an alternative biological nutrient reahov
process which uses microorganisms capable of reducing ammonia in a reaction wéthonjiroduce
nitrate gas. Although capable of removing up to 90% of nitrogen from the wastewater, it does not remove
much phosphorus.

Nitritation is required before the ANAMMOX reactor, which is aerdtednaintain an oxygen
concentration between 0.5 and 1.5 mg/L (Musabyimana, 2008). The ANAMMOX process requires low
energy input and produces less sludge than traditional BNR. Studies have estimaB&tRtltadygen
requirements can be reduced by as much as 60% (Dapena-Mora et al., 2004). Used as a sidestream
process, ANAMMOX allows for reduced nitrification and denitrification ia thain treatment train and
reduced sludge recycle rates. ANAMMOX is a comparatively more complex operation, @y is
sensitive to influent water quality. However, it is readily automated (FWR, 20t¥gompanies such as
Veolia supply pre-made systems and media with established bacteria to expedite Stagtue. 4
illustrates the placement of ANAMMOX process within the wastewater treatment process.
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Figure 4: Process lllustration of ANAMOX
1.2.1.4 Selective Adsorption

Selective adsorption (Figure 5) is a chemical process that can be usedhdwe either
phosphorus or nitrogen. Wastewater treatment facilities most commonly usemdeer phosphorus,
which is harder to remove biologicallyAdsorbents capable of removing phosphorus include lime,

aluminum, or various ferric compounds such as polymer anion exchangers with ironSedidefta &



Pandit, 2011), hydrated ferric oxide, and granular ferric hydroxide. A reactor basibarnuastalled to
mix the adsorbent with the influent stream. Treatment efficiency and fertilizer revdhdepeind on the

adsorbent type.
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Figure 5: Process lllustration of Selective Adsorption

1.2.1.5 Struvite Precipitation

The struvite precipitation process (Figure 6) requires a reactor to mgxesium oxide or
magnesium chloride with the influent waste stream; some marketed tanks pmvitle settling of
struvite to occur within the same reactor, but other process set-upequilte a clarifier following the
mix tank to settle and collect the struvite (Forrest, Fattah, Mavinic, & K2@08; Wang, Burken, Asce,
Zhang, & Surampalli, 2005). The influent stream must be dosed with magnesium oxidg @vid@he

size and quality of the struvite pellets formed are affected by the Mg:P ratio (Fories2@d&).
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A A
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Figure 6: Process lllustration of Struvite Precipitation

1.2.1.6 Electrodialysis

Electrodialysis removes ammonia from centrate through the application of ancgbetential

across selectively permeable membranes (Valero, Barceld, & Arbés, 2011). The membiigoeationf



(University of Stuttgart, 2009), shown in Figure 7, separates the anion aom stadiams and determines
the amount of pollutant to be removed. The current diverts targeted ionsishstally the membrane

media, from one flow stream into the other.
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Figure 7: Process lllustration for Electrodialysis
1.2.1.7 Ammonia Stripping

Ammonia stripping utilizes the ammonia liquid-gas equilibrium to remaiteogen from
wastewater. As air is supplied to the wastewater stream, the aqueous-phase ammonigatt@mcent
decreases while that of the gaseous-phase increases. Usually, an upflonigesgtdy in which air is
pumped through the top of the tank to be mixed with the wastewater. To achieve nitowgealy
ammonia must be very concentrated within the waste stream; therefore atmeireis only efficient as
a sidestream reactor (Tetra Tech, 2013ecause ammonia stripping removes nitrogen from the
wastewater, additional treatment is unnecessary in the mainstream trejitooests unless phosphorus
removal is desiredGas-phase ammonia can be precipitated from the air stream with sulfatatiggree
potential source of fertilizer (Musabyimana, 2008; Tetra Tech, 2013). Figure 8atiisstin ammonia
stripping tower. Figure 8 illustrates both the basic function of an ammonia stripping aadkthe

treatment’s role within the wastewater treatment plant.
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Figure 8: Process lllustration of Ammonia Stripping

1.2.2 Stormwater Best Management Practices (BMP)

Stormwater best management practices (BMPs) are constructed facilities ddsigeeldice
detrimental impacts of urban stormwater on lakes, rivers and streams. Priorl@9€s stormwater
BMPs in Fort Collins were designed primarily to prevent downstream flo¢@isgpn, 2014). Starting in
the 1990’s, the detention basin design was modified to provide pollutant removal in addifioodo
control. Both approaches capture stormwater runoff and slow their discharge to downscearnng
waters to reduce erosion, flooding, and infrastructure damage; however, whilec@iowdl structures
slow the discharge of their captured stormwater, they do not contain storm veluradequate time for
settling or infiltration. Stormwater controls that provide water treatmentndisaiwater quality capture
volume (WQCV), determined by the amount of imperviousness within the contributing Altbaugh
Fort Collins now requires that all new developments treat the W@EM r{acne No. 152, 2012), many
areas within the city do not have any BMPs that provide water quality control.
1.2.2.1 Bioretention (Porous Landscape Detention)

Bioretention BMPs (Figure 9) capture and filter stormwater runoff thrargengineered filter
media designed to remove pollutants and support a variety of vegetation. Pollutants are removed from the
runoff water column through adsorption to the filter media and, to a lessent,eabsorption by
vegetation roots. In addition, bioretention can promote infiltration of stormwater rurffrmindwater.
They can be retrofitted into the landscaped areas of most existing develgpmeading parking lot
islands and street medians/parkways. Figure 9 shows two examples of biordtaptemented to

reduce and treat urban runoff.
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Figure 9: Examples of Bioretention Basins along a) a parking lot edian and b) a roadside parkway

1.2.2.2 Extended Detention Basins

Extended detention basins (EDBs) are a modified version of traditional floodlcdatention
basins that capture stormwater runoff and slowly release it overca pér24-48 hours. During the tén
that runoff is stored in the EDB, particulate pollutants are removed frormutioéf water column via
settling. Existing flood control detention basins can be retrofitted into EDBs twowe pollutant
removal through the replacement of the outlet structure. Figure 10 providesamaple extended

detention basin and flood control basin, and highlights the difference between their autietes.

'(; 4 - : A% 3 S

Figure 10: ‘Examles of a) extended detention basin and b) flood control l;a;

10



2.0 METHODOLOGY

2.1 Wastewater Methods

To estimate the nutrient removal resulting from sidestream treatmést sidestream treatment
flow rates and effluent water quality were integrated with mainstreanemutemoval and sidestream
sludge treatment process models.

2.1.1 BioWin SetUp and Calibration

BioWin, a wastewater treatment simulator that incorporates both physicochemidablagéital
processes developed and supplied by EnviroSim Associates Ltd., was used to model the edisting an
alternative nutrient removal technologies at DWRF. The BioWin model of DW&S- areated and
calibrated to existing water quality by Link Mueller (Mueller, 2015). Procesg diagrams exported
from BioWin are included in Appendix A. Throughout the year, the infllent fate varies; an average
of 11.4 MGD was used in this analysis. Table 2 lists additional volumes and flow ratieedlfrom the

treatment plant and used for calibration.

Table 2: Drake Water Reclamation Facility Plant Flow Rates and Volumes

DWRF Volumes and Flow Rates
DWRF Average Influent 11.4 MGD
Anaerobic Zone 0.43 Million gallons
Anoxic Zone 0.45 Million gallons
Aerobic Zone (2) 0.85 Million gallons/basin
Final Clarifiers 2,420,000 Square feet
Anaerobic Digesters 2.56 Million gallons
Mixed Liquor Return 2Q MGD
Return Activated Sludge 4.5 MGD
Waste Activated Sludge 0.12 MGD

The solids retention time calculated for the baseline model, and used &tetinative analyses,
was 12.48 days. The model includes the primary clarifier, mainstream nutrient removal system (Modified
Bardenpho), and solids treatmei8everal process simplifications to the current DWRF treatment system
layout (Figure 11) in the BioWin representation (Figure IP)is was the case for the primary clarifiers

and the dual secondary treatment system.

11
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Figure 12: Baseline BioWin model, generated by BioWin (as screenshot)
Four processes were individually calibrated prior to the system calibrdt®@primary clarifier,

the secondary system (including the anaerobic, anoxic, and aerobic reactors), theddasdlgtation
tank (DAFT), and the centrate dewatering unit. All element propentess determined using data

available from the from the DWRF Supervisory Control and Data Acquisition (2¢Alstem for the



month of September 2014 Number of samples for effluent values varied consideralifferent

constituents, ranging from 2 for TKN, and 66 for TSS.

During the system calibration, biological stoichiometric and wastewateiofia@ssumed in the

program were assessed with respect to literature values and SCADA-calculated Babieim default

parameters that affect the growth, decay, and metabolic rates of microorgaresiissedrin Table 3

theses were parameters were kept at their default values. Table Zelikiarthivastewater fractionsof

COD, TN, and TP - that were altered to best reprakergrocesses observed at DWRF.

Table 3: BioWin Assumptions for Biological and Process Parameters

Mi . Maxim_u_m Substrate Half- Aerobic Anaerobic .
icroorganism Specific n Anoxic Decay 7
T Saturation Decay Rate, Decay Yield, Y
ype Crin (e, Constant, K b Rate, b, RETR o
Mmax ' e
Ammonium 0.15
P . 1 1 1 1 .
Oxidizing Bacteria 0.9d 0.7 mgNH/L 0.17 d 0.08 d 0.08 d mgCOD/MgN
(AOB)
Nitrite Oxidizing 2 1 1 1 0.09
Bacteria (NOB) 0.7d 0.1 mgNQ/L 0.17 d 0.08 d 0.08 d mgCOD/mgN
Anaerobic 2.0 mgNH/L
Ammonia 3 . . 0.114
Oxidizers 0.1d 1 mgNaIL 0.019 ¢ 0.0095 d 0.0095 d mgCOD/MGN
(ANAMMOX)
Ordinary 0.66
Heterotrophic 3.2d* 5 mgCODI/L 0.62 d 0.233 ¢ 0.131d '
Organisms (OHO) mgCOD/mgCOD
Table 4: Altered Kinematic Parameters for BioWin Calibration
L Val Defaul
Kinetic Parameters aue efault
Applied Value
Fraction of readily biodegradable COD (gCOD/g total COD), Fbs 0.163 0.160
Fraction of unbiodegradable soluble COD (gCOD/g total COD), F{  0.057 0.050
Fraction of particulate organic nitrogen (gN/g organic N), Fnox 0.052 0.050
Fraction of phosphate to total phosphorus (gP@TP), Fpo4 0.556 0.500

Impacts of various technologies on nutrient removal were evaluated while keepinglthigok/

rate constant at 2Q. AS was kept at 1 percent of the influent flow rdd®1Q, equal to 0.12MGD) and
approximately equal to the rate observed at DWRF. The mean cell residemad @thscenarios was
modeled by BioWin to be 12.48 days. BioWin models weremsteady-stateFigure 13 compares the
plant effluent (prior chlorination) modeled by BioWin and observed at DW\RImber of samples for

effluent values varied considerably for different constituents, ranging from 2 for TKN, and68Sor
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Figure 13: Comparison of modeled vs. observed effluent water quality, errdbars represent the standard deviations of
observed values

The modeled effluent BOD value is lesser than the calculated average. Thidiah model

did not predict KN well, and yields an effluent values approximately half that of the value aeen
DWRF during September 2014. Because the observed TKN for this time period consisted of only 2
samples, additional data was requested from DWRF to verify the average TKN teftimeentration.
Between June 18, 2014 and August 6 2014, a period during which BOD concentrations were consistently
less than 15 mg/L and no process changes took place, the average of 6 TKN observatiomag4.1.83

with a standard deviation of 0.46 mg/L. These values correlate much more alitbelhat is predicted

by the BioWin model. Because further efforts to resolve this issue resunltadrient concentrations

more poorly estimated observed values, the inaccBfaf2 predictions were accepted in the final model.

2.1.2 BioWin Modeling of Nutrient Removal Alternatives

BioWin specializes in modeling biological treatment processes and does not have moeigiselem
specifically suitable for ammonia stripping, electrodialysis, selective adsarpt struvite precipitation.
Therefore, the impacts of these physicochemical processes and ANNAMOX were irtkdelty
inputting into BioWin an additional influent that represented the #owa constituent concentrations of

the treated centra (Figure 14). Thus, the effect of each sidestream unit on plant effluemnautr
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concentrations could be determined even when specific model elements were not available for a particular
treatment process.

The recycle pipeline from the dewatered sludge treatment to the plant influertmaged so
that the total influent was not increased (Figure 14). This enabled accofortingtrient removal in

sidestream treatment processes. Actual BioWin schematics are included in Appendix A.

