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2012 MWEA Wastewater Administrators Conference
 Frankenmuth, Michigan
 Lucy Pugh, PE, BCEE and Beverley Stinson, Ph.D., PE, AECOM
 January 19, 2012
 Sustainable Approaches to Sidestream
 Nutrient Removal and Recovery
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Sidestream characteristics
 Innovative treatment options
 Biological processes
 Physical-chemical processes
 Presentation OverviewNutrient Management at Plants with Anaerobic Digestion
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Influent Primary Settling
 TankFinal
 Settling
 Tank
 Effluent
 Filtrate/Centrate
 Primary Sludge WAS
 Dewatering
 Thickening
 RAS
 Anaerobic
 Digestion
 Biosolids
 Activated
 Sludge
 Plant Recycle Streams with High Ammonia Concentrations
 • 1% of Total Plant Influent Flow
 • Rich in Nitrogen & Phosphorus
 • 15 to 40% of the Total Plant TN load
 • Often returned in slugs – not equalized
 • Ammonia 800 to 2,500 mg-N/L
 • Temperature 30 - 38C
 • Alkalinity insufficient for complete
 nitrification
 • Low rbCOD (rbCOD :TKN = 0.4 :1)
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Filtrate/Centrate
 to Head of Plant
 Primary Settling
 Tank
 Influent Final
 Settling
 Tank
 Effluent
 Filtrate/Centrate
 Primary Sludge WAS
 Dewatering
 RAS
 Anaerobic
 Digestion
 Biosolids
 Blending with Influent Wastewater or Primary Effluent
 Conventional Treatment Options
 Activated
 Sludge
 Thickening
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Filtrate/Centrate
 to Activated
 Sludge Process
 Primary Settling
 Tank
 Influent Final
 Settling
 Tank
 Effluent
 Filtrate/Centrate
 Primary Sludge WAS
 Dewatering
 Activated
 Sludge
 RAS
 Anaerobic
 Digestion
 Biosolids
 Blended with RAS in Activated Sludge Process
 Conventional Treatment Options
 Filtrate/Centrate
 to RAS
 Thickening
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• Improved Reliability • Removes 20-40% of nitrogen load even
 during main plant process upsets
 • Protect the main plant from process
 upsets due to variability in filtrate/centrate
 quality
 • Can provide source of nitrifiers for seeding
 of main activated sludge process
 • Cost Effective• Optimize treatment based on the unique
 characteristics of filtrate/centrate
 • Facilities have small footprint
 • Sustainable• Nutrient recovery
 • Reduced energy and chemical use
 Advantages of Separate Filtrate Treatment
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Filtrate/Centrate Management Options
 Physical-Chemical
 Ion-Exchange• ARP
 “Struvite” Precipitation• MAP Process
 Ammonia Stripping• Steam• Hot Air• Vacuum Distillation
 Nitrification / Denitrificationand Bio-augmentation
 Nitritation / Denitritation
 Deammonification / ANAMMOX
 Biological
 Nutrient
 Recovery
 Focus
 Nitrogen
 Removal
 Focus
 • Reduction in energy & chemical demands – more sustainable
 • Perceived increase in operational complexity
 Novel Sustainable Filtrate/Centrate Management
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Fundamentals of Nitrification - Denitrification
 Oxygen demand 4.57 g / g NH+4-N oxidized
 Alkalinity demand 7.14 g / g NH+4-N oxidized
 Carbon demand 4.77 g COD / g NO-3-N reduced
 1 mol Ammonia
 (NH3/ NH4 +)
 1 mol Nitrite(NO2
 - )
 1 mol Nitrate(NO3
 - )
 75% O2
 Autotrophic
 Aerobic Environment
 1 mol Nitrite(NO2
 - )
 ½ mol Nitrogen Gas
 (N2 )
 25% O2
 40% Carbon
 60% Carbon
 HeterotrophicAnoxic Environment
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Fundamentals of Deammonification
 Oxygen demand 1.9 g / g NH+4-N oxidized
 1 mol Ammonia
 (NH3/ NH4 +)
 1 mol Nitrate(NO3
 - )
 75% O2
 ½ mol Nitrogen Gas
 (N2 )
 25% O2
 40% Carbon
 60% Carbon
 HeterotrophicAnoxic Environment
