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Overview

• Terminology of “legacy P”
• Approaches to quantifying (estimating?) legacy P
• The mass balance problem
• Future directions to increase confidence in legacy P estimates (how 

much) and speciation (what type)  





1925: “residual P left in the fertilized 
area after the corn has grown to 

t it ”

1996: “wetlands might have been expected to 
be discharging accumulated legacy P from prior 

”

Historical use of “residual” vs “legacy”
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P from the past: legacy P or residual P

Zhou & Margenot 2023 Environmental Science & Technology 57:21535
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Definitions are (i) largely binary and (ii) emphasize 
differences in origins or impacts, and thus influence research



How and where can (should)? we measure “legacy P”?  

• Common approaches:
1. Mass balances
2. Long-term experiments
3. Soil test P trends 
4. Chronosequences

• Quantification approaches 
are…. 

1. Individually constrained
2. Often complementary
3. May be feasible at only 

certain time–space scales

Margenot et al 2024 Global Change Biology 30(6): e17376 



Mass balance: the gold standard 

Margenot et al 2024 Global Change Biology 30(6): e17376 

Legacy P = positive P balance (P in > P out)
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Large positive balance encumbered in ≈ 25 year period 

Mass balance example 1/2: Illinois croplands (1945 – 2022)

≈ +4.85 billion lbs P
positive balance

203 lb P/ac across Illinois 
croplands 

How much of a relative enrichment? 

21 million ha of cropland
Assume 4500 lb P/ac to 3’ depth

=94.5 billion lbs P 

≈  +5% of soil P stocks



2017: -7.4 lb P/ac 2022: -3.9 lb P/ac

lb P/ac

Liu […] Margenot. Unpublished

P riverine export: +35%
as a 5-year average 

(2017-2021)

2023 Illinois NLRS Biennial Report Summary

Balances: county to IL state scale
Negative P balance since 1990

lb P/ac

Liu […] Margenot. UnpublishedLiu […] Margenot. UnpublishedLiu […] Margenot. UnpublishedLiu […] Margenot. UnpublishedLiu […] Margenot. UnpublishedLiu […] Margenot. UnpublishedLiu […] Margenot. UnpublishedLiu […] Margenot. Unpublished



Mass balance gap #1: balances do not predict losses

Loss

Balance

+-



Mass balance example 2/2: Morrow Plots (1876 – present)



• Morrow Plots: established 1876
• Large positive P balances accrued over 145 years…. 
• …most of which within 15 years (~50% in 10% of the time)

positive P balance 
rapidly accueed 
positive P balance 
rapidly accueed 
positive P balance 
rapidly accueed 
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Mass balance gap #2: balances do not 
necessarily reflect measured stocks 
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Margenot et al. 2025 Advances in Agronomy 194: 187

A need to improve model 
inputs and thus estimates

• Comparison of two estimates of P 
balances for the same decade of 
2002-2012
(A) agronomic mass balance vs 
(B) modeled using GPASOIL-v1

• Contradictory balances: 
(A) positive
(B) negative

• Why? 
• Differences in assumptions, 

model inputs, scale… 



Soil test P is a poor proxy of legacy P
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• Not quantitative, but can be qualitative: 
more residual/legacy P ~ higher soil test P



Future direction: soil monitoring networks 

Sampled 
1861 



Example of quantifying legacy P in soils by resampling

-1014 
lb/ac

-100
lb/ac

+385
lb/ac

+174
lb/ac

+112
lb/ac

Saline watershed

Iroquois 
watershed

Mississippi River 
Valley & Le Moine 
watersheds

Xu […] Margenot. Unpublished



Future direction: form of legacy P

Margenot et al. 2024 Global Change Biology. 30(6): e1737  

• Surplus P found mostly in surface depths (0-12”) 
• Surplus P exists in highly diverse forms, including organic P
• <10% of positive P balance ends up as labile forms: crop uptake, but also loss
• Transformation of past accumulated P inputs: a black hole 