Q=114 MGD Q=11.57 MGD > To Mainstream
- (Modified Bardenpho)
Treatment

v

Q=0.17 MGD

Sidestream % i
Reactor - . ;"""‘"

Bicsosas to Ranch

a3

o e

Solids to Anaerobic

A Digester; Centrate to
Sidestream Treatinent

Figure 14: Representative BioWin schematic for physicochemical processes

Biowin values for the centrate water qualityincluding TKN, nitrate, total phosphorus, dissolved
oxygen, COD, magnesium, calcium, alkalinity, and-pttere attained from the baseline model, possible
because BioWin calculates and can generate reports for individual elements or onar(eggiresenting
pipes) in the model. Centrate is generated by dewatering units both beforeemntheafanaerobic
digester treatment and is recycled back to the secondary treatmenttjrifluers the combined centrate
in the fully-connected baseline model from which the parameters listed above were obtairikd.
physicochemical and ANAMMOX alternatives, these water quality input parametegsingert into a
new influent element, to be mixed with the main plant influent. Figure 14 shows these eleméms and
connectivity in the alternatives’ models. When physicochemical sidestream processes were modelled, the
centrate was disconnected from the influent and allowed to dischaege“effluent”. Although not
shown as BioWin elements in the figure, there are two influentee for the main stream and one for the

centrate stream which combine prior to primary clarification.
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It was imperative that the centrate quality of the simulated treated centiadatgfadded as an
additional influent to the model) represent the centrate quality calculatetebynodel after solids
treatment. Initially, the fractions of nutrient values were not madcktie centrate water quality as
predicted by BioWin (Table 5). Since the centrate influent values were known to darbet steady-
state concentrations, only the wastewater fractions of the centrate infludshtoeomodified. Three of
these fractions were changed for the centrate influent (i.e. input stfda@ated centrate) only, and kept

constant for all physicochemical and ANAMMOX scenarios (Table 5).

Table 5: Altered wastewater fractions for treated centrate combined with @in influent

WW Fraction Default Model

Fbs (gCOD/ gTotal COD) 0.27 0.170
Fnox (gN/ gOrganic N) 0.25 0.050
Fpo4 (gPO4-P/ gTP 0.75 0.995

It should be noted that the default values describe a general plant main infolané arot representative
of centrate, which generally contains higher concentrations of its constituertiasaatteady undergone
some treatment from the solids treatment process. Figure 15 displays tiebssgtate water quality
values and the centrate influent values for the current mainstream RML raseprddess was repeated
for additional RML rates, without further variation of the wastewaterifmast for all RML rates, the

baseline centrate water quality correlated well with the disconnectediteergpresented by BioWin.
Underflow from the secondary clarifiers was kept constant and specified as valuiogt rates, as

opposed to percentages, to ensure consistency of centrate production and effluent discharge
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Figure 15: Centrate post-solids treatment vs. manual-input to influent to comare BioWin and User Input
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Spreadsheet calculations determined the necessary process changes to achiexaettidesel of
nutrient removal. Section 4 discusses these methods in more detail. Table 6 lists the process variables for

the studied technologies that have the most impact on nutrient removal.

Table 6: Process Variables for Wastewater Nutrient Removal Technologies

Scenarios (Variable Value)
time Variable
1 2 3 4 5
RAS input into sidestream
CaRRB reactor (MGD) 0.05 0.10 0.13 0.20 0.30
ANAMMOX Sidestrream reactor volume 0.7 0.9 15 20 o5
(MG)
Ammonia Stripping Stripping Tower Height (ft.) 12.5 15 275 42.5 50
Electrodialysis Power (kW) 118 169 236 287 303
Selective Adsorption | ~*ddition rate of aluminum 66 95 131 161 168
(tons/year)
Struvite Precipitation | A\ddition rate of magnesium 150 212 299 361 383
oxide (tons/year)

For each of the seven alternatives analyzed, five simulations were run toidettre range of treatment
efficiency by varying these parameters. CaRRB was varied through pararhatereuld be changed
directly in BioWin. The remaining alternatives’ parameters were varied within spreadsheet models.
Table 4 shows how these changed for each set of simulations. Methodology on how dtese w
determineds discussed in Section 4 of this report.

2.1.3 RML Rates in Alternatives Analysis

The initial process alternative considered for wastewater treatmenhe/agriation of recycle
mixed liquor (RML) rate using only the Modified Bardenpho treatment. Nitrog&reatfconcentrations
decrease and phosphorus concentrations increase as the recycle mixed liquor rate is ingyedséa)(F
due to differences in their biological removal mechanisms. Phosphorus concentrations ascFid&e
increases; its removal is achieved by introducing stress to aerobic hetemotiggdriisms triggering a
dormant state in which they release phosphorus in the anaerobic zone. Later, in theesmtbjchese
same organisms take advantage of the increased oxygen (electron acceptor) and whileingetabo

organic material, uptake more phosphorus than was initially released (Rittmann & McCarty, 2001). With
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the increased addition of nitrate to anoxic zone through the RML, there is less pippdotuorganisms

to uptake phosphorus. This results in higher effluent phosphorus concentrations.
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Figure 16: Modified Bardenpho effluent nutrient response to RML; current rate indicated by red cirde

The expected relationship is that of increased nitrification (lowetuesff nitrogen
concentrations) as RML is increased; however, concentrations of TN, TKN, and aigashown in
Figure 16 to increase slightly at RML flows greater than 2Q. To test whhthbBmited nitrification is a
result ofa carbon limitation, the model was evaluated using varying concentrationfuehinCOD and

mainstream RML (Figure 17).
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Figure 17: Effect of influent COD in Effluent Total Nitrogen (mg/L)

While increasing the influent carbon improved treatment efficiency, in each cake, RBIL is
increased beyond 1.0Q the effects on total nitrogen are almost indescribable; théraibmtevary by
less than 1.0mg/L. Hence, the modified Bardenpho process at DRWF is carbon limitedcarrent

influent COD concentration. RML has more of an impact when influent COD is increased to 800 mg/L.
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2.2 Stormwater Methods

Three stormwater nutrient-loading scenarios were evaluated: the existing agndiie
retrofitting of existing storm control measures (SCMs), and the implementatiorevef measures.
Precipitation records obtained from the National Climate Data Center (NCDC) were usedl&ecBlou
Collins-specific runoff depths for the pollutant analysis (NOAA, 2014).

2.2.1 Simple Method

In each scenario, the Simple Method (Chandler, 1994) was used in a spreadsheeb model t
calculate the annual load of nutrients discharged through stormwatermé&thiod calculates stormwater
pollutant loads from small (less than a square mile) urban areas. Equation hegi@&smple Method
equation for calculating pollutant load from urban stormwater:

L=P+AxR,*B «C+0226 Equation 1

L is the estimated pollutant load in pounds R, is the runoff volume coefficient

P is the average annual precipitation depth P, percent producing runoff

A'is the subcatchment area in acres Cis the effluent event mean concentration
Fort Collins average annual precipitation depth is 11.94 inches, calculated using long-term data from the
NCDC (NOAA, 2014). In each storm, the initial rainfall infiltrates or is stored infate depression and
thus does not contribute to pollutant discharge. This is accounted for imisie shethod by multiplying
the annual rainfall by the percentage that produces rufgff Fort Colling runoff-producing factor is
0.925, calculated by identifying individual storm events within the NRCS data smchiag a minimum
runoff-producing precipitation depth of 0.1 inches.

The runoff coefficient Ry) accounts for a site’s soil type, slope, and land cover on the amount of
runoff produced per storm and is calculated by (Chandler, 1994):

Ry = 0.05+0.009(1) Equation 2

The equation use calculate the runoff coefficient is dependent on the site’s percent impervious

area (), defined as the zones in which rainfall cannot be infiltrated by the land sutfapgervious areas
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include roads, rooftops, and sidewalkbhe total site areadj can be obtained from site plans or, as in
this analysis, from aerial maps input into GIS. Land-use designations Heofott Collins website
(fcgov.com) were used to identify smaller subcatchments with uniform imperviguanddand cover.

The influent pollutant concentratio)(is estimated in this analysis as the event mean concentration, or
the average concentration of pollutant discharged by a runoff-producing storm. Individual stormtpollutan
concentrations vary a great deal; however, median concentrations are appropriate tenmcauggalysis.
Colorado-specific data for total phosphorus and total nitrogen runoff concergratve obtained by the

Urban Drainage and Flood Control District (UDFCD) and are shown in Table 7 (Clary et al, 2014).

Table 7: UDFCD Measured Event Mean Concentrations

Constituent m-l;;L mT g'\;L
Open Space 0.41 34
Commercial 0.36 3.45
Residential 0.56 5.06
Industrial 0.35 3.56
Highway 0.39 3.78

A GIS model was created with land-use designations from the Fort Collingevébgov.com)
and soil group data from the National Resources Conservation Service (NRQ&taodse (SSRUGO)
(NRCS, 2013). To prepare the data for the cost-analysis tool, BMP-REALQQISdn(et al, 2013), a
GIS tutorial called “Step-by Step Instructions for Using ArcGIS to Delineate Subcatchments and Extract
Hydrologic Parameter Values for the UBMPCosts Tool” (Olson et al, 2013) was followed, with the
exception of slopanalysis instructions. A database of Fort Collins’ existing SCMs, including outlet
locations and drainage areas, was obtained from the city. These valuesnegldosimentify the total
acres of area treated by each SCM type in each land use category.

It was assumed that 85% of annual runoff from each drainage area is treate8®Wiaind that
SCMs were sized to treat the appropriate water quality capture volume (WQCV)ollbneng SCM
effluent nitrogen and phosphorus concentrations were obtained from data in thatibrieinBMP
Database (Wright Water, 2012), shown in Table 8. Although influent nitrogen conioaistraay vary,
it is assumed that for each SCM the effluent concentrations will remastacvmegardless of land use

and drainage size. The median values reported by the International BMP Database wearethised i
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analysis. The remaining 15% of annual runoff was assumed to bypass the SCM and have nutrient
concentrations equal to those reported by the UDFCD. Finally, the total annua¢miarody phosphorus

loads were calculated by doing a flow-weighted average of the effluent concentrations.

Table 8: International BMP Database BMP Mean Effluent Concentrations
BMP Abbr. BMP Description TPer TNer
mg/L mg/L
EDBD Extended Detention Basin 0.220 2.370
EDBD/FC Extended Detention Basin - Flood Control 0.220 2.370
EDBW Extended Detention Wetland Basin 0.130 1.280
FCBD Flood Control Basin -- --
FCBW Flood Control Wetland Basin -- --
PC Permeable Pavement 0.090 1.490
PLD Bioretention 0.090 0.900
SF Sand Filter 0.090 0.850
STC Storm Interceptor 0.120 2.220
WL Wetland 0.080 1.190
NONE No basin -- --

2.2.2 Scenario 0: Existing SCMs

Approximately 800 SCMs are reported to be in the Fort Collins city limits. Balides the types
of BMPs and the number of acres treated by each. The existing nutrient dischargémedsdessing
the Simple Method, as described previously. No runoff reduction was included;aasassumed that all
runoff treated by SCMs is discharged through outlet structures to sdbemilie conveyance syste@f
the BMPs listed, only porous landscape design (also called bioretention basinsgtEmtisvprovide
runoff reduction, if stormwater is not captured by underdrain systems. The asted by these BMPs
comprise 2.6% of the total area in Fort Collir&nce not all runoff generated from these areas would be

eliminated, the current runoff reduction is considered negligible.

Table 9: Fort Collins BMP types and areas treated

BMP Type No. BMPs Area Treated

No treatment N/A 21,518 acres
Extended Detention Basins 211 4,761 acres
Flood Control Basins/ Flood Control Wetland Basir 518 17,353 acres
Permeable Concrete 3 3 acres
Porous Landscape Design (Bioretention Basins) 7 7 acres
Sand Filters 6 11 acres
Stormceptors 16 43 acres
Wetlands 25 1,176 acres
Total 786 44,872 acres
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2.2.3 Scenario 1: Retrofitted Extended Detention and Flood Control Wetland Basins

Of the ten SCM types included in the Fort Collins SCM database, two onlgertaod control
and do not remove any substantial level of stormwater pollutant. These are flood detetntibn basins
and flood control wetland basins. In the first scenario, these basiretraféted to capture and treat the
stormwater capture volume. Such changes would involve replacing the outlairefruct include an
orifice plate so that pollutant settling may occur before discharg@NCHILL & City of Colorado
Springs City Engineering Division, 2002). With these upgrades, the flood control detesdios and
flood control wetland basins become extended detention basins and extended wetland deEngpn
respectively. In the spreadsheet model, the treatment types of these SCMs were revised and the
associated treatment calculated.
2.2.3 Scenario 2: Implementing Bioretention Basins

The SCM database also included areas that are not treated by any existing SCMsarddses
were included in the spreadsheet model and delineated into land-types as welhrioS2eadds
bioretention basins in these areas, so that runoff generated from all previdtesitathacres are treated
In the spreadsheet model, the treatment type of land areas indicated as g doairSCMs was
modified and the treated runoff volume was altered to 59.5% of total annual runoff, expressed in Equation
2 by multiplying 0595 to Rv. This is equivalent to 30% of SCM influent infiltrating through the media to
groundwater.