 1 mol Nitrite(NO2
 - )1 mol Nitrite
 (NO2- )
 NH4+ + 1.32 NO2
 - + 0.066 HCO3- + 0.13 H+
 0.26 NO3- + 1.02N2 + 0.066 CH2O0.5N0.15 + 2.03 H2O
 0.44 mol N2+ 0.11 NO3-
 0.57 mol NO2-
 Partial
 Nitrification
 40% O2
 Autotrophic
 Aerobic EnvironmentANAMMOX
 Anaerobic Ammonium Oxidation
 Autotrophic Nitrite Reduction
 (New Planctomycete, Strous et. al. 1999)
 Fundamentals of Nitritation - Denitritation
 • 25% reduction in Oxygen
 • 40 % reduction in Carbon demand
 • > 60% reduction in Oxygen
 • Eliminate demand for supplemental carbon
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Filtrate/Centrate Management Options
 Physical-Chemical
 Ion-Exchange• ARP
 “Struvite” Precipitation• MAP Process
 Ammonia Stripping• Steam• Hot Air• Vacuum Distillation
 Nitrification / Denitrificationand Bio-augmentation
 Nitritation / Denitritation
 Deammonification / ANAMMOX
 Biological
 • Reduction in energy & chemical demands – more sustainable
 • Perceived increase in operational complexity
 Novel Sustainable Filtrate/Centrate Management

Page 11
                        

Anaerobic
 Digestion
 Dewatering
 Aeration
 Alkalinity
 Final
 Clarifiers
 Primary
 RAS
 Nitrifier Rich
 NOx laden MLSS
 Methanol
 Influent Effluent
 • Filtrate treated in a small separate tank (~4 day HRT)
 • Portion of the mainstream RAS to filtrate tank Seeds nitrifiers, adds alkalinity & controls temperature
 Introduces Nitrite oxidizing bacteria
 • Can add methanol for denitrification and methanol
 degrader seeding
 AT#3
 • No dedicated clarifier
 or RAS system
 • MLSS back to the
 main AS process
 BABE (Commercial)
 • SBR – built in clarifier
 • Control on SRT
 • WAS / Effluent back to the main
 AS process
 • Clarifier effluent NOx to head of
 plant for odor control (Phoenix)
 • Several full scale installations - New York City (2), Hertogenbosch,
 NL. Extensive piloting and research.
 AT#3 & BABE(Chemostat) (SBR)
 Centrate
 BABE SBR
 Centrate
 Clarified Effluent or
 Nitrifier Rich MLSS
 Nitrifier
 Rich WAS
 Sludge
 Activated
 Sludge
 Anaerobic
 Digestion
 Dewatering
 Nitrifier & denitrifier
 Rich MLSS
 AT #3 Chemostat
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26th Ward WPCP – 85 mgd
 Operational Benefits
 • “Nitrifier incubator” enhances operational reliability
 • Enhanced winter performance
 • Mitigates storm washout impacts
 • Mitigates centrate inhibition impacts
 • Mitigates air limitations
 • Off-Loaded 30% TKN Load
 • Oxidized 70-95% centrate TKN
 • Denitrified in main plant anoxic zone using wastewater COD
 • >70% TN removal plant-wide
 • Nitrite accumulation in main plant suggested selection of AOB over NOB
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Filtrate/Centrate Management Options
 Physical-Chemical
 Ion-Exchange• ARP
 “Struvite” Precipitation• MAP Process
 Ammonia Stripping• Steam• Hot Air• Vacuum Distillation
 Nitrification / Denitrificationand Bio-augmentation
 Nitritation / Denitritation
 Deammonification / ANAMMOX
 Biological
 • Reduction in energy & chemical demands – more sustainable
 • Perceived increase in operational complexity
 Novel Sustainable Filtrate/Centrate Management
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• Temperature (30-38C) favors growth kinetics of Ammonia Oxidizers
 • SRT = HRT Sludge Age;
 >Minimum for ammonia oxidizers, but < minimum for nitrite oxidizers
 Selects for ammonia oxidizers (AOBs) and de-selects for nitrite oxidizers (NOBs)
 • pH in 6.6 to 7.2 range
 – Optimal range for AOBs
 – Methanol for denitrification and
 alkalinity recovery
 • DO in the 0.3 to 2 mg/L range
 Nitritation / Denitritation Process Control
 35˚C
 Min AOB SRTNitrite Route
 Courtesy: Grontmij
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• Small Footprint