Crop rotations
CC = corn-corn
CS = corn-soybean
COH = corn-oat-hay    

(alfalfa)



Summary
• Varying definitions of “legacy P”: need multiple dimensions to avoid 

incommensurability  
• Approaches to estimating legacy P magnitudes are individually 

limited, but complementary 
• Mass balances are most accessible approach, but require caution: 

precision, accuracy and implications (e.g., losses ≠ balances)
• Soil monitoring networks hold promise 
• Need to improve models, from data to assumptions to ground 

truthing
• Key unknown: speciation (form) of legacy P given implications for 

agronomic use vs losses
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1925: “residual P left in the fertilized area 
after the corn has grown to maturity”

1996: “wetlands might have been expected to be 
discharging accumulated legacy P from prior use”

Historical use of “residual” vs “legacy”
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differences in origins or impacts, and thus influence research
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Mass balance: the gold standard 
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Mass balance example 1/2: Illinois croplands (1945 – 2022)

≈ +4.85 billion lbs P
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203 lb P/ac across Illinois 
croplands 

How much of a relative enrichment? 
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Mass balance gap #1: balances do not predict losses
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Mass balance example 2/2: Morrow Plots (1876 – present)



• Morrow Plots: established 1876
• Large positive P balances accrued over 145 years…. 
• …most of which within 15 years (~50% in 10% of the time)
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Mass balance gap #2: balances do not 
necessarily reflect measured stocks 
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Margenot et al. 2025 Advances in Agronomy 194: 187

A need to improve model 
inputs and thus estimates

• Comparison of two estimates of P 
balances for the same decade of 
2002-2012
(A) agronomic mass balance vs 
(B) modeled using GPASOIL-v1

• Contradictory balances: 
(A) positive
(B) negative

• Why? 
• Differences in assumptions, 

model inputs, scale… 
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• Not quantitative, but can be qualitative: 
more residual/legacy P ~ higher soil test P



Future direction: soil monitoring networks 

Sampled 
1861 



Example of quantifying legacy P in soils by resampling
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+112
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Future direction: form of legacy P

Margenot et al. 2024 Global Change Biology. 30(6): e1737  

• Surplus P found mostly in surface depths (0-12”) 
• Surplus P exists in highly diverse forms, including organic P
• <10% of positive P balance ends up as labile forms: crop uptake, but also loss
• Transformation of past accumulated P inputs: a black hole 

Crop rotations
CC = corn-corn
CS = corn-soybean
COH = corn-oat-hay    

(alfalfa)



Summary
• Varying definitions of “legacy P”: need multiple dimensions to avoid 

incommensurability  
• Approaches to estimating legacy P magnitudes are individually 

limited, but complementary 
• Mass balances are most accessible approach, but require caution: 

precision, accuracy and implications (e.g., losses ≠ balances)
• Soil monitoring networks hold promise 
• Need to improve models, from data to assumptions to ground 

truthing
• Key unknown: speciation (form) of legacy P given implications for 

agronomic use vs losses
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LAKE ERIE
“A normal lake is knowable. A Great Lake can hold all the 
mysteries of an ocean, and then some.”       

–Dan Egan, Life and Death of the Great Lakes







2023 
Update



Such lack of 
success 

generates 
frustration
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LEGACY 
HYPOTHESIS

Intensively managed catchments have 
legacy stores of nutrients that have built 
up over decades of fertilizer application 
and contribute to catchment time lags

adapted from Reddy et al.(2011)



How long will it take for water quality to improve?



Biogeochemical Legacy: 
Sorbed P and Organic N

Instream Legacy: 
Sorbed P

Biogeochemical Legacy: 
Sorbed P and Organic N

Instream Legacy: 
Sorbed PBiogeochemical 

Legacy

Hydrologic 
Legacy

Network 
Legacy

Stores
How much?
What form? 

Where? 

Fluxes
What are the 

depletion 
rates?