2.3 Evaluation Methods

Not all decision factors considered by utilities are economic. There are antiahvironmental
impacts caused by any project managing a common resource such as waterord haneMCDA
analysis was used to provide a preliminary look at these considerations and bdssfilnptions were
made through engineering-based judgment to assign weights to the criteria and aggmbfyriate sub-
criteria. These were grounded upon both common and unique issues brought up in tre ldaeedysis
of the alternatives. The use of four different weighting sets was deemed itepadwoad perspective to
the impact of the various factors. While the data used to evaluate each akamhbtged on literature
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review, the purpose of the MDCA is a preliminary exercise meant to show beval$ ®nd potential
routes of future research.Multi-criterion decision analysis (MCDA) allows for the quantitative
comparison of alternatives, evaluated through many different criteria, to idantifyptimal solution
(Zopounidis & Paradalos, 2010). This analysis method is ideal for the comparistatieélredissimilar
alternatives, as it permits flexibility in both evaluation measures and descrifiitexia, upon which the
decision will be made, were chosen by identifying common utility concerns andsfantiicating the

project effectiveness. These are listed in Table

Table 10: Criteria for Evaluation of Wastewater and Stormwater Alternatives

Criteria Sub-criteria

Cost per pound TN removal
Cost per pound TP removal
Treatment Efficiency Total TN removal

Total TP removal

Treatment variation

Capital cost

Rehabilitation cost
Maintenance costs

Potential revenue from fertilizer
Local recycled fertilizer demand
Volume of sludge reduction
Monitoring requirements
Maintenance requirements
Start-up period

Waste to landfill

Odors and nuisances

Impact Within Treatment Setting Aesthetic appeal

Additional pollutant removal
Public Perception Perception of Progressive Practices

Costs

Nutrient Recycling

Operational Complexity

Economic, social, and environmental impacts from each criterion were considered thubugh
criteria. The basic data for each alternative is included in AppendiMith of the value of MCDA in
decision making comes from the ability to assign weights, or relatipertance factors, to each of the
criteria. Three sets of stakeholder interests were considered while chaogsiodance factors, by
engineering judgment, for this analysis: economic-driven, operational complexity foansecemoval
efficiency guided.A fourth weighting set represents the stakeholder position of all criteing bf equal
importance. Table 11 lists the relative importance factors used in the MCDA analysis. The assignment
a “4” to a particular category indicates that this criterion is four times as important as those given a “1”,

and so on for other values. Equal weighting of subcriteria was maintained through all @assessm
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Table 11: Relative Importance Factors of Evaluation Criteria

Weighting | Weighting | Weighting | Weighting
Criterion Set 1 Set 2 Set 3 Set 4
Treatment Efficiency 2 1 3 1
Installation 3 1 1 1
Nutrient Recycling 1 1 1 1
Operation 1 3 1 1
Impact within Treatment Setting 1 2 2 1
Public Perception 1 1 1 1

The two types of MCDA used in this analysis are the weighted average method (WAMgand th
preference ranking organization method for enrichment of evaluations (PROMETH&Eiffer in the
valuing process to compare alternatives. WAM is a value-based method whiitteprascore to each
criterion for each alternative based upon their relative strengtio(iidis & Paradalos, 2010). For
each criterion, the alternatives will be scored with a decimal number corresptmbavgmuch better or
worse it is comparted to the other alternatives. The PROMETHEE method, iastoistan out-ranking
method, and compares each alternative pair-wise with every other alternative (Stiaktu&, 2013).
Either a one or a zero is assigned based on whether it is better or worsenylnases, the results from
these two methods will only slightly vary. However, if large differencést ex if word scales are used,
the results may be distinctly different. The eight sets of MCDA results wergzadatogether to

determine the alternatives favorable to the greatest number of stakeholders.
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3.0 COST METHODOLOGY

Planning-level cost estimates were calculated for a 20-year planning hornizmtHovastewater
technologies and stormwater controls and include capital and maintenance costs. For éach of t
technologies considered, initial and ongoing costs included construction costs, maintenancndost
rehabilitation costs. Potential revenue from nutrient recovery was also cedsiber wastewater
sidestream processes when applicable. The considered costs were combined in ¢achizasea total
net present costMPC)* for the 20-year project using Equation 3 and assuming an average inflatian rate (

of 4.6% (Olson et al., 2013).
PrH
NPC=K +Z(M —A)1+r)¥ +ZR}.(1+T]Y Equation 3
¥=1 ¥r

Where capital (one-time) costs are representedsbgnd annual operative expenses are equal to the
difference of maintenance cost#)(and potential monetary gains from by-product ugefg¢r each year
(». Rehabilitation costsR) are adjusted for inflation for the year(s) in which they williteurred ),

a subset of the total years in the planning horizon. Recurring costs @steddpr inflation and summed
over the duration of the planning horizaRA). This method of calculating costs allows for consistent
comparisons between the alternatives, while ignoring potential benefits fronememing the
technology (Griffin, 2005). It assumes that the interest rate over the maharizon is zero, as is
customary in the calculation of costs incurred by private compaftas.approach is appropriate for this
aralysis, as both wastewater and stormwater sectors are paid for by tax-generate®bineeishe City
government is not a for-profit entity, it cannot tax excessively or hold examssynto save in a bank,
and thus cannot practice long-term investment as a private company would do, eXpdetiaigbonds.

Each of the cost components considered (capital, maintenance, revenue, and rehalitgat@cylated

! In most economic analyses, the net present value (NPV) is reported alwlisted as the difference between the
net present revenue and cost; thus, a negative value is obtained if theretiexpense. In this paper, all
alternatives have a net monetary cost. Therefore, although potential reverledisd, Equation 4 most accurately
describes the net present cost and is stated as a positive expense.
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for each alternative through unit costs; these values will be unique for éarctative and are expressed

in terms of volume treated, mass of chemicals need, or as a similar cost-per-unit.

3.1 Capital Costs K)

For both stormwater and wastewater cost analyses, capital and maintenance costs invol
primarily equipment and labor expenses, although the relative magnitude of each obthpeaents is
appreciably different for the two sectors. Capital costs, the first varakliEquation 4, were calculated
with Equation 4. In itE is the engineering and contingency cost percentagé iartthe installation cost
percentage.

K=(1+E){1+DX+1L Equation 4
For both wastewater and stormwater calculations, contingency costs are estinhat&d%6 of the total
equipment costs. Installation costs are estimated to be 45% of the equipment qEstentage
recommended by the EPA (EPA, 2009), in the wastewater alternatives. Stormwaterctonstost
estimates include installation costs; therefdie,entered as 0 in Equation 5 for these scenarios. The sum
of equipment costsXj is calculated from unit costs, the components of which are listed in Table 12.

Land costs {) are also included, and include opportunity costs of using existing space within DWRF.

Table 12: Capital cost component comparison and summary

Wastewater Cost Components Stormwater Cost Components
Land costs (opportunity cost) Land costs
Basin and pipe addition costs Construction costs
Chemical storage and pump costs | (estimates obtained for each BM
Aeration equipment costs type from manufacturer quotes)
Installation costs
Engineering and contingency costs

3.2 Maintenance Costs (M)

Table 13 lists the maintenance components included in the cost analysis. Thesei@ded incl
the total cost equation as unit costs multiplied by size or treatment variables, gatbresstreated, mass
of nutrient removed, or oxygen concentration requirements. Wastewater unit cdstéhfeapital and

mantenance costs are described in additional detail in the following sectionmv&iter maintenance
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costs are further arranged into fixed and variable costs, the details of whicbladednin the discussion

of the BMP REALCOST costing model.

Table 13: Maintenance cost component comparison and summary

Wastewater Cost Components Stormwater Cost Components
Sludge recycling costs Inlet/Outlet cleaning
Chemical addition costs Nuisance control
Aeration power costs Lawn mowing and a&
Additional energy costs Sediment removal
Labor costs Annual cleanup and planting
Sidestream mixing and pumping costs

3.3 Rehabilitation Costs Ry)

Rehabilitation costs for both stormwater and wastewater are calculatepeaseatage of capital costs,

incurred at specified intervals during the planning horizon.

3.4 Revenue from ByProduct Reuse (A)

Nutrients are a pollutant in treated wastewater or drinking water, buteegsary in agriculture to obtain
greater yields. Several of the alternative sidestream wastewater teddsaiogsidered in this analysis
separate nitrogen and/or phosphorus from the waste stream such that they may begubantteatised.

The revenue from the potential sale of fertilizer is estimated as a functitve ohdss and quality of

nutrient-rich by-product.

3.5 Other Cost Considerations

Administrative costs were not included in the analysidministrative costs would not vary much among
alternatives, and the additional costs are not expected to produce lasgsesna@ each sector’s existing

budget. Particularly that for wastewater operation, as the sidestreamemmeatocess is a small portion
of the entire system. Feasibility or planning-level assessments must incluglexpeases; however, for

order-of-magnitude comparisons this assumption is reasonable.
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3.5.1 Cost Adjustments for Time

All unit costs @) for both the wastewater and stormwater analyses were converted to 2014
dollars by Equation 5. This is true for all unit costs within the capital, maintenance, relajl&atl

revenue calculations.

ENR CCly
R EL s
ENR CClp

Equation 5

Where (%) is the present cost, antVR CCIB/ ENR CCIP is the ratio between the base and present
Engineering News Record Construction Cost Indices. The CCI for 2014 is 9834 ZBNR, base year
CCls varied by unit costThis equation accounts for the inflation that has occurred between the base year

and the present.

3.5.2 Cost Comparisons

Each of the separate scenarios for the sidestream treatment alternativessiravolaried
operational or infrastructural component and thus they incur varied costs. How thesmleelated is
described in detail in Section 4.0 of this report and the final ranges of eogieynd removal and total
mass removal are given in the results section. However, for further comparisorstavihwater
alternatives, it is convenient to select a representative cost fomeabtbwater alternative. The scenario
with the greatest cost-efficiency was selected for this technology re@i@ent Results from the
treatment-cost calculations generated three groups of results: one for eachaRRMinalyzed. The
lowest possible RML that does not affect the effluent concentration was setecegidgsent costs. Of
the scenarios within the selected RML, the point most closely represtmgiagerage among those that
resulted in effluent nutrient concentrations less than the current averagmeheded in the side-by-side
comparison of results was selected as representative. An additional comparison was made which includes
only the scenarios in which the Regulation 85 nutrient standards were met. Hosttlod these
comparisons, the effluent nutrient scenarios were only selected only on the basisutfi¢ime treated by

the side-stream technology. In the second comparison, both nutrient types were considered.
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4.0 COST ESTIMATES AND DATA

4.1 Wastewater Cost Estimates

A spreadsheet model was created to compare nutrient removal sidestream pgeoyess diosts.
Capital, maintenance, and revenue expenses for wastewater technologies weily panele costs
that depend on the level of treatment or volume of influent. Unit costs, etljiosR014 dollars, were

obtained primarily from literature estimates and are listed in Table 14.

Table 14: Unit Costs for Wastewater Nutrient Removal Alternatives

Source

Item |

Unit Cost 2014 Dollars |

Capital Costs - Basin Additions, Chemical Storage and Pumps, Aeration Equipment

Land costs $0.86 ft? (Olson, Urbonas, et al., 2013)

Installation costs 45% Equipment Costs (EPA, 2009)

Tank Costs $1.32 $/gal (Hydromantis Environmental Software Solutions, n.d.
WW Piping Costs $0.40 $/gal 30% of building costs

Stripping Tank $46,374.29 $fit. (Hydromantis Environmental Software Solutions, n.d.
ED Membranes $3,071,205.50 $/MGD (Leitz & Boegli, 2001)

Storage Tank $2,025.96 $/1K tank (Colorado University, 2002)

Pumps $14,181.71 $/pump (Colorado University, 2002)

Blower $593,590.95 $/ea. (Hydromantis Environmental Software Solutions, n.d.

Maintenance Costs - Recyclin

, Aeration, Chemicals, Energy, Labor, and

Sidestream

Mainstream RML $1,764.87 $/MGD (Hydromantis Environmental Software Solutions, n.d.
Mainstream RAS $1,775.47 $/MGD (Hydromantis Environmental Software Solutions, n.d.
Sidestream RML $1,764.87 $/MGD (Hydromantis Environmental Software Solutions, n.d.
Mainstream Power $166,364.46 $/mgO2/L (Hydromantis Environmental Software Solutions, n.d.
Sidestream Aeration $166,364.46 $/mgO2/L (Hydromantis Environmental Software Solutions, n.d.
Hydrated Lime (Ca(OH)2) $0.24  $/b. (Hydromantis Environmental Software Solutions, n.d.
Aluminum (AI2(SO4)3) $0.36  $/b. (Hydromantis Environmental Software Solutions, n.d.
Ferric Chloride $0.48  $/b. (Hydromantis Environmental Software Solutions, n.d.
Magnesium Chloride $287.01 $/ton (Seymour, 2009)

Anit-scalant $16.89  $/gal (Leitz & Boegli, 2001)

NiSO4 (ED) $7.45 $/b. (Pruyn, Harrington, & Smith, 1970)

Additional Electricity Cost $0.04 $/kwh (Citry of Fort Collins, 2014)

Annual Labor $35.00 per hour Engineering Judgment

Sidestream Mixing $46,597.03 $/MGD (Colorado University, 2002)

Sidestream Pumping $40,519.16 $/MGD (Colorado University, 2002)

Membrane Pumping $10,605.08 $/kgal (Pruyn et al., 1970)

Potential Revenue - Fertilizer By-Product

Good Quality $574.01 $/ton (Seymour, 2009)

Fair Quality $344.41 $/ton Estimated from (Seymour, 2009)

Poor Quality $114.80 $/ton Estimated from (Seymour, 2009)

Rehabilitation Costs - Equipm

ent Replacement

Piping and Tanks

40% Equipment costs every 20 years

(Sewer Infrastructure Advisory Group, 2013)

Blowers and Pumps

80% Equipment costs every 15 years

(Sewer Infrastructure Advisory Group, 2013)

ED Membranes

100% Equipment costs every 7 years

(Pruyn et al., 1970)

Stripping Tank

50% Equipment costs every 7 years|

Engineering Judgment
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For each technology, a range of costs was calculated that is associated wiguthmrameter changes
highlighted in Table 4. These produced different levels of treatment;dbsistreatment curves cold be
developed. Appendix B includes unadjusted literature unit costs. Rehabilitation costmtafor
equipment life expectancies which are lower than the treatment planning horizon tisisdaimalysis;
they are estimated as percentages of the initial equipment cost and inforntedahyrd estimates (EPA,

2009).