 – 2.5 day SRT = HRT• Oxic SRT = 1 - 1.5 days
 • Anoxic SRT = 0.5 - 0.75 days
 – No clarifiers
 – No pretreatment
 • 90% NH3-N removal
 • Cost Reductions
 – 25% Oxygen demand
 – 40% COD demand
 – 30% sludge
 – 20% CO2 emission
 SHARON Process (Chemostat)
 Stable and High activity Ammonia Removal Over Nitrite
 Courtesy: Grontmij
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SHARON Experience
 WWTP Capacity
 (pe)
 SHARON
 kgN/day
 Operational
 Utrecht 400.000 900 1997
 Rotterdam-Dokhaven 470.000 850 1999
 Zwolle 200.000 410 2003
 Beverwijk 320.000 1,200 2003
 Groningen-Garmerwolde 300.000 2,400 2005
 The Hague - Houtrust 430.000 1,300 2005
 New York-Wards Island 2,000,000 5,770 2009
 Whitlingham, UK 275.000 1,500 2009
 MVPC Shell Green, UK - 1,600 2009
 Geneva – Aïre 2 600.000 1,900 2010
 Paris Seine Grésillons 3,500 2010
 • 7 operational >10 years experience
 • 4 planned
 • NYC DEP Wards Island
 – First in USA & largest in world
 30 - 40% TKN-load
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WWTP Salzburg
 Nitritation / Denitritation SBR Experience
 STRASS Process
 WWTP Strass
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Filtrate/Centrate Management Options
 Physical-Chemical
 Ion-Exchange• ARP
 “Struvite” Precipitation• MAP Process
 Ammonia Stripping• Steam• Hot Air• Vacuum Distillation
 Nitrification / Denitrificationand Bio-augmentation
 Nitritation / Denitritation
 Deammonification / ANAMMOX
 Biological
 • Reduction in energy & chemical demands – more sustainable
 • Perceived increase in operational complexity
 Novel Sustainable Filtrate/Centrate Management
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• Elimination of supplemental carbon source e.g. methanol
 • Significant reduction in energy demand possible
 Overall Benefit of Deammonification Processes
 0
 1
 2
 3
 4
 5
 6
 7
 Nitrification /
 Denitrification
 Nitritation /
 Denitritation
 Deammonification
 (a.k.a. ANAMMOX)
 kW
 -hr /
 kg
 N r
 em
 ove
 dTypical Energy Demand Ranges
 Industry has tended to adopt “deammonification”, but other acronyms include:
 OLAND: Oxygen-Limited Autotrophic Nitrification-Denitrification
 CANON: Completely Autotrophoic Nitrogen removal Over Nitrite
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ANAMMOX Organisms
 • Low growth rate – approx. 10 day doubling time at 30C
 – <10 day has been reported (Park et. al - 5.3 - 8.9 days)
 – SRT (>30 days)
 • Sensitive to– Nitrite
 • Toxic- irreversible loss of activity based on concentration and exposure time
 • NH4+ : NO2
 - ratio 1 : 1.32
 – DO - reversible inhibition
 – Free ammonia (<10 -15 mg/l)
 – Temperature >30C preferred
 – pH (neutral range)
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Keys to successAbility to manage competing demands:
 Manage SRT
 • Aerobic SRT - long enough to support AOB growth but short enough to wash
 out NOBs (2<SRT<3) and
 • Anaerobic SRT long enough to support ANAMMOX growth (>30)
 Manage DO
 • high enough to support partial nitritation
 • But low enough to suppress NOB growth (Ks AOBs< Ks NOB)
 • And also low enough so that it does not inhibit ANAMMOX (reversible)
 Manage nitrite concentration
 • Sufficient nitrite to support ANAMMOX growth (electron acceptor)
 • But low enough to avoid ANAMMOX inhibition (irreversible)
 Manage ammonium concentration
 • Sufficient ammonium to serve as energy source for ANAMMOX
 • But avoid free ammonia inhibition of AOBs (<15 mg/l)
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Deammonification Process Configurations
 ANAMMOX® Upflow
 Granulation Process
 DEMON® SBR
 ANITATM Mox MBBR
 • DEMON® Suspended growth SBR
 process
 – 12 operational facilities (2011)
 – Several under design in N.Amer.
