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Outline

< Why is Nutrient Control Important?

< What are the Sources of Nutrients in the Water 
Environment?

< Does Nutrient Removal Improve Anything?

< Nutrient Removal Technology Overview

< Are Nutrient Removal Technologies Working?

< What are the Costs for BNR Technology?

< Where are We Today?
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1.  Toxicity to aquatic life

NH3-N

Why is Nutrient Control and

Removal Important? 

2. Eutrophication of

surface water ecology

Org-N

Inorg-P

3. Health risks to drinking

water

NO3-N
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Agricultural Drains

Sources of Nutrient Pollution

Point Discharge Sources

Urban Stormwater

Wastewater Treatment Plants
Industrial Stormwater
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Sources of Nutrient Pollution

Non-point Discharge

Sources

Construction Site Runoff

Agricultural Runoff
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Our Nationôs Nutrient Challenge

More serious

than recent

BP oil spill

Size of New Jersey
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Nutrient Pollution ïWater 

Quality & Ecology

USGS 2008

NACWA 2009

Agricultural:  80% phosphorus

71% nitrogen

Urban:  12% phosphorus

9% nitrogen
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How does Nutrient Treatment

Improve this Situation? 
Consider the Oxygen Consumption Potential (OCP)

Adapted from:

J. Sandino 2009

OCP = measure of the total oxygen demand of the treated effluent

placed on the environmentéthe impact on dissolved oxygen

OCP = organic + ammonia + (demand from organic P or organic N)
cBOD5 NH3-N

OCP = (1.2 x cBOD5) + (4.6 x NH3-N) + (greater of 100xTP or 14xTN) 

Parameter Conc., mg/L Demand Factor OCP, mg/L

cBOD5 160 1.2 192

NH3-N 25 4.6 115

TP 5 100 500

TN 32 14 448

Total 807

Raw Domestic Wastewater



9

How does Nutrient Treatment

Improve this Situation? 

Parameter Conc., mg/L Demand Factor OCP, mg/L

cBOD5 20 1.2 24

NH3-N 25 4.6 115

TP 3.3 100 330

TN 26.7 14 373

Total 512

Secondary Treatment

Parameter Conc., mg/L Demand Factor OCP, mg/L

cBOD5 10 1.2 12

NH3-N 1 4.6 5

TP 1 100 100

TN 8 14 112

Total 129

Nutrient Removal Treatment

Adapted from:

J. Sandino 2009
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raw secondary nutrient removal

Nutrients

NH3-N

cBOD5

How does Nutrient Removal 

Treatment Improve this Situation? 

OCP,

mg/L

Degree of Treatment

37%

84%

Adapted from:

J. Sandino 2009
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Bioreactor Filter Disinfection

Thickening

Dewatering
Centrate/

Filtrate

Treatment

Digestion

Biosolids

Environmental Fate of Nutrients in 

Conventional BNR Facilities

PC FC

N

P

P P

P

P

N
N N

N

N

N

N
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Anoxic

DO ~ 0.0 mg/L

NO3 > 1 mg/L

Dentrification

Readily Biodegradable

Carbon Substrate

Anaerobic

DO ~ 0.0 mg/L

NO3 ~ 0.0 mg/L

Pi - Release

Readily Biodegradable

Carbon Substrate

Aerobic

DO > 2.0 mg/L

NO3 > 10 mg/L

PiïUptake

N2

Organic & Inorganic

Carbon Substrates

& TKN

WAS

Nitrogen

Phosphorus

Critical Environments for BNR

NO3
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RAS

WAS

AER Clarifier

COD   Nitrification NO3

How Did BNR Begin?
Conventional

Activated Sludge

With Nitrification

Only nitrogen removal

is due to cell synthesis

NH4

sCOD

NH4

NO3

Indianapolis, IN
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RAS

WAS

AER

Wuhrmann Process
(1962)

Clarifier

COD   Nitrification

Evolution of BNR

MeOH

NO3-N

N2

=Goal:  Transport the NO3 to an anoxic environment

where carbon is available

sCOD

COD:TKN > 12

Often not attainable

without supplemental

carbon source

endogenous respiration

is carbon source;

ñslowò denitrification rate

NO3

Effluent

TN å > 15 mg/L
Fairfax Co, VA

AX

Dentrification
ñPost / Endogenousò

TN å 12 mg/L
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RAS

WAS

AER

Ludzack-Ettinger

Process
(1962)

Clarifier

Q:QRAS ratio importanté

Áa higher QRAS influences

denitrification efficiency;

Áñpre/substrateò denitrification

reduces BOD load on aerobic zone

COD  Nitrification

Evolution of BNR

Effluent TN å 10 ï15 mg/L

COD:TKN > 12 likely attainable

without supplemental carbon

sCOD

NO3-N

NO3-N

Wastewater is carbon source;

potential for ñfasterò

denitrification rate;

inefficient carbon utilization

Denitrification is

Nitrate-limited

NO3

Indianapolis, IN

Dentrification

AX

ñPre / Substrateò

N2

= Goal:  COD:TKN > 12



16

Dentrification

AX

RAS

WAS

AERAX

Modified Ludzack-Ettinger

Process (MLE)
(1973)

Internal recycle

ratio importanté

High IMLR rate optimizes

denitrification efficiency

IMLR  (2Q ï4Q)