4.1.1 Alternatives Cost Determinations

The variables affecting cost for Modified Bardenpho, CaRRB, and ANAMMOX areaphm
basin size, aeration rate, or recycle rate, which are directly entedhe spreadsheet cost model
without intermediate calculation. However, the four physicochemical proaesskded in this analysis
do not have specific Biowin model elements relating process input to effluent waigyr. qikerefore,
the process design variableincluding chemical addition rates, tower heights, and electricity demands
were calculated as a function of nutrient removal percentages in spreadsheet modelgenaging-
based methods. Unit calculations for each technology are as described below, aidulallion sets are
included in Appendix C.

Centrate and RAS Reaeration Basin (CaRRB)

Implementation requirements for sidestream CaRRB that affect capitalirodstie the reactor
tank installation and complimentary piping and wastewater pumping. In additiba boternal recycle
of the sidestream unit, part of the mainstream RAS is diverted to the BCagdgtor. Aeration is
necessary to achieve nitrification; due to the small size of the tank, @nerbs deemed sufficient to
achieve the desired dissolved oxygen concentration (Air Force, 1988).

Anaerobic Ammonium Oxidation (ANAMMOX)

ANAMMOX infrastructure requirements include a pre-treatment nitritatieector, which s

aerated at a rate of 0.5mg/L dissolved oxygen to avoid complete nitrificatic nitrate toxicity and a

second tank that contains the ammonia oxidizers (Musabyimana, 2008). The hydraulionreieeti
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(HRT) of the initial bioreactor was the controlling factor used in thidyais, and was varied through the
basin volume. No chemical additions are necessary (AECOM, 2012).
Ammonia Stripping

Tower height and air flow requirements associated with specified nitrogen remasignefés
were found following the method outlined by Huang and Shang (Huang & Shang, 2006), in which an
influent and effluent ammonia (aqueous) concentration are specified, as well rEffuant iammonia
(gaseous) concentration. Influent ammonia concentrations were kept constant ageileftthe effluent
were varied through each scenario. The influent gaseous concentration is depeifardgraraqueous
concentration and identified through a nomograph provided by Huang and Shang. The effeem gas
ammonia concentration was then determined. The flow rate, area loading rate, emngetowetry (area
and length) are specified and required in determining the required tower height.
Electrodialysis

The current needed to achieve a given level of nitrogen removal was calculateBaqisitign 6
(Shaffer & Mintz, 1980):

Equation 6

. ZFQp(CS . — C3

outlat
Ne

Where ¢ is the current utilization efficiency (assumed to be 0.9), NV is the number of cell pairs (2 pairg),
is the charge of the ion (+1¥,is Faraday’s constant (96485 amps), O is the diluate flow rate(?..is the
diluate ED cell inlet concentration, aiH,...: is the diluate ED cell outlet concentration. The current was
then converted to required power requirement (kilowatts) by the assumption that ts7&eapplied in
the sidestream treatment. Anti-scalant and nickel sulfate, used to sustain tleechiectical potential,
are added to the treatment tank to maintain efficient pollutant removal (Valero et al., 2011).
Struvite Precipitation
For each desired effluent centrate phosphorus concentration, the required magnesiue chlorid

was calculated with a mass-balance ratio. Ideal Mg:P molar ratios areedefmobe between 1 and 1.5
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mol/mol (Forrest et al.,, 2008; Wang et al., 2005). In this analysis, 1.5 mol/mol wasfarsa
conservative estimate, and the required chemical addition was calculated by stoichiometrisi@onv
Selective Adsorption

The amounts of aluminum sulfate neddo achieve required phosphorus concentrations were
calculated in a similar method as that of struvite precipitation. A molar ratid®hioles Al/mol P
(Sengupta & Pandit, 2011) was used to calculate the annual mass of aluminum sulfate required for

selective adsorption.

4.1.2 Capital Costs

Capital unit estimates are given in Table 15. Because Modified Bardenphe isuirent
treatment design at DWRF, no capital costs are associated with this acdbaypital costs are primarily
dependent on the influent flow rate, which stays constant throughout this analysiexc&€pdons are
ANAMMOX and ammonia stripping, whose processes are reliant on tank gkhough DWRF
currently owns the space in which a sidestream treatment would be placed, implementing such technology
would present opportunity costs. These were estimated as the land use value doeahatt was
assumed that a sidestream unit would take approximately 100,000 square feet of satand Aalue
cost of $0.86 per square foetequivalent to the cost of undeveloped land (Olson, 261 total
opportunity cost is approximately $86,000. The value for undeveloped land was sbtzade the
space within DWRF is not practical for commercial, residential, or industnduption purposes. These
unit estimations were multiplied by the unit costs listed in Table 14tenothe total unit capital costs,

listed in Table 16.
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Table 15: Capital Unit Quantities for Sidestream Wastewater Nutrient Removal Alternatives

CaRRB ANAMMOX Electrodialysis
200,000 (gal) Tanks 0.7—-2.5 (million)  (gal) Tanks 200,000 (gal) Tanks
170,000 (gal) Piping 170,000 (gal) Piping 170,000 (gal) Piping
2 (ea.) Pumps 2 (ea.) Blowers 0.17 (MGD) ED Membranes
1 (ea.) Blowers 100,000 sqft land 2 (ea.) Storage Tank
100,000 sqft land 2 (ea.) Pumps
1000,000 sqft land
Ammonia Stripping Selective Adsorption Struvite Precipitation
170,000 (gal) Piping 200,000 (gal) Tanks 200,000 (gal) Tanks
12.5-50 (ft.) Stripping Tank 170,000 (gal) Piping 170,000 (gal) Piping
1 (ea.) Storage Tank 1.0 (ea.) Storage TanKk 1 (ea.) Storage Tank
1 (ea.) Pumps 1.0 (ea.) Pumps 2 (ea.) Pumps
1 (ea.) Blowers 100,000 sgft land 1 (ea.) Blowers
100,000 sqgft land 100,000 sqft land

For each alternative, the individual unit costs were added to generate a totahadsis also displayed.
A range of costs are given in the table for ANAMMOX and ammonia stripping, congiggoto the

range of treatment modeled and presented in the discussion section of this report.

Table 16: Sidestream Capital CostsK) for Wastewater Nutrient Removal Alternatives

Capital Cost P " At Selective Struvite
ltem CaRRB ANAMMOX Electrodialysis Ammonia Stripping Adsorption Precipitation
Land $86,000 $86,000 $86,000 $86,000 $86,000 $86,000
Engineering

and

Contingency $588,024 $839,007 $548,912| $763,490 - $1,772,13 $236,691 $589,199
Installation

costs $429,536 $624,264 $399,191 $67,574 - $2,318,714 $156,950 $430,448
Tank Costs $264,996| $927,486- 3,312,449 $264,996 $0 $264,996 $264,996
WW Piping

Costs $676,574 $67,574 $67,574 $67,574 $67,574 $67,574
Stripping

Tanks $0 $0 $0 $579,679 - $2,318,71 $0 $0
ED

Membranes $0 $0 $1,228,482 $0 $0 $0
Chemical

Storage Tank $0 $0 $4,052 $2,026 $2,026 $2,026
Pumps $28,363 $0 $28,363 $14,182 $14,182 $28,363
Blowers $593,591 $1,187,182 $0 $593,591 $0 $593,591
TOTAL $2,058,084 4,550,351 -9,391,351 $1,921,193 | $2,672,214 - $6,202,457 $828,419 $2,061,197

4.1.3 Maintenance Costs

Most treatment curve calculations were created by varying operational inputs; & TiZalall
maintenance cost units are provided, including the ranges of selected treatment vafiablist three
items for each (RML, RAS, and Mainstream aeration) are costs of continuing tharesam®8NR

treatment, albeit with a lower RML flow rate. Because these are constangtiheach sidestream
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process scenario, they are included in a separate table sesitiesirdam processes. mainstream
component).

Table 17: Sidestream Operation and Maintenance Unit Quantities for WastewateNutrient Removal Alternatives

CaRRB ANAMMOX Electrodialysis
0.05-0.30 (MGD) Recycle 0.1 (MGD) Recycle 1000 (gal) Anti-scalant
2 (mgO2/L) Aeration 05 (Amgo_z/ L) 140000 (Ib.) NiSO4
eration
40 (hr./wk.) labor 40 (hr./wk.) labor 730 -1,876 1000 (kwWh) Electricity
0.17 (MGD) Mixing 0.17 (MGD) Mixing 0.17 (hr./wk.) labor
017  (MGD) Pumping 0.17 (MGD) Pumping 170 (kgal) Membrane

Pumping
Struvite Precipitation

Ammonia Stripping Selective Adsorption

0.89-2.29 (mgO2/L) Aeration 0.1 (MGD) Recycle 0.1 (MGD) Recycle
6300 (Ib.) Ca(OH)2 353,398 - 908,731 (Ib.) Al2(SO4)3 0.3 (mgO2/L) Aeration
40 (hr./wk.) labor 40 (hr./wk.) labor 55 -140 (Ib.) MgClI
0.17 (MGD) Pumping 0.17 (MGD) Mixing 40 (hr./wk.) labor
0.17 (MGD) Pumping 0.17 (MGD) Mixing
0.17 (MGD) Pumping

These can be compared with maintenance requirements of solely using Modified Bardenghaateab
necessary for operation and maintenance were assumed to vary little betwedent mamoval

technologies, as this operational expense is minor compared to power and chemical costdidatw, &
2012). Wastewater pumping rates are also identical throughout all scenarios dueottsthst centrate
flow rate in all analyses. The total costs listed in Table 18 for eachremiestreatment include the

mainstream treatment maintenance costs as well as sidestream unit costs.

Table 18 Annual Sidestream Maintenance CostsM) for Wastewater Nutrient Removal Alternatives
CaRRB ANAMMOX Electrodialysis
$88- $529 $172

(MGD) Recycle

(MGD) Recycle

$176 Recyle

$332,729 (mgO2/L) Aeration $83,182 (mgO2/L) Aeration $16,892 (gal) Anti-scalat
$72,800 (hr./wk.) labor $72,800 (hr./wk.) labor $1,043,000 (Ib.) NiSO4
$7,921 (MGD) Mixing $7,921 (MGD) Mixing $75,040 - $29,200 (kWh) Electricity
$6,888 (MGD) Pumping $6,888 (MGD) Pumping $72,800 (hr./wk.) labor
$4,242,030 (kgal) Membrane Pumping
$420,427 - $420,868 $170,968 $3,088,197 - $3,010,771

Ammonia Stripping

Selective Adsorption

Struvite Precipitation

$148,064 - $380,975 (mgO2/L) Aeratdn $176 (MGD) Recycle $176 (MGD) Recycle
126,426 -
$1,503 (Ib.) Ca(OH)2 $515325,094 (Ib.) AI2(SO4)3 $49,909 (mgO2/L) Aeration
$72,800 (hr./wk.) labor $72,800 (hr./wk.) labor $15,785 - $40,181 (Ib.) MgCl
$6,888 (MGD) Pumping $7,921 (MGD) Mixing $72,800 (hr./wk.) labor
$6,888 (MGD) Pumping $7,921 (MGD) Mixing
$6,888 (MGD) Pumping

$229,255 - $462,165

$214,212 - $412,880

$153,481 - $177,877

As in Table 17, mainstream unit costs are listed in a separate table componentd® goayparison to

regular BNR operation. These costs were determined by multiplying unit amoudrablen17 by unit
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costs provided in Table 14. The costs displayed here are yearly maintenanaedesesnot adjusted to

a net present cost.

4.1.4 Potential Revenue

Side-stream sludge production, calculated from literature values (Sengupta & Pandit, 204.1; Wa
et al., 2005) as a function of chemical dosage and wastewater flow rate, was utethte te fertilizer
production from electrodialysis, ammonia stripping, and selective adsorption. Theofnstsuvite—
which can be directly applied as fertilizeproduced per mole of phosphorus removed is available as a
literature estimate (Wang et al., 2005) and was used as the basis for its revaniagorec Table 19

gives fertilizer production estimates for each sidestream technology and 8tevevenue estimates for

the nutrient recycling technologies.

Table 19: Potential Annual Nutrient Generation and Revenue f) through By-Product Reuse

Electrodialysis

Ammonia Stripping

Selective Adsorption

Struvite Precipitation

130 - 200

(ton) Fair
Quality

p (ton) Fair
130200 Quality

) (ton) Fair
15-38 Quality

) (ton) Good
149 - 384 Quality

$44,773 - $68,882

$44,773 - $68,882

$5,166 - $13,088

$85,528 - $220,421

These are annual revenues and are not adjusted yet through Equation 2. The-cutizgeimg by-

product from electrodialysis, ammonia stripping, and selective adsorption arevathasde a fertilizer

as that from struvite precipitation; thus, the revenue predicted for these sidestreaamtseatmless than

that for struvite.

4.1.5 Rehabilitation Costs

Rehabilitation costs were calculated for each mechanical, electrical, orrunftast item as a

percentage of equipment costs.

addition to mainstream treatment) rehabilitation costs.