 • Attached growth MBBR
 process
 – Hattingen, Germany (2000)
 – Himmerfjärden, Sweden (2007)
 – Sjölunda, Malmö, Sweden (ANITATM
 Mox pilot)
 • Upflow granulation process
 – ANAMMOX® by Paques
 – 11 operational facilities (2011)
 – More industrial than municipal
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Einleitung
 Apeldoorn (NL)
 Thun (CH)
 Heidelberg (D)
 Suspended Growth Deammonification Experience:
 DEMON® Process (DEamMONification)
 Strass (A)
 Location kg N / d Year
 Strass (AT) 600 2004
 Glarnerland (CH) 250 2007
 Plettenberg (DE) 80 2007
 Thun (CH) 400 2008
 Gengenbach (DE) 50 2008
 Heidelberg (DE) 600 2008
 Etappi Oy (FI) 1,000 2009
 Balingen (DE) 200 2009
 Apeldoorn (NL) 1,900 2009
 Limmattal (CH) 250 2010
 Zalaegerszeg (HU) 160 2010
 Alltech (Serbia) 2,400 2011
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Overview of Several DEMON® Plants
 Facility Load
 (kg N / d)
 Tank Vol.
 (m3)
 Design Loading
 Rate
 (kg N / m3 / d)
 Apeldoorn 1900 2900 0.66
 Thun 400 600 0.67
 Glarnerland 250 360 0.69
 Strass 600 500 1.20
 • Typical volumetric design load = 0.7 kg / m3 / day
 • Expect ~90% NH3-N and ~85% TN removal
 • Effluent NO3-N ~10% of NH3-N removed; less if biodegradable COD is
 available
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DEMON® Sequencing Batch Reactor
 Energy Demand
 Bernhard Wett, March 2009
 • 84% TN Removal at design loading rate of 0.7 kg/ m3 / day
 • 1.0 - 1.3 kW-hr / kg N removed
 • Sensitive to NO2-N accumulation < 5 mg/l
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DEMON® Process Control
 DEMON® depends on 3 main controls
 – pH (narrow range e.g. 7.01 – 7.02)
 – DO (0 – 0.5 mg/L)
 – Time
 Provides accurate adjustment of all three key process control parameters
 – free ammonia inhibition <10 mg/L),
 – nitrite toxicity (<5 -10 mg/L)
 – inorganic carbon limitation
 Must measure NH3-N, NO2-N, NO3-N and make process control decisions, primarily wasting, based on measurements
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Attached Growth Concept
 • Simultaneous aerobic and anaerobic conditions in biofilm layers
 – NH3-N, alkalinity and DO in the bulk liquid
 – AOBs in the outer aerobic layer
 – ANAMMOX in the inner anaerobic layer
 • Attached growth ANAMMOX organisms are
 less sensitive to inhibitory compounds
 – DO: 3 mg/L vs. 0.3 mg/L suspended
 – NO2-N: 50 mg/L vs. 5 mg/L suspended
 Courtesy Veolia
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• Hattingen, Germany 2000
 – 40% K1 media fill, intermittent aeration 0-4 mg/l DO
 – Loading rate of 0.86 g/m2 /day or 0.43 Kg/m3 /day
 – 7 month startup – thin biofilm layer
 – 70-80 % TN removal
 – Removal rate = 0.62 g/ m2/day or 0.31 Kg/m3/day
 • Mixing optimization was critical to prevent shear
 • Less sensitive to high DO (3 vs 0.3) & nitrite (50 mg/l vs 5 mg/l)
 accumulation than suspended system
 • Risk of NOB growth & inefficiency
 • Energy consumption ~ 5.65 kW-hr/Kg-N vs. 1.13 kW-hr/Kg-N in
 suspended systems
 Jardine,N et al., 2006, “Treatment of sludge return liquors: Experiences from the operation of full-scale plants,” WETEC’06, p 5237-5255.