BOD   Nitrification

Evolution of BNR

Effluent TN å 6 ï8 mg/L

ñPreò

COD:TKN > 12

likely attainable

without supplemental

carbon source

sCOD

Efficient carbon utilization;

ñfasterò denitrification rate

NO3-N

NO3-N

NO3-N

Clarifier

NO3
Higher

Nitrogen removal

Lafayette, IN

Nitrate

Recycle
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RAS

WAS

AER1

4-Stage

Bardenpho
(1973)

IMLR  (3Q ï4Q)

BOD Nitrification

AER2

N2 Strip

AER2 improves settling

by stripping N2

Evolution of BNR

Floc

N2

Effluent TN å 2 ï4 mg/L

COD:TKN > 12

likely attainable

without supplemental

carbon source

sCOD

ñnitrate polishò;

ñslowò denitrification rate

AX1

Denitrification
ñPreò ñPostò

Clarifier

NO3

Newtown Creek

NYC

Nitrate

Recycle

AX2

Denitrification
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UP

01

Solids

Handling

New

Headworks

CTF

Existing Plant

Headworks

CCB

Plant 3 Plant 2 Plant 1

Building BNR into New Plants

UP

05
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BNR Bioreactor Configuration

Train 1 Train 2 Train 3 Train 4

ML

RAS

PE

Step Feed

4-Stage Bardenpho w/ Step-Feed
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AX

RAS

WAS

AER

A2/O Process
(~1976)

TN å 8 mg/L

TP å 1.0 mg/L

Clarifier

IMLR  (1Q ï3Q)

P-uptake

BOD Nitrification
Denitrification

Evolution of BNR

Efficient

P-uptake

sCOD

Pi

Efficient Carbon

Utilization

NO3

Prince William Co, VA

P-release

AN

= Goal:  BOD:TP > 25

= Goal:  Eliminate NO3 from anaerobic zone

= Goal:  Ensure VFA carbon available to anaerobic zone

Recycle

of NO3

Recycle

of NO3
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AX1

RAS

WAS

AER

5-Stage

Bardenpho

Clarifier

IMLR  (2Q ï4Q)

P-release Dentrification BOD Nitrification

P-uptake

TN å 2 ï4 mg/L

TP å 0.5 mg/L

AX2 AER

Dentrification P-uptake

N2

Strip

Metal

Salt
MeOH

Evolution of BNR

Tampa Bay, FL

AN

Experience has shown that as long as you prevent nitrate from

entering the anaerobic zone, and you have sufficient carbon in

the form of VFA present, you will successfully remove phosphorus

biologically.
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5-Stage Bardenpho Oxidation 

Ditch; Hillsborough Co., FL

Anaerobic Zone

1st Anoxic Zone

Aerobic Zone

2nd Anoxic Zone

Re-aeration Zone



23

Aerobic Zone

To 2nd Anoxic 

Anoxic Zone

IMLR Channel to 1st Anoxic

4 - 5Q

5-Stage Bardenpho Oxidation 

Ditch; Hillsborough Co., FL

5 ïStage Bardenpho Oxidation Ditch
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Additional Variations of BNR 

Process Trains

AN AERQPE

IMLR

RAS

Virginia Initiative Project

(VIP)

FC

WAS

AXAX

NO3 Recycle

AN AERQPE

IMLR

RAS

Modified UCT

(MUCT)

FC

WAS

AXAX

NO3 Recycle

AX AERQPE AN

NO3 Recycle

RAS
WAS

FCAX

Johannesburg

(JHB)

AN AERQPE

IMLR

RAS

University of Capetown

(UCT)

FC

WAS

AX

NO3 Recycle
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Averages for five MLE, two 4-Stage Bardenpho, three 5-Stage Bardenpho, and three A2/O

Flows:  Average =   22.3 mgd;   Minimum = 0.4 mgd;   Maximum = 180.0 mgd
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Process Nitrogen Removal Phosphorus Removal

MLE Good None

4-Stage Bardenpho Excellent None

5-Stage Bardenpho Excellent Good

A2/O Good Good

Modified UCT Good Excellent

Oxidation Ditch Excellent Good

SBR Moderate Inconsistent
Jeyanayagam (2005)

Performance of Commonly Applied 

BNR Process Configurations
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What are the ñLimits of Technologyò

(LOT) for these BNR Processes? 

Form of Nitrogen Removal Mechanism Technology Limit (mg/L)

NH3-N Nitrification < 0.5

NO3-N Denitrification 1 - 2 

Particulate Org-N Solids Separation < 1.0

Soluble Org-N None 0.5 - 1.5

Soluble Phosphorus
Microbial Uptake/ 

Chemical Precipitation
0.1

Particulate Phosphorus Solids Separation < 0.05

Jeyanayagam (2005)

NOTE:  LOT Levels of TN < 3 mg/L and TP < 0.1 mg/L have not

been demonstrated in plants with capacities less than 

0.1 mgd. (Foess, et al., 1998)
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Flow (mgd) Capital Costs for BNR Upgrades / mgd

> 0.1 - 1.0 $ 6,970,000

> 1.0 - 10.0 $ 1,750,000

> 10.0 $    590,000

EPA 2007

Plants in Connecticut and Maryland

Capital Costs to for New and 

Retrofitted BNR Processes