Table 20 shows treatment-specific cost estimatdastozasn (in

Table 20: Rehabilitation Costs (R) for Wastewater Sidestream Nutrient Removal Alternatives

Rehabilitation Cost CaRRB ANAMMOX Electrodialysis | Ammonia Stripping Selmiie Sl
Item Adsorption Precipitation
Tanks and Piping $266.056 $160,058 $269,297 $55,680 $267,677 $267,677
Blowers and Pumps $663,418 $1,266,327 $30,254 $648,291 $15,127 $663,418
ED Membranes $0 $0 $1,491,728 $0 $0 $0
Stripping Tank $0 $0 $0 | $828,112 - $3,312,44 $0 $0
$2,062,375 - $1,532,083 -
TOTAL $929,474 $3,970,349 $1,791,280 $4,016,420 $282,804 $931,095
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4.2 Stormwater Cost Estimates

Costs of stormwater control measures were evaluated through BMP-RealCost, chepteaut
tool developed in 2010 by the Urban Drainage and Flood Control District in collaboratio@elbrado
State University (UFCD, unpublished). Administrative costs were removed lf@ranalysis for more
accurate comparisons with wastewater technology costs. For the cost analgsessutmed that BMP

effectiveness does not change over its lifetime, and that regular maintenance is performed.

4.2.1 Alternatives Cost Determinations

Stormwater scenario capital costs include both fixed and variable costs that dejoetfidlidual
BMP size. The bioretention scenario includes land costs as well, which wereideteas a function of
both land use and BMP volume. Tables 21 and 22 list the unit costs for extended dbtesitisrand
bioretention basinsLand cost values were obtained from BMP-REALCOST and represent average land

values for each land use type.

Table 21: Unit Capital Cost Variables

Capital Cost Variable | Extended Detention Basins| Bioretention Basins

Base Cost $10,000 $10,729
Unit Cost $0 $9.93
Table 22: Bioretention Land Use Unit Costs
Land Use Type Bioretention Land Cost

Undeveloped/Open land | $0.86 per ft

Residential use $3.16 per ft

Commercial use $4.60 per ft

High density use $40.25 per ft

Maintenance activities for extended detention basins include inlet and outlihg|eauisance control,
outlet maintenance, lawn care, and sediment removal from both the forebay and basin. tBesh of
must occur witha different frequency, which is accounted for in the calculation of amnaaitenance
costs. Bioretention basins require only annual clean up and planting. Zalés these values for

extended detention basins and bioretention basins.

Table 23: Unit Maintenance Cost Variables

Maintenance Cost Variable Extended Detention Basins Bioretention Basins
Constant Costs $1,849 per BMP $0 per BMP
Variable Costs $2,782 per AF $0.62 per CF
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4.2.1.1 BMP-RealCost Model
The BMP-RealCost tool determines the planning-level lifecycle costsoohwhater controls
implemented in urban environments. In order to calculate BMP implementation costdRé&Eost
first determines the number and size of BMPs within each subcatchment based on spediftedda
and drainage area values. It also allows for the analysis of BMP effectivesessatchments uniform
in land cover, imperviousness, soil type, and slope.
Scenario 1
Scenario 1 model predictions for both the number of BMPs and the capital cost per BMP were

over-written with GIS data and engineering judgment as this scenario requirestaatilitation of pre-
existing stormwater structures.
Scenario 2

Bioretention basins are sized according to their calculated water qualityecaptume (WQCV),
calculated by Equation 7 (CH2M HILL & City of Colorado Springs City Engineering Division, 2002):

V = A+ a(0.91EI° — 1.19EI? + 0.78EI) Equation 7
Where A is the runoff-contributing area,is the drawdown time coefficient, ank is the effective
imperviousness, here equivalent to total imperviousness. The drawdown time is 0.@rdtankibn
basins (UDFCD, 2011). It was assumed that no area in the subcatchment is left untreated. The number of
BMPs required (N) is calculated by Equation 8:
N=(CA=xI) Equation 8

Where CA is the total impervious area in sub-catchment ared; enthe percent imperviousness of the

subcatchment. The BMP numbers within each land use type for each scenario is provided in Table 24.
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Table 24: Stormwater Scenario Unit Quantities

Scenario 1 Scenario 2

Land Use BMP No. of BMP No. of

Size Units BMPs Size Units BMPs
Commercial 0.41 AF 86 1191.80 CF 2289
Industrial-Heavy 0.68 AF 49 1295.47 CF 801
Industrial-Light 0.27 AF 31 1295.47 CF 495
Parks, Cemeteries 2.72 AF 6 1679.67 CF 88
Residential AP n/a n/a n/a 1191.80 CF 36
Residential - MU 0.54 AF 41 1140.98 CF 380
Single Family 1000 0.67 AF 24 1197.90 CF 1258
Single Family 2000 1.11 AF 77 1245.16 CF 821
Single Family 4000 2.22 AF 4 1466.23 CF 337
Undeveloped n/a n/a n/a 1945.97 CF 10

4.2.2 Capital Costs

Table 25 shows the unit and total costs for stormwater scenario capital costs.

Table 25: Capital Costs (K) for Stormwater Nutrient Removal Scenarios

Capital Cost Variable Extended Detention Basins Bioretention Basins
Base Cost $3,180,000 $69,899,435
Unit Cost $0 $80,175,551
Land Cost $0 $109,001,975
TOTALS $3,180,000 $259,076,961

4.2.3 Maintenance Costs

Table 26 displays the unit and total operational costs for both stormwater esendtiese

estimates do not include net present value conversions, so they are lower than final reported values.

Table 26: Maintenance Costs M) for Stormwater Nutrient Removal Scenarios

Maintenance Cost Variable Extended Detention Basins Bioretention Basins
Constant Costs $587,982 $0
Variable Costs $627,421 $5,005,926
TOTALS $1,215,403 $5,005,926

4.2.4 Potential Revenue

No potential revenuedj from nutrient recycling or other activities is possible through the

implementation of stormwater controls included in this analysis.
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4.2.5 Rehabilitation Costs

Rehabilitation costsR) describe the percent of construction costs necessary to restore the BMP
as it reaches its long-term pollutant removal capacity and occur at integuesto the expected design
life of the BMP. For extended detention basins this is 80% every 35 years dofasiructure
replacement (Olson, Roesner, Urbonas, & Mackenzie, 2013). Rehabilitation costs dtentiion are
assumed to be 100% of construction costs every 15 years and include the replaceiteminefifa and

replanting of vegetation (Olson, Roesner, et al., 2013).
4.3 Impacts to Budget and Rate Payers
For each alternative, the impact to the city budget and utility consumers was estmaigith
total costs per person and by estimating a household’s likely bill increase per month. Consumer-
normalized capital costskf) were calculated using Equation 9. Equation 10 was used to calculate a

similar estimate for operating costs.

K
Kp= 7 Equation 9
_NPCTK Equation 10
Me=Dm.p quation

WhereKis the capital cost of the alternativ@4 is the planning horizon (20 year$)js the Fort Collins
population, and7 is the total gallons treated over the planning horiz®C is the net present cost; by
subtracting capital costs from this value, one obtains the net presericoparal maintenance costs.
Fort Collins has a population of about 150,000 and this value was used in each scenario.

Because consumer utility rates are frequently calculated using the estimatedatisdg mind,
an alternative evaluation was performed to better compare the impact of sidestrémentraad BMP
implementation on monthly consumer bills. Consumer charges per 1,000 gallons (ratente
calculated using Equation 11. The resulting monthly bill increase per householh¢ found using

Equation 12.
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NPC
Mr?"
P« (—1000] + 30.4

r= Equation 11

ro=re(i)vh+304 Equation 12
1000

In both equationsw; is the wastewater generation rate per person, assumed here to be 70gpcd; this is
divided by 1,000 to yield the treatment demand in kilo-gallons. The number of peopleugehold is
represented by:, assumed to be 3 people. The term 30.4 is the average number of days per month.
Calculated percent increases of consumer charges for wastewater altemneltindesonly the wastewater
portion of a household’s utility bill, not the entire water statement.

Generally, stormwater utility bills are not variable upon volume oémaéated but the area and
land use type of the property. Therefore, stormwater rates (per volume usejawéncluded in the
analysis; however, they may be compared with wastewater values as expenses per pdigod7 Ta
displays the expected costs and changes to a single-family residence ultilitif He#llcurrent rates for
wastewater treatment are included, as are the capital and maintenance costs peajoeiated for the
Modified Bardenpho (currently technology) alternativ€osts per capita for the remaining wastewater
alternatives include the continued operation of the mainstream BNR and thus areuddition to the
current costs. This presentation style was chosen so that the reduced requirementsstodamai
treatment could be included in the evaluation of sidestream costs. Thepeostapita increase

summarize the amount by which the sidestream technology will cause ratesstsénper person per

month.
Table 27: Impact of technology alternatives to sector budget and rate payeharges
Cost per Capita Monthly Utility Rates
Scenario . 4 Per Per capita
Capital O&M (y 7) | Pe 1000gal -cap household increapse
Current Rate (M. Bardenpho) $0 $96 $3.44 $21.97 N/A
CaRRB $14 $93 $3.68 $23.53 $7.84
ANAMMOX $20 $38 $1.54 $9.84 $3.28
Selective Adsorption $6 $40 $1.59 $10.17 $3.59
Struvite Precipitation $14 $42 $1.69 $10.78 $3.59
Ammonia Stripping $41 $102 $4.09 $26.14 $8.71
Electrodialysis $13 $646 $25.32 $161.74 $54
EDB Retrofits $21 $9 N/A N/A N/A
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5.0 RESULTS

5.1 Mass-Loading and Cost Results

Total annual nitrogen and phosphorus discharge from wastewater and stormwater are presented in
Figure 18; these results represent the current nutrient loading conditions for both sociuméeg runoff
treatment from existing SCMs and nutrient removal by the Modified Bardenpho proced4ké&t DFor
both nutrients, the average mass loadings from wastewater and stormwater iaréheiifame order of
magnitude: Fort Collins stormwater contributes approximately 28% of the nitrogearida4D% of the
total point and nonpoint phosphorus load. The phosphorus load from stormwater is substantiahgindicati
potential to reduce phosphorus concentrations in receiving water bodies through stormowiaols that

remove phosphorus.

600,000 - - 30,000
~ 500,000 - - 25000 &
z R £
24 400,000 - - 20,000 =
— -
g z
£0300,000 - - 15000 2
Pl =%
= 2
Z 200,000 - - 10,000 £
S =
S 2
= 100,000 - - 5000 2

0 | 0
Wastewater Discharge Stormwater Discharge
BTN HTP

Figure 18: Existing average annual nutrient discharge from wastewater and stmwater

Baseline total effluent concentrations of nitrogen and total phosphorust &eng/L and 2.02
mg/L, respectively. All alternative treatment processes reduceddhgat hutrient concentrations below
these levels for all process variations (Figurg. 1Most were not effective at reducing the non-target
nutrient, although many technologies are predicted to provide limited reductios.extents of total

nitrogen and total phosphorus removal with CaRRB treatment are inversely refsged/AS to the
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CaRRB reactor increases, TN is reduced 18% to 29% of its baseline concentrafl¢hinogkases 6 to
12 percent above its baseline value. ANAMMOX consistently removes nitrogen and phosphorus 21%
and 3% below baseline concentrations. Of the nitrogen-targeting technologies, arstripping and
electrodialysis removed the least nitrogen, compared to baseline values and remoydusptabrus to
concentrations to about the values achieved by ANAMMOX. Struvite precipitationtheasnly
technology to remove both phosphorus and nitrogen by a considerable extent. Its nutsat rem
potential ranges from 45% to 75% below baseline for TP concentrations and from 2.3%%rakelow
baseline for TN concentrations.

All wastewater alternatives are sidestream processes, and although a techmmjodgcrease
centrate nutrient concentrations further than the displayed values, efituemaintrations are also highly
dependent on influent wastewater quality. The two sidestream biological proee€aRRB and
ANAMMOX - show the least variability in effluent nutrient concentrations; despite preagations
which alter nitrification or nitritation rates, the modeled nitrogen and phosphoramreaiithin a 1mg/L
range for each recycle mixed liquor scenario. Struvite precipitation andveekstsorption show similar
effects on the plant effluent water quality. Ammonia stripping and elealysili, modeled together in

BioWin, produced little variation in phosphorus concentrations.