CLIMATE

How long will it take for water quality to improve?



Stores
How much?
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Where? 

Fluxes
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depletion 
rates?

Today’s Talk

TREND-phosphorus 
A national-scale view

Watershed Phosphorus 
Modeling to Capture 
Legacy Accumulation 
and Remobilization



TREND-Phosphorus



TREND-Phosphorus

Spatial 
patterns in 
phosphorus 
inputs 

Trends in 
landscape 
Phosphorus 
Fluxes Over 
Time



Spatial patterns in 
phosphorus inputs 

Trends in landscape 
Phosphorus Fluxes 
Over Time

Phosphorus Surplus

TREND-Phosphorus
Phosphorus Surplus
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Efficiency
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TREND-Phosphorus
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Phosphorus Fluxes Over 
Time
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Stores
How much?
What form? 

Where? 

Fluxes
What are the 

depletion 
rates?

Today’s Talk

TREND-phosphorus 
A national-scale view

Watershed Phosphorus 
Modeling to Capture 
Legacy Accumulation 
and Remobilization
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- To achieve the required 60% reduction 
in the size of the Gulf hypoxic zone, 
aggressive measures are needed

- Significant reductions could take 
decades to achieve

Exploration of Long-tErM
NutrienT legacies (ELEMENT)

Nitrogen



Runoff

Erosion

Phosphorus Surplus
(crop litter, manure, P 

fertilizer, atm dep

Organic P
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Phosphorus Surplus
(crop litter, manure, P 

fertilizer, atm dep

Source
Zone

Wastewater 
Effluent

Exploration of Long-tErM
NutrienT legacies

Retention
(Reservoirs and 
Riparian Zones

Phosphorus Loading 
at the Catchment 
Outlet

Van Meter et al  2021  WRR



Lake Erie



Land Use, Urbanization, and 
Domestic P Sources

Land use 
Land management 
Changing Human Impacts

Van Meter et al. 2021, WRR



Domestic P Sources

Van Meter et al. 2021, WRR



Domestic P Sources

Van Meter et al. 2021, WRR



Watershed P Surplus Trajectories

Van Meter et al. 2021, WRR



Total Phosphorus Loading
Grand River Watershed, Ontario

Observed vs. Modeled TP Values
1977-2011

NSE = 0.86

baseline

Van Meter et al. 2021, WRR



Phosphorus Storage across the 
Land-Freshwater Continuum

Agricultural soils have soil P levels 
approximately 25% higher than adjacent 

pristine soils
Van Meter et al. 2021, WRR



Agricultural soils have soil P levels 
approximately 25% higher than adjacent 

pristine soils

Phosphorus Storage across the 
Land-Freshwater Continuum

Since 1900, ~4% of net 
P inputs to the GRW 

have been exported to 
downstream waters

Van Meter et al. 2021, WRR



How long will it take for water quality to improve?



Is a 40% 
reduction in P 

loading 
possible under 

current land 
use?



Questions?
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Envisioning the future of food in the context of P sustainability

● Increase P use efficiency in 
the soil–plant continuum

● Decrease P pollution in 
agricultural runoff

● Maximize P recovery from 
waste streams for use as 
fertilizer

● Improve efficiency of P use 
through alternative protein 
sources

Some data from Rittmann, Mayer, Westerhoff, and Edwards, “Capturing the Lost 
Phosphorus,” Chemosphere, 84, 846-853 (2011).
Flow diagram inspired by Cordell and White, Annu. Rev. Environ. Resour. 2014. 
39:161–88.
Numbers alongside arrows represent million metric tons of P per year.