 MBBR Attached Growth Deammonification
 TN load In
 TN load Removed
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Single stage MBBR selected for Himmerfjarden WWTP
 • Start up April 2007 with 32% K1 Kaldness media fill, 27°C
 • 10 months startup (6-7 months to establish ANAMMOX fully)
 • Intermittent aeration – 3 mg/l for 50 mins; 10 mins anaerobic
 • 73% +/- 11% TN removal
 • Removal rate of 1.2 +/- 0.3 g/m2/day
 • Free ammonia inhibition of AOBs at >15 mg/l
 • Energy demand ~2.3 kWh / kg N (Gustavsson, 2010)
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ANITATM Mox MBBR Deammonification
 • MBBR concept commercialized by Kruger as ANITATM Mox
 • Soljunda WWTP, Malmo, Sweden
 Pilot “BioFarm”
 Tested various carrier media, mixing, aeration
 • Patented aeration control to prevent NO3-N production
 <10% without supplemental mixing
 • Continuous aeration 0.6 – 1.6 mg/L DO
 • Demonstrated energy demand of 1.45 – 1.75 kWh / kg
 NH3-N removed (Christesson et al., 2011)
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• ~90% NH3-N removal; ~80% TN removal
 • Removal rates of 0.7 to 0.85 Kg TN / m3 / day
 • Loading rates up to 1.2 kg N / m3 / day
 • Best performance w/ BiofilmChipTM
 ANITATM Mox Performance – Soljunda BioFarm
 (Christesson et al., 2011)

Page 32
                        

Upflow Granulation Process: ANAMMOX®
 Van der Star, W. R. L. et al., 2007, “Startup of Reactors for Anoxic
 Ammonium Oxidation: Experiences from the First Full-scale
 Anammox Reactor in Rotterdam.” Water Research, (41), 4149-4163.
 NH4+
 NO2-
 • Most notable WWTPs:
 – Rotterdam (NL), Niederglatt (CH)
 • Numerous industrial facilities
 • Rotterdam ANAMMOX startup 2002
 • Initially designed as a two-step
 process
 – SHARON - 1800 m3
 – ANAMMOX – 72 m3 (compact!)
 • >2 yrs before ANAMMOX activity was
 detected
 • >3.5yrs to reach full capacity
 • TN removal ~90%
 • Effluent NO2-N < 10 mg/l
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• Granular biomass beneficial
 Low sensitivity to inhibition e.g. NO2 > 30 mg/L
 Granulation strongly dependent on upflow
 velocity
 • Next generation design: Single Stage
 Loading rates 1.7 – 2.0 kg N/m3/d
 • Olburgen, NL, Potato Processing Facility
 Startup 2006, 6 mo w/ seeding (Abma et al., 2007)
 250 mg NH3-N/L; DO = 5 mg/L (Kampshurer et al., 2009)
 NH3-N = 1-2; NO2-N = 6-8; NO3-N = 55-57 mg/L
 Higher residual NO3-N (22%) than typical (11%)
 ; “Upgrading of sewage treatment plant by sustainable & cost effective separate treatment of industrial
 wastewater” IWA Krakow 2009, W.R. Abma, W. Driessen, R. Haarhuis, M.C.M van Loosdrecht
 Inf NH4
 Eff NH4 Eff NO3Eff NO2
 Upflow Granulation Process: ANAMMOX®
 ~1mm dia granules
 from Olburgen (above)
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Suspended
 SBR
 (DEMON®)
 Attached
 MBBR
 (ANITATM Mox)
 Granular
 Single-Stage
 (AMAMMOX®)
 Volumetric
 Loading Rates
 kg N/m3/day 0.7 – 1.2 0.7 – 1.2 1.7 – 2.0
 Performance
 TN Removal
 % ~90% NH3-N
 ~85% TN
 ~90% NH3-N
 ~80% TN
 ~90% NH3-N
 ~75% TN
 Energy Demand kW hrs/ kg
 NH3-N
 removed
 1.0 – 1.3 1.45 – 1.75 N.R.literature data
 suggests higher*
 Start-up ≈ 2 - 5 months
 with seed &
 cyclone
 ~5 mo w/
 3% seeding
 <6 mo
 w/ seeding
 Sensitivity /
 Flexibility
 pH & DO control
 NO2 < 5 mg/l
 Pre-settling
 DO control
 Tolerates
 elevated NO2
 DO control
 Tolerates
 elevated NO2
 Comparative Summary of Deammonification Processes
 *Kampshurer et al. 2009 report normal operations of 5 mg/L DO and 22% of NH3-N removed to NO3-N