42



4)

Effluent Nitrogen (m,

4)

Effluent Nitrogen (m,

4)

Effluent Nitrogen (m,

T (a.) [ 25

18

16 - - 2.0

14 | ——a—an

24 15

10 A

8 A - 1.0

6 -

4 - 0.5

2 -

0 T T T T 0.0
0 100 200 300 400 500
Selective Adsorption - Aluminum Addition (ton/yr)

0 (c.) r25

18 A

16 - | | ! H— -B—m - 2.0

14

12 - ..*H 15

10 A

8 A - 1.0

6 -

4 - 0.5

2 -

0 T T T T T 0.0
0 10 20 30 40 50 60
Ammonia Stripping- Reactor Tower Height (ft)

20 (e) r25

18 A

1 --—a—s—a 20

14

12 - BN —u—n 15

10 A

8 A - 1.0

6 -

4 - 0.5

2 -

0 T T 0.0
0 1 2 3

ANAMMOX - Sidestream Reactor Volume (MG))

#— Total Nitrogen

20 - - 25
®)

18 -

16 - - 20
14 - —a—n g

2 - S 15
10 -

8 - 10
6 -

4 05
2 -

O T T T T 0.0

0 100 200 300 400 500

Struvite Precipitation - Magnesium Addition (ton/yr)

20 @) - 2.5
18 i____.——.—l——l—l—l
16 - - 2.0
14 -
12 I\._._.__._H - L5
10 -
8 - - 1.0
6 -
4 - - 0.5
2
0 . . . 0.0
0.00 0.10 0.20 0.30 0.40
CaRRB - WAS to CaRRB (MGD)
20 (£) - 25
18 -
16 B—A—a—aE | 20
14 -
12 - k.\kll 1
10 -
8 - - 10
6 -
4 - 05
2
0 . . . 0.0
0 2,000 4,000 6,000 8,000

Electrodialaysis - Power (KkWh/day)

—=— Total Phosphorous

Figure 19: Modeled effluent concentrations from (a) selective adsorption, (b) strite precipitation, (¢) ammonia
stripping, (d) CaRRB, and (e) ANAMMOX, and (f) electrodialysis; when sidestrem treatment is not in place,

baseline effluent total nitrogen and total phosphorus values ar14.9 mg/L and 2.02 mg/L, respectively
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To evaluate the effect of RML on sidestream nutrient removal and tegifghe system remains
carbon-limited, the ammonia stripping alternative scenarios were modeled witBGQand 0.25Q
mainstream RML rates (Figure 20). Ammonia stripping was chosen as the technology to demonstrate this
relationship because it does not require carbon in its own process, and so dogsdute additional
influences to the carbon-nitrification relationship. Electrodialysis also rtigstsriteria, but has a cost-

treatment efficiency much lower than that of ammonia stripping.
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RML =0.5Q RML = 0.25Q

Figure 20: Effect of varying RML on ammonia stripping treatment efficiency

As RML increases, the effluent nitrogen decreases; however, between 0.5Q and 5Q, the chang
to the effluent are once again nearly imperceptible. Therefore, the infludhtcG@inues to have a
larger impact on effluent nitrogen than RML. Comparing the effect of carbonoaditFigure 17 and
the effect of sidestream treatment in Figure 20 reveals that increasingltient COD, at a RML flow
rate of 2Q, can be as effective as the sidestream alternatives at reducegf @itrogen. At 800 mg/L
influent COD, the nitrogen removal exceeds that predicted for any sidestiEamative. Since the
system is carbon limited and the increased RML does not practically effiitreggen, all other processes
were modeled only with the current mainstream RML rate.

Costs of sidestream treatment varied among the alternatives, and also \atrekloé treatment
(Figure 21). Electrodialysis and CaRRB costs varied the least as process parameters weee,chang

despite the more varied level of nitrogen removal compared to ANAMMOX.
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Figure 21: Modeled effluent concentrations from (a) selective adsorption, (b) struviterpcipitation, (c) Ammonia
Stripping, (d) CaRRB (e) AMAMMOX, and (f) electrodialysis; note the changd scale for (f)
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The trend of cost per mass of nutrient removed is unique for each aler(fagure 22); some
alternatives’ main variable cost is part of the capital cost, while for others it is the maintenance costs.

Additionally, the alternatives vary in the degree their treatment effduts effluent nutrient

concentrations.
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Figure 22: Modeled cost efficiencies from (a) selective adsorption, (b) struvite precipitatio (c) Ammonia Stripping,
(d) CaRRB (e) AMAMMOX, and (f) electrodialysis; note the changed scale fd(f)
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Costs per pound removal, in excess of existing effluent concentrations, fotdimatale wastewater
technologies are listed in Table 28. A range of cost-per-pound results are répottezl wastewater
technologies, representing in minimum and maximum removal obtained througtresioleprocess
variation and recycle mixed liquor alterations.

Table 28 Nutrient Removal Cost-Effectiveness for Sidestream Processes

Wastewater Technology Removal Effectiveness
CaRRB 6.0-7.7 $/Ib.-N
ANAMMOX 6.4—10.3 $/Ib.-N
Ammonia Stripping 13.4-14.9 $/Ib.-N
Electrodialysis 53.6-137.2 | $/Ib.-N
Struvite Precipitation 2.0-95 $/Ib.-P
Selective Adsorption 12.5-13.8 $/lb.-P

In each of the alternative stormwater scenarios, nitrogen and phosphorus were medecety i
identical percentages from the existing condition (Figure 23). RetrofittingsEiDBuding retrofits to all
land use types, decreased nitrogen and phosphorus loading by 20% and 22%, ebspéuflementing

new PLDs reduced nitrogen and phosphorus loading by 31% and 32%, respectively.
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Figure 23: Stormwater Nutrient Loads from Alternative Scenarios
Table 29 lists the costs per pound removal, compared to existing discharges, afrtiadizt
stormwater treatment scenarios. Both cost per unit nitrogen and cost pphasphorus are given,

although they are not additive costs.

Table 29: Nutrient Removal Cost-Effectiveness for Stormwater Alternative Treatment Senarios
| Stormwater Technology | Nutrient Removal Cost-Effectiveness
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SCM Retrofits (EDB) $410 $/lb.-P $50 $/Ib.-N
SCM Implementation (PLD] $1,570 $/Ib.-P $160 $/Ib.-N

To make a comparison of the various nutrient removal approaches, the highest efficsrariosm

other words lowest cost-per-pound removal, was ssddot each alternative (Table 30).

Table 30: Sidestream treatment summary for wastewater alternatives (correspondg to figures 24 and 25)

UlEEimSn CaRRB | ANAMMOX | _Ammonia | o odialysis | _ Struvite Selective
Summary Precipitation Precipitation | Adsorption
Effluent Nitrogen | 11.48 114 12.03 12.03 14.32 14.84
T

% SidestrearN | 5o, 21% 20% 20% 60% 60%
Removal

Effluent 2.19 1.94 1.95 19 0.83 0.81
Phosphorus

% Sidestream TP| 5, 0% 0% 0% 82% 82%
Removal

The demonstrated technologies all produce effluent water quality above (tialenitrogen or
total phosphorus) that of existing DWRF discharges. For both nitrogen and phosphergsst-
efficiencies of the wastewater sidestream technologies were both more aistve#fnd provided more

removal of the target nutrient than the stormwater alternatives considered (Figures 24 and 25)
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Figure 24: Nitrogen removal comparisons between wastewater and stormwater
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Figure 25: Phosphorus removal comparisons between wastewater and stormwater

Phosphorus concentrations required by Regulation 85 were only met in the scenadg) reali
90% sidestream phosphorus removal in the selective adsorption and struvite pmtigitatnatives.
Both of these resulted in effluent TP concentrations less than 1 mg/L (Figurd2é)Regulation 85
standard of 15 mg/l total nitrogen was met in each wastewater scena&sajtahat is unsurprising given
that the current system achieves between 7 and 12mg/l with only BNR. Itl $fleonbted that only the
struvite precipitation scenario, at the highest removal efficiency, resultechimibrmigen and phosphorus
concentrations below both current DWRF water quality and Regulation 85 standards. Niesaibam
treatment alternatives result in effluent quality better than the cuavenage, however. As can be seen
by CaRRB and ANAMOX results, sidestream treatment can interfere with terrpance of the
mainstream treatment.
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Figure 26: Phosphorus removal comparisons for scenarios meeting Regulation 85 siands
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Among the wastewater side-stream scenarios, the technology achieving the mosn nitrog
removal is CaRRB. This is also the technology that is the most cost-effefciillesidestream processes
targeting nitrogen. Struvite precipitation was found to be the most effdetih@ology for removing
phosphorus, and has both a higher cost-efficiency and mass-removal rate comparkattite se
adsorption. None of the nitrogen-targeting sidestream treatments were effecive@ang phosphorus.
Similarly, selective adsorption does not remove any additional nitrogen. Therdferejost cost-
effective technology that considers both nitrogen and phosphorus removal is struvite precipitatio

In all comparisons, wastewater control scenarios are capable of achieving laoyetsawf
nutrient removal than stormwater scenarios for nitrogen and phosphorus. Despieeah@dtential
removal for retrofitting EDBs, this alternative has a cost-efficiencylaintd that of electrodialysis.
Stormwater scenario 2 involves constructing numerous PLDs and therefore is heaitédlyim@nsive
and has a total cost on the order of those seen by wastewater solutions.ghAitietotal removal of
nitrogen is between 30 and 100 percent of that achieved by sidestream techntiiegiesjoval of
phosphorus is only 10 percent of that seen in the physicochemical process#ss féason stormwater

controls are not found to be a viable option for cost-effective phosphorus removal.

5.2 Financial Impact to Rate Payers

Capital and operational expenses were normalized using the Fort Collins populaébertoine
the projected impacts to consumer rates and city budget (Figure 27). The averadefeanriorla
wastewater, assuming 70gpcd generatisn$918 per household. Commonly cited rates of water
generation range between 50 and 100 gpcd; a value of 70gpcd was chosen as a representative but
conservative estimate for rate increadeBA, 2011). The corresponding average stormwater charge is
approximately $420. In Figure 27, the capital costs are not calculated per yeae, &isglaned to be a
cost incurred at one time. Maintenance costs, however, are stspen-capita-year over the planning

horizon.
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Figure 27: Capital, operational, and total annual costs per capita, compad with current utility rates
In Figure 28, the resulting potential increase to consumer rates arataldubth per thousand gallons
as wastewater fees are normally determineahd per capita-month. As before, an average per capita

wastewater generation of 70 gallons per day is assunsdcrmwater maintenance costs (per capita-

month) are $0.78 and $5.03 over the 20-year planning horizon for alternatives one and two, respectively.
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Figure 28: Operation and maintenance (variable) rate increases for alternative tlnologies
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All wastewater technologies shown have rate increases between $0.09 and $1.32 per tadossnd
used. While retrofitting of EDBs would result in an average monthly ratease comparable to the
wastewater scenarios, at $2.62 per month per household, the increase resultingdtemmemnting

bioretention basins is more than 14 times this amount.

5.3 Multi- Criterion Decision Analysis Results

Eight MCDA analyses were conducted, encompassing each combination of relative importance
factors and sub-criteria rankings for both the WAM and PROMETHEE methods. The sankiegch
criterion remained constant through the various model analyses and can be used to compare specifi
criteria among the alternatives (Figure 29). However, the weighting dfriteria affected the resulting

alternative scores.
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Figure 29: Criteria Scores (5is best) for Nutrient Removal Alternatives

In the MCDA analysis, the alternatives are assigned scores dependent upon compalistives atliter
alternatives, not on an absolute basis. Since only four of the alteshafiew nutrient recycling, for
instance, those that do not still have a positive (and equal) score for thisrerit€or all stakeholder

weighting options, struvite precipitation was ranked as the best alternathe imajority of model runs
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and ANAMMOX and bioretention cells were ranked least favorable (Figure BBg scores of other

alternatives were, in general, more variable.
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6.0 DISCUSSION

Currently, the Modified Bardenpho process removes nitrogen and phosphorus at approximately
the optimal point along the treatment curve (Figure 16), and achieves nitrogevarémthe highest
degree practicable by a biological treatment process for DWRF. The modeledgeniastewater
nutrient discharge is approximately 14.9 mg/L total nitrogen; these concamiragiasonably predict the
reported values of 15.9 + 2.4 mg/L total nitrogen. The modeled phosphorus value of 2.tbtalg/L
phosphorus over-predicts the observed value of 1.1 mg/L, but was accepted as it wdasr used
comparative purposes between other wastewater treatment scenarios. Modeled Ibjogiaaorus
removal predictions show a larger percent deviation from DWRF reported values, aasbassponsive
to biological sidestream treatment processes than nitrogen. This is likelyo dhe hature of the
alternative biological processes, which target nitrogen as the removed ppllptasgphorus
concentrations from ammonia stripping/electrodialysis simulations simildfér #iy less than 0.1 mg/L
TP. Wastewater treatment for all modeled technologies show a potential nutrienakeffiestiveness
between 40% and 90% of influent wastewater concentrations; specific valuesateddffy the selected
loading of chemical precipitants, recycle rates, reactor volumes, and otherspradables. Comparing
the existing effluent nutrient concentrations with the simulated wastewdatsngffadditional removal
efficiencies ranged between 7.5% and 30% for total nitrogen and between 45% and 78%%l for
phosphorus.Stormwater control measures all suggested potential removal efficienciezebe2@% and
35%, measured as the decrease from existing annual nutrient loads.

For phosphorus, physicochemical processes are predicted by BioWin to achieve the most removal
and provide the greater cdst- mass removal benefits. However, biological processes remove more
nitrogen and have a greater cost efficiency than either nitrogen-targetinggamgshical process
considered. Among technologies that target phosphorus, struvite precipitatios msost efficient.