Transitioning from linear to circular P bioeconomy: Food waste 

Peterson, Baker, Aggarwal, Boyer, Chan, 2021. Environment, Development and Sustainability

● Niche innovations include 
advances in anaerobic 
digestion and P recovery 
as fertilizer

● Socio-technical regime has 
advanced food waste 
collection including source 
separation and co-
digestion

● Landscape pressures 
include policies to divert 
food waste from landfills



Food Waste: Feedstock for Renewable 
Phosphorus

Matt de la Houssaye
Commercial Director
BioEnergy DevCo
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Food Waste in NC
Christine Wittmeier

NC Department of Environmental Quality
Phosphorus Forum 2025| September 18, 2025
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Division of Environmental Assistance and Customer Service 
(DEACS)

Environmental 
Assistance Section

Recycling and 
Materials 

Management

Waste Reduction 
Partners

NC DEQ Regional 
Offices



Recycling and Materials Management Section (RMMS)

89

NC DEQ – DEACS - RMMS

• Non-regulatory

• Local government assistance

• Recycling business assistance

• Grants

• Statewide data, reports, studies

• Conferences, workshops, events



North Carolina generated over 2 million tons 
of wasted food in 2023.

90

Wasted Food in NC

48% of food waste 
was landfilled.

12.4 billion dollars in 
surplus food.

1.6 million people faced 
hunger in NC in 2023, 
438,200 are children.

Source: ReFED Food Waste Monitor, Feeding America
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Disposal Trends

Per Capita Disposal
1992: 1.07 tons
2024: 1.31 tons
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Recovery Trends

Per Capita 
Recycling
1992: 128 pounds
2024: 305 pounds



385 organics 
recycling 
facilities

Division of Waste 
Management

Solid Waste 
Section

64 Compost Permits
231 Yard Waste 

Notifications

Division of Water
Resources

Non-Discharge 
Branch

11 Class A Residual 
Compost Permits

Animal Feeding 
Operations

79 Animal Waste 
Digesters

93

NCDEQ Permitted Facilities

*Includes facilities with an active permit but under construction / not accepting material.

*Does not include small Type 3 exempted facilities, WWTP Anaerobic Digestion or NC 
Department of Agriculture compost sites. 
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NCDEQ Permitted Facilities

Key:
⮚ Type 1 - yard and garden waste, wood 

waste, etc. *Including Small Type 1 YWN

⮚ Type 2 - pre-consumer meat-free food 
processing waste, vegetative agricultural 
waste, etc.

⮚ Type 3 – manures, agricultural waste, 
meat, post-consumer source separated 
food wastes, etc.

⮚ Type 4 - industrial solid wastes, sludges.

⮚ Class A Residuals - sludges, bulking 
agents/amendments.

⮚ Anaerobic Digestion – majority on-farm 
digesters, manures.

94

⮚ Type 1 - yard and garden waste, wood 
waste, etc. 

⮚ Type 2 - pre
processing waste, vegetative agricultural 
waste, etc.

⮚ Type 3 –
meat, post
food wastes, etc.

⮚ Type 4 - industrial solid wastes, sludges.

⮚ Class A Residuals 
agents/amendments.

⮚ Anaerobic Digestion 
digesters, manures.
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DWM Permitted Facilities by Type

Key:
⮚ Type 1 - yard and garden waste, wood 

waste, etc. *Including Small Type 1 YWN

⮚ Type 2 - pre-consumer meat-free food 
processing waste, vegetative agricultural 
waste, etc.

⮚ Type 3 – manures, agricultural waste, 
meat, post-consumer source separated 
food wastes, etc.

⮚ Type 4 - industrial solid wastes, sludges.

⮚ Anaerobic Digestion – DWM co-digestion

⮚ Type 1 - yard and garden waste, wood 
waste, etc. *Including Small Type 1 YWN

⮚ Type 2 - pre-consumer meat
processing waste, vegetative agricultural 
waste, etc.

⮚ Type 3 – manures, agricultural waste, 
meat, post-consumer source separated 
food wastes, etc.

⮚ Type 4 - industrial solid wastes, sludges.