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Suspended
 SBR
 (DEMON®)
 Attached
 MBBR
 (ANITATM Mox)
 Granular
 Single-Stage
 (AMAMMOX®)
 Footprint Comparable Comparable Lower
 Energy demand Lower Middle Higher
 NH3-N removal Comparable Comparable Comparable
 TN removal Comparable Comparable Lower
 higher residual NO3-N
 Operator attention Higher Lower Middle
 Process risk due to
 elevated NO2-N and
 DO
 Higher
 But control logic safety checks
 & sound process control
 decisions should prevent
 irreversible inhibition
 Lower Lower
 Comparative Summary of Deammonification Processes
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Potential for Significant Operating Cost Savings in
 the Future with Mainstream Deammonification
 International Collaboration
 – Cyklar-Stulz
 – Strass, Austria
 – Hampton Roads Sanitation District
 – Water Environment Research Foundation
 Goal - Bring deammonification to mainstream
 wastewater treatment
 Benefits-
 - Significant cost savings
 - Reduction in energy demand, chemicals and
 greenhouse gas emissions
 Strass & Glarnarland, Austria
 AECOM & DC Water, Blue Plains DC
 Potential Operating Cost Savings
 Blue Plains
 (DC Water)
 (390 mgd)
 Annual
 Energy Savings*
 Annual External
 Carbon Savings
 $4.0 - $6.0 million $7.0 million* Assumes 50% - 75% Anammox nitrogen removal.
 - DC Water
 - AECOM
 - University of Columbia
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Filtrate/Centrate Management Options
 Physical-Chemical
 Ion-Exchange• ARP
 “Struvite” Precipitation• MAP Process
 Ammonia Stripping• Steam• Hot Air
 • Vacuum Distillation
 Nitrification / Denitrificationand Bio-augmentation
 Nitritation / Denitritation
 Deammonification / ANAMMOX
 Biological
 • Reduction in energy & chemical demands – more sustainable
 • Perceived increase in operational complexity
 Novel Sustainable Filtrate/Centrate Management
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Enhanced Nutrient Recovery
 • Recover and beneficially reuse both nitrogen and
 phosphorus
 – Finite amount of quality phosphorus resources available
 • Several emerging technologies
 – Air or steam stripping
 – CAST vacuum distillation
 – Struvite precipitation
 • Sell nutrient rich products as fertilizers
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Ostara – Controlled Struvite Precipitation
 Recovers P and N as Crystal Green®
 Mg2+ + NH4+ + PO4
 3- MgNH4PO4.6H2O
 • slow release fertilizer
 • produced without GHG emissions
 Typical performance
 • 75% P recovery and 15% N recovery
 • Reduced VFA demand in Bio-P plants
 • Reduced aeration and alkalinity for NH4-N removal
 • Edmonton (Goldbar plant) - 85 MGD Bio-P
 • Durham, Oregon – 20 mgd effluent TP < 0.07 mg/l
 • York PA & Hampton Roads Sanitation Authority, VA
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Physical-Chemical Ammonia Recovery
 Air stripper ammonia recovery
 • 8 air strippers & 1 steam stripper operational in
 Europe
 • VEAS 75 MGD plant
 • Operational >10 yrs
 • In operation 99% of time.
 – Stop to wash tower, max 7 hours, 6 times a year
 • Ammonium nitrate fertilizer product
 CAST vacuum ammonia recovery
 • First full-scale installation in NYC 26th Ward
 WWTP 2010 – 1 mgd
 • Vacuum reduces NH3-N to < 200 mg/l
 • Ion exchange can recover the remaining NH3-N
 CAST Concept
 VEAS Air Stripper, Norway
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Questions
 email: [email protected]
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