Higher pollutant concentrations in wastewater are required by allecélternative processes analyzed,
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for which reason they are modeled as sidestream treatments. The cost-effeativresstechnologies

is benefitted from such concentrated waste streafissidestream wastewater treatment technologies
that were analyzed include considerable construction and maintenance costs compared with the no-change
scenario of operating Modified Bardenpho. The current process, including sdwater treatment, is
calculated to incur a 20-year cost of about $140 millisort( Collins Spending Transparency, 2015).
Adding a sidestream treatment will cost between $2 and $105 million, not incluthngstream
treatment, over a 20-year planning horizon depending on the technology used. Physoachemi
sidestream processes allow for nitrogen and/or phosphorus recovery, revenue tlatiain gif-set
operational costs. Struvite precipitation allows for the largest percent,reiitini a potential revenue of
between 2% and 66 operating costs; pellets produced by this process are ideally suited ifizefeas

they contain all the major nutrients required for plant growth. A returhebfkeen 0.2% and %0
operating costs were predicted to be possible from ammonia stripping, electrediafysiselective
adsorption.

Both stormwater treatments considered in this analysis achieve a lowan#stalremoval and
cost efficiency of both nitrogen and phosphorus than the sidestream technologieslaggrthose
employing physicochemical processes. However, the cost-efficiencies of the two iatiernas
compared with each other and per-nutrient, vary greatly. Differences betweern theetvarios become
more apparent when comparing the treatment of phosphorus; retrofitting eflistidgcontrol basins
achieves approximately 30 percent less phosphorus removal than implementing thodisaads o
bioretention basins. However, retrofitting EDBs incurs a unit treatment qusbxapately a quarter of
that of implementing PLDs. The retrofitting EDBs is most favorabledmparison with wastewater
sidestream treatments, and despite removing considerably less nutrient hasfficesty for nitrogen
removal similar to that of electrodialysis and a cost-efficiency for phogplremoval much higher than
those of all wastewater scenarios. Therefore, retrofitting BMPs may besialdeaption to reduce
pollutants while maintaining a minimal economic impact compared to the comsirathew BMPs, but
it is not practical when compared to the efficiency of wastewater sidestream teasolog
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Stormwater controls remove both nitrogen and phosphorus, whereas wastewater sidestream
technologies generally target only one of these nutrients. The simultanea@lrénnot clear from
nutrientto-nutrient comparisons, so the total benefit of stormwater pollutant removal is higirer t
implied by Figures 24 and 25T his was, however, accounted for in the MCDA analySgnilarly, the
determination of per-capita utility increases was performed such that aatinggarison could be made
between stormwater and wastewater costs, but which result in over-emphainingater rates felt by
individual property owners. Stormwater rates vary according to lotasiddts land use. To simplify
consumer-rate calculations, a per-person charge was determined without distinguishing bletsess
of home-ownership. The result for scenario 2 is a base-charge 75 timesr ¢in@a those for the
wastewater scenarios. In reality, the capital costs of building bidoetebasin in residential or
commercial areas would likely be included in the property values on which they atedloca
bioretention basin near a residential lot, for instance, will cause tbe @fithe unit to increase by a
percentage which is small compared to the entirety.

In addition, the effectiveness of nutrient removal by implementing PLDs magcbeased in
upcoming years. The infiltration and reduction of stormwater runoff is a magohanism by which
bioretention basins remove all pollutants, including nutrients, from urban discfian, Sample, Bell, &
Guan, 2014). In this study, an average volume reduction of 30 percent was assumed aal fotntain
BMP studies within Fort Collins by the CSU Stormwater Center the previouneunHowever, a new
bioretention design has been implemented which raises the underdrain outlethgalkbaimwater
increased time to infiltrate. This design reduces runoff 85 percemteamal/es a further 60 percent of
nutrients. Moreover, the improvement does not rely on additional equipment or laboilltiratrease
the cost of construction or maintenance. Although implementing bioretention wasn radtractive
alternative in this analysis, more efficient designs and construction methodsverayally make it an
ideal alternative.

In 2012, the City of Fort Collins passed a law requiring the implementation of BVitsniew
developments. These must treat, at a minimum, the water quality capture \(BU@®EEV). This
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requirement was not included in this analysis. Such considerations would assume @tahe s
stormwater scenario that a portion of the currently undeveloped areas would treQ@héildependent

of the City’s efforts. While this would have the same total effluent effect, it would decrease the nutrient
removal amounts responsible by utility efforts. In other words, aksumption affects expense
calculations (costs would decrease) and potential for effective intra-muiticipatrient trading (less
credit would be gained). Despite this possibility of changed outcomes, the stdy effects new
developments while the stormwater scenario considered here places BMIPsaieas not currently
treated. Open areas account for less than five percent of Fort Collins land heedisarepancy is not
estimated to be major.

Regulation 85 includes an allowance for nutrient trading to achieve a community-based
coordination to reduce overall pollutant loads to receiving waters. Such trading alailgldce within a
bilateral-negotiation market structure, in which the participating partiesagus¢ on the amounts to be
traded, the actions by which nutrient reductions will be achieved, and the nmgniteechanisms to
verify removal without coordinating structures by outside agencies. The ptdopadeng arrangement
must then be approved by the CDPHE Water Quality Control Commission. Pointimangoés are to
be issued with a minimum 1:2 pollutant removal ratio; thus, every 2 units of phosptronitrogen
removed by stormwater would reduce wastewater effluent requirements by 1 uhé& apylicable
nutrient. As can be seen by Figures 24 and 25, comparing the nutrient removal Ipfutergéch
alternative, the stormwater scenarios remove only a fraction of the nitrogephasghorus that
wastewater treatments can remove. Phosphorus, which is the nutrient for WiRR @ould likely
benefit from trading, is removed by extended detention basins and bioretention parefsaiios 1 and 2
at a rate of approximately 4,000 and 6,000 Ibs. per year, respectively. Takingouatabe 1:2 trading
ratio and the average flow rate from DWRF, the resulting increase to regulated phosphorus concentrations
would be 0.23 and 0.33mg/L. Assuming a BNR-optimized effluent water quality of 1.1TiRgttading
with stormwater would potentially bring discharges into compliance withulRRgon 85. Although
additional removal would be required by the WWTP, it could potentially be achieved bysingrea
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phosphorus treatment through BNR. Despite the possibility, nutrient tradimgtarmwater would not
be a cost-effective way to meet discharge standards. All sidestream technologideredrremoved
more nutrient and were lower in total cost than either stormwater scerfamithermore, the DWRF
effluent phosphorus can fluctuate throughout the year and as a result of chahgesdatment process
and/or influent quality. It is not uncommon to observe concentrations exceedyig. 2in this case,

stormwater nutrient removal would not be able to bring the treatment plant intdoeguatampliance.
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7.0 CONCLUSION

It was found that Fort Collins stormwater is accountable for 20,000 Ibs. of phosphdrus an
200,000 Ibs. of nitrogen. Wastewater point sources are responsible for 30,000 Ibs. and 500,000 Ibs. of
phosphorus and nitrogen, respectively. Although wastewater discharges are lapgén fartrients, the
total annual nutrient discharges into regional surface waters from botissa within the same order
of magnitude. Despite this, concentrated nutrient loading permits greatartdtcost-effective removal
within the wastewater treatment sector; this efficiency is increasedigh the use of sidestream
technologies. These results hold whether nutrient removal is compared to the existing level alf (ganov
that only additional nutrient removal is considered in the analysis) or to basefiner(i) concentrations.

Physicochemical wastewater process were found to be the most efficient, in tdvatk tdtal
removal and cost, for phosphorus removal. Biological processes were more efficiantrdgen
removal. All wastewater processes achieved greater nutrient removal andicestegficompared to the
implementation of bioretention basins. Retrofitting EDBs throughout Forin€aolould be as cost
effective as electrodialysis is for nitrogen removal, but achieve much lesd ov&sa removal. Struvite
precipitation in particular was ranked highly by MCDA. Unlike manyh&f wastewater technologies
considered, struvite precipitation removes both nitrogen and phospHbiiasone of the two treatments
associated with very low treatment variation, and also allows for consideeshletion in recycling
and/or aeration requirements for the mainstream BNR.

It was demonstrated that DWRF is currently carbon-limited, reducing the efficiehcy
nitrification in its mainstream treatment process. A noteworthy area fdicaddiinquiry is the cost of
carbon addition as it compares with the costs predicted for the wastewateeaidesiternatives. It is
probable that the cost-effectiveness of carbon addition would make ible @iad attractive alternative
for DWRF. However, this would not be the case for all wastewater treaptaens, as not all are carbon

limited.
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Despite the relatively small potential for total nutrient removal fstonmwater treatment, it may
be advantageous for municipalities to consider upgrading existing flood control SCMgsahai
capture and treat the water quality control volume. This stormvedternative was the more cost-
effective of the two consideredCosts of retrofitting and constructing SCMs were high in this analysis,
but in reality are flexible, as they can be directly controlled by the numbetypadimplemented.
Retrofitting extended detention basins was also shown to be the scenario that detié@asintal for
consumer rates. Additional research into the value of the combined treattmenell as market
incentives for nutrient recycling from wastewater is needed to further ch@aatest-effective urban
nutrient removal possibilities. Any alternative to nutrient removal will pose notable increase to
consumer rates and operating budgeksowever, due to the cost-efficiency and overall low cost of

retrofitting EDBSs, further research on the appropriateness of nutrient removal isrmexded.
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Figure A-1: Current Layout of Drake Water Reclamation Facility (Obtained from City of Fort Collins)
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Figure A-5: BioWin Model of Struvite Precipitation Treatment Processes
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Table B-1:

Unadjusted unit costs for wastewater sidestream processes

Item Unit Cost Source

Basin Addition

Land costs $0.86  sqft (Olson, Urbonas, et al., 2013)

Installation costs 45% Equipment $ (EPA, 2009)

Tank Costs $1  $/gal (Hydromantis Environmental Software Solutions, n.d.
WW Piping Costs $0.30 $/gal 30% of building costs

Stripping Tank $35,000 $/ft. (Hydromantis Environmental Software Solutions, n.d.
ED Membranes $2,000,000 $/MGD (Leitz & Boegli, 2001)

Chemical Storage and Pumps

Storage Tank $1,000 $/1K tank (Colorado University, 2002)

Pumps $7,000 $/pump (Colorado University, 2002)

Aeration Equipment

Blower $448,000 $/ea. | (Hydromantis Environmental Software Solutions, n.d.
Recycling (per year)

Internal $1,332 $/MGD (Hydromantis Environmental Software Solutions, n.d,
Activated Sludge $1,340 $/MGD (Hydromantis Environmental Software Solutions, h.d
Sidestream Recycle $1,332  $/MGD (Hydromantis Environmental Software Solutions, n.d.
Aeration (per year)

Mainstream Power $125,560 $/mgO2/L (Hydromantis Environmental Software Solutions, n.d
Sidestream Aeration $125,560 $/mgO2/L (Hydromantis Environmental Software Solutions, n.d.
Chemical Addition

Hydrated Lime (Ca(OH)2) $0.18  $/Ib. (Hydromantis Environmental Software Solutions, n.d.
Aluminum (AI2(SO4)3) $0.27  $/lb. (Hydromantis Environmental Software Solutions, n.d.
Ferric Chloride $0.36  $/Ib. (Hydromantis Environmental Software Solutions, n.d.
Magnesium Chloride $250 $/ton (Seymour, 2009)

Anit-scalant $11  $/gal (Leitz & Boegli, 2001)

NiSO4 (ED) $1  $/lb. (Pruyn et al., 1970)

Energy

Additional Electricity Cost | $0.04  $/kwh | (Citry of Fort Collins, 2014)

Labor Costs

Annual Labor | $35.00 | per hour | Engineering Judgment

Sidestream Mixing and Pumps (per year)

Mixing $23,000 $/MGD (Colorado University, 2002)

Pumping $20,000 $/MGD (Colorado University, 2002)

Membrane Pumping $1,424  $/kgal (Pruyn et al., 1970)

Fertilizer

Good Quality $500 $/ton (Seymour, 2009)

Fair Quality $300 $/ton Estimated from above

Poor Quality $100 $/ton Estimated from above

Rehabilitation

Tanks and Piping 40% Equipment costs | (Sewer Infrastructure Advisory Group, 2013)

Blowers and Pumps 80% Equipment costs | (Sewer Infrastructure Advisory Group, 2013)
ED Membranes 100% Equipment costs| (Pruyn et al., 1970)
Stripping Tank 50% Equipment costs | Engineering Judgment
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C.1 Ammonia Stripping Calculation Example

The following calculation set provides an example of the methods and equations used timal¢berm
tank height requirement for a sidestream ammonia stripping unit set up to remove 8bfaeoit
phosphorus.