⮚ Anaerobic Digestion 
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NC Permitted Compost Facility Map
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Average Tipping Fees ($ per ton)
DWM MSW Landfill vs. Compost facilities



Total Feedstocks Received by Category (tons)
DWM Permitted Facilities

98

799,401
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Food Waste Received (tons)
DWM Permitted Facilities



100

Residuals Received (dry tons)
Class A Permitted Compost Facilities

26,901

26,515
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Food Waste Received (tons)
Class A Permitted Compost Facilities
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Total Products Created (tons)
DWM Permitted Facilities

622,977622,977
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Total Products Created (tons) - Mulch vs. Compost
DWM Permitted Facilities
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Total Products Created (tons)
Class A Permitted Compost Facilities



• Improve & expand recycling 
programs.

• Share best management 
practices.

• Find markets for recyclable 
material.

• Provide procurement resources.
• Build food waste diversion 

programs.

105

Colleges and Universities
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5-Year Generation Data – Public Colleges & Universities
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College and University Report - Organics

1,296 tons of food waste 
recovered

64% increase

2,584 tons of yard waste 
and clean wood waste

56% increase

1,296 tons of food waste 

2,584 tons of yard waste 



• WRR provides comprehensive waste management at NC State - servicing landfill, 
mixed recycling, specialty recycling and organic waste streams.

• NC State Sustainability Strategic Plan – 70% Waste Diversion Goal
• Primary Services:

• Front-end loading refuse service: Landfill, comingled recycling, organics
• Equipment Services: Rolloff dumpsters, C&D debris, yard waste, bulky 

recycling, surplus items, and more.
• Dearstyne Convenience Site: C&D, yard waste, scrap metal, white goods, 

tires/belts, bulb/ballasts, electronics, batteries, pallets (high diversion rate 
from the site)

• Specialty Recycling: Daily collection routes – servicing cleanout/reuse carts, E-
waste, plastic film, expanded polystyrene, polypropylene, shredded paper and 
pallets.

• Compost Facility and Research Cooperative
• Closed loop organic waste management system – compost is utilized 

exclusively on campus and the lake wheeler road field labs.
• Primary Feedstocks (all generated on campus): food waste, animal 

bedding (vet school), wood chips, compostable products, paper towels, 
greenhouse materials

• Diverted ~2800 tons in FY 25

109

NC State Waste Reduction and Recycling (WRR)



EPA Solid Waste Infrastructure for Recycling (SWIFR) Grant
3-year project period: 2023-2026

110

EPA Grant

NC Materials Management 
Optimization Study

• Waste Characterization
• MRF Study
• Hub & Spoke Analysis
• Market Assessments

Statewide 
Education 
Campaign



• Spring and Fall sorts at 3 locations:
• East: CRSWMA Landfill (New Bern)
• Central: Greensboro Transfer Station
• West: Watauga County Transfer 

Station (Boone)

• Incorporate data from local waste 
characterization studies.

• Final report will provide an estimate for 
food waste landfilled in NC.

111

Waste CharacterizationWaste Characterizations



• Awarded $1,147,100 in three years.
• 36 projects:

• 40,380 tons of food waste annually
• 1,085,233 meals 
• Created 7 jobs

112

Food Waste Reduction Grants

Type 2 compost facility, collection vehicle and refrigerators funded by FWR Grant.Type 2 compost facility, collection vehicle and refrigerators funded by FWR Grant.Type 2 compost facility, collection vehicle and refrigerators funded by FWR Grant.

2026 RFP 
Open now!
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Tracking Collections & Exempted Facilities

~20 Food Waste Haulers51 Residential 
Food Scrap Drop-offs

~7 Exempted 
Type 3 Facilities
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NC Residential Food Scrap Drop-offs



Cary Composts



Cary’s Good Hope Farm - Preserving agricultural roots
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Customized Outreach Design
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Use the Food NC
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Thank you!

Christine Wittmeier
Organics Recycling Team Lead

Christine.wittmeier@deq.nc.gov
919-707-8121

119

mailto:Christine.wittmeier@