Givens and Assumptions:

Nstater,in Influent agueous ammonia conc. 225 mg/L  (2.38E-04 mol/molJa)
Nstater,out Effluent aqueous ammonia conc.  33.75 mg/L (3.57E-05 mol/mol )
NH%Mn Influent gaseous ammonia conc. 0 mol/mol air
NH?’ai,‘out Effluent aqueous ammonia conc. 1.51E-04 mol/mol air
Q Average wastewater flow 0.4 MGD
Lq Liquid loading rate 500 Ib. HO/h4t?
G Gas loading rate 1000 Ib. air/hft?
w Stripping tower width 60 ft.
A Area of stripping tower 139 f
f Excess factor 1.2
Tin Temperature of influent 85 degrees Fahrenheit
AR Ammonia removal efficiency 85%

Effluent Nitrogen Concentration:

H, =0.1117 = 02615 Tin 1.029 = 0.1117 % 002615 Tin
m = Lq/mmH,0 27.8 =5001Ib H,0/h-ft2/29
Gm = G/mmAir 34.5 =10001b air/h-ft2/18
HelGy 1.029 « 345
HeGp/ Ly = . b ———
gl Lpg Ly 1.227 278

HTU =9.7 (From Figurel)

T T T—T T T T L

100 4 E

9.7

20
0.1 0.2 04 06081 2 4 6 810
AIR/LIQUID LOADING RATIO, GIL (Ib, /hr-saft)/(Ib,,./hr-sqft)
Figure C-1: Typical relationship between the height of transfer unit and the gas/liquid ratio (Huang and Shang, 2006)

HEIGHT OF TRANSFER UNIT, HTU (ft)
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60ft

W
W/HTU = E* HTU 3.09 = ® 9.7

FromFigure 2:

X Yue
()T) = 0.702
1

X
A 0.636 at Z/HTU =1and T = 85°F
1

xi =0.636at Z/HTU =1 and T = 75°F

X
Y= 0.15 when AR = 85% and T = 85°F
1

08 4 0702

31

0.1 1 | I | | I‘/

0.0 L
0.0 0.5 1.0 1.5 2.0 25 3.0 35
W/HTU
Figure C-2: Typical design relationship between W/HTU vs. (X/X,)"™ at Z/HTU=1 (Huang and Shang, 2006)

From Figure 3:

Z/HTU at (T = 85°F) = 4.5

Z/HTU at (T = 75°F) = 6
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0.02 ‘
0.0 1.0 20 3.0 4.0 5.0 6.0 7L
Tower Height / Height of Transfer Unit, Z/HTU

Figure 31: Example of design relationship between Z/HTU and X/X1 for ammonia stripping tower (Huang and Shang, 2006)
Tower Height Assuming T = 85°F
Z=HTU =« (Z/HTU) usingthe largestof the two Z/HTU s

582 ft =97+« 6 usingthe largest of the two Z/HTUs
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C.2 Electrodialysis Calculation Example

The following calculation set provides an example of the methods and equations used timaléberm
power required for a sidestream electrodialysis unit set up to remove 85% of influent phgsphor

Givens and Assumptions:

oF Influent flow rate 400,000 gal/day (17.5L/s)
C% et Influent nitrogen concentration 0.00363 mol/L
z Charge of ion ()1
F Faraday constant 96485 Amp/mol
N Number of cell pairs 2
€ Current utilization efficiency 0.9
\% Voltage 170V

Effluent Nitrogen Concentration:

— g

inlst

Cd

outlat

—(C2,  *.B5)

inlet
mol
0.00054 —— = 0.00363 mol/L — (0.00363 mol/L « .85)

Current Required:

f ZFQf(CEy — CE

cutlet
Nxg

(1) » 96,485 Amp — s/mol *17.5 L/5 » (0.00363 mol/L — 0.00054 mol/L)
2x0.9

2,898 Amps =

Power Required:
P=1=V

492,612 kWh = 2,898 Amps = 170V
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C.3 Struvite Precipitation

The following calculation set provides an example of the methods and equations used timeald¢term
magnesium chloride required and sludge produced for a sidestream struvite piccipitd set up to
remove 85% of influent phosphorus.

Givens and Assumptions:

Qin Influent flow rate 400,000 gal/day

%TP Percent TP removal: .85

R Number of struvite reactors 1 reactor
Mg:P Ideal Mg:P ratio: 1.5
MW ygci Molar weight MgCl: 59.7 g/mol

MWp Molar weight phosphorus 30.97 g/mol
P, Influent phosphorus conc. 220 mg/L (10,763 mol/day
Pout Effluent phosphorus conc. 33 mg/L (1614 mol/day)
Pexn Phosphorus removed 187 mg/L (9437 mol/day)

SP Struvite produced per phosphorus removec 245.4 g struvite/mol P

Magnesium Chloride Required:

Mgc'!rsquirad = — I =

907184.74 =— « 365 days
ton

187 g/mol = 1.5 = 59.7 g /mol
907184.74 g/mol = 365 days

340 tonMgCl/year =

Struvite Produced:

Pron * SP
907184.74 g/mol + 365 days

Struvite Produced =

9,437 mol/day + 245.4 g stuvite/mol P
907184.74 g/mol + 365 days

932 tonfyear =

C.4 Selective Adsorption

The following calculation set provides an example of the methods and equations usedrimeleter
aluminum required and sludge produced for a sidestream selective adsorjitg®t up to remove 85%
of influent phosphorus.

Givens and Assumptions:

Qi Influent flow rate 400,000 gal/day
%TP Percent TP removal: .85
R Number of struvite reactors 1 reactor
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Mg:P
MW
MWp
Pi
Pout
Pan
SP

Ideal Al:P ratio:
Molar weight Al:
Molar weight phosphorus

Influent phosphorus conc.
Effluent phosphorus conc.

Phosphorus removed

1.75 mol/mol

26.98 g/mol

30.97 g/mol

220 mg/L (10,763 mol/day)

33 mg/L (1614 mol/day)

187 mg/L (9437 mol/day; 625 Ib./day

Sludge produced per phosphorus remoy 6.5 Ib. sludge/lb. P

Magnesium Chloride Required:

By * ALLP % MWy,

A'Er'aq uirad —

907184.74 9
ton

= 365 days

187 g /mol+ 1.75 = 26.98g /mol

174 tonAl/yvear =

Struvite Produced:

Sludge Produced =

907184.74 g/mol = 365 days

B n*5P

907184.74 g/mol = 365 days

625 lb/day = 6.5 1bsludge/mol P

1,208,378 b fyear =

81

907184.74 g/mol = 365 days
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D.1 Data for Social Criteria

Table D-1: Raw data for alternatives for social criteria (1)

Alternative Nutrient Recycling Operation Impact within Treatment Setting
. Localrecycled Odors and
— Perception of I ) .
Criteria roqressive practices fertilizer Maintenance Requirements nuisances Aesthetic appeal
Description prog practic demandthat q produced during of treatment unit
by local communities. .
may be met. operation
High: the same requirements are
necessary as in BNR, but are .
CaRRB Poor None slightly more flexible dueat Low; Earthy smell | None
process repetition
Very High: ANAMMOX is a
relatively new technology and
problems may arise due to
ANAMMOX | None, or little None numerous process factors (nitrate| Low; Earthy smell | None
toxicity, hydraulic changes,
methanol toxicity, etc.) requiring
knowledgeable operators
By-product can
Little to moderate, as i| be used as Low; Ferric
Selective is a resource-intensive fertilizer, but is chloride is an
. - X - Low None
Adsorption | practice that yields not as universal odorless
usable by-product or pure quality compound
as struvite
Struvite is
Moderate, as the by- \rf;l::rti);? if:;hrgw Average: optimal Mg:P ratios mus Low: Magnesium
Struvite product (struvite) can be maintained, but other » Viag
L .| phosphate - chloride is None
Precipitation | be used (thus reducing . wastewater characteristics do not
industry or as a ; odorless
waste) . .| need to stay in narrow ranges
binding material
in cements
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Table D-2: Raw data of alternatives for social criteria (2)

Alternative

Nutrient Recycling

Operation

Impact within Treatment Setting

By-product can

Anti-scalant has a
characteristic

be used as Low: process requires little -
. o . . . odor, but is not
. .| Moderate, as it allows| fertilizer, butis | process intervention, but .
Electrodialysis : : . used in large None
nutrient recycling not as pure membrane replacement is -
. amounts in the
quality as necessary after every 3-6 years X
; side-stream
struvite
process
Sulfuric acid, a
. . . foul-odor
Moderate to high, as By-product can Averagt_a. b|olog|ca_l fouling e}nd compound, is
: be used as encrusting of packing material
. nutrients may be o . : .| used. Also,
Ammonia recvcled and there is fertilizer, butis | may occur due to organics and ir fouling mav occur | None
Stripping Y6 . not as pure in the influent - these lower X g may
relatively little ! - X . in the packed
chemical demand quality as efficiency and require occasional towers and
struvite replacement of packing material
produce foul
odors.
Average: Sediment removal (eve Odor, insects, ang May develop an
] . overgrowth -
2 years), inlet and outlet cleaning ; . unaesthetic muddy
Retrofitted (3 times per year), and nuisance associated with layer (mitigated by
Low to moderate None . ' stagnant water
EDBs control (4 times per T a forebay and
. (minimized by .
year)...includes all BMPs, spread micro pool -
. regular
across the City : assumed).
maintenance)
. Odor, insects, and Insect act|y|ty and
Moderate to high, as decaying
. ) overgrowth are /
bioretention can serve . . . i vegetation, or
multiple goals Average: vegetation must be issues associated capture of trash
New PLDs including as scenic None TEPIEIEE Ee| GIEDS MU 2 with stagnant carried by runoff;

habitat area, a runoff
reducer, and water
treatment unit.

removed once a year...includes all
BMPs throughout the City

water; these are
minimized by
regular
maintenance.

however, often
implemented as an
aesthetic amenity
to the community
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D.2 Data for Environmental Criteria

Table D-3: Raw data of alternatives for environmental criteria (1)

- Nutrient . Impact within
CRITERIA Treatment Efficiency Recycling Operation Treatment Setting
Additional total . .

Criteria nitrogen Aﬁggl?wr:)artstraelmoval Treatment variation - |SEEEIEEEY Start-up period to \If\::lidtﬁlltodue to Agl‘Ijlljttlrfl)rr:ta rlemoval
o removal from phosp - or theprobability of | sludge obtain nutrient ; ' p .
Description the existin from the existing rocess upset reduction removal increased sludge | beyond nitrogen

. g discharge loads. P P production and phosphorus
discharge loads.
Moderate;
S . however, shortenec
Medium; efficiency is due to the use of
CaRRB 146,425 Ibs./year| 0O Ibs./year lowered by cold and | None . d slud Low None
wet weather activated sludge
from mainstream
treatment
Medium;
ANAMMOX is a
finicky process, but Long, taking
ANAMMOX | 105,546 Ibs./year| O Ibs./year has been reported to None months to years Low None
be reliable once it is
started
Very reliable, and its
Selective efficiency is
) 0 Ibs./year 39,873 Ibs./year dependent only on th] High Very short High None
Adsorption
dosage of alum or
ferric
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Table D-4: Raw data of alternatives for environmental criteria (2)

- Nutrient . Impact within
CRITERIA Treatment Efficiency Recycling Operation Treatment Setting
Very reliable as long
as proper influent
Struvite water quality is . .
Precipitation 114,928 Ibs./year| 52,941 Ibs./year maintained as it is a Very High Very short High None
physicochemical
process
Membranes are easily
Electrodialysis 95,494 Ibs./year | 0O Ibs./year clogged by residual | Medium Short Medium None
organic matter
: The process is not
Ammonia A . .
Striopi 95,494 Ibs./year | O Ibs./year efficient in cold High Short Medium None
ripping
weather
Nutrient removal is Moderate removal of
FE{gtézﬂtted 33200 Ibs./year | 3990 Ibs./year :jnefE eerllq(ilent on and None Very little None suspended solids,
concentrations. metals, oil, and grease
Nutrient removal is .
dependent on plant and polluants absorbed
New PLDs 53500 Ibs./year | 5875 Ibs./year growth rate and None Very little None P :
> to suspended particles,
influent .
. such as oil and metals
concentrations.
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D.3 Data for Economic Criteria

Table D-5: Raw data of alternatives for economic criteria (1)

CRITERIA Treatment Efficiency Costs Operation
- Cost per Cost per Cgpltal cost Rehat_)llltatlon Potential Malnt_enance Monitoring requirement s
Criteria pound pound incurred costsincurred revenue costsincurred 7
2 : . X due to influent water
Description nitrogen phosphorus during over a 20-year from during L
. . o ; sensitivity
removed removed construction lifecycle fertilizer operation
Influent water quality must
CaRRB $6 $N/A $2,058,084 $929,474 $0 $420,868 be kept within a narrow pH
and DO range
The process is sensitive td
influent nitrite, pH, DO (0-
0.5 mg/L), and temperaturg
ANAMMOX $6 $N/A $4,550,351 $2,062,375 $0 $170,968 (30-38 C). All must be
maintained within narrow
ranges.
Selective adsorption is ho
highly reliant on influent
Selective water quality; however,
Adsorption N/A $12 $828,419 $282,804 $7,233 $268,393 monitoring would be

required to ensure adequat
treatment efficiency
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Table D-6: Raw data of alternatives for economic criteria (2)

CRITERIA

Treatment Efficiency

Installation

Operation

Struvite
Precipitation

$49

$2

$2,062,197

$931,095

$220,421

$177,877

A molar ratio of
(Mg:P:NH4 of
1:1:1), requiring
stringent influent
monitoring of this
ratio, the pH, and
DO concentration

Electrodialysis

$54

N/A

$1,921,193

$1,761,280

$68,887

$3,010,771

Electrodialysis is
not highly reliant
on influent water
quality; however,
monitoring would
be required to
ensure adequate
treatment
efficiency

Ammonia
Stripping

$13

N/A

$6,202,457

$4,016,420

$68,882

$462,165

Influent water
must have a highe
pH (between 16.

and 11.5) and

temperature

Retrofitted
EDBs

$49

$412

$3,540,729

$0

$0

$28,199,589

No monitoring
requirements
would be
necessary, excep
to identify
maintenance
issues

New PLDs

$162

$1,566

$261,887,831

$66,707,950

$0

$114,242,107

No monitorirg
requirements
would be
necessary, excep
to identify
maintenance
issues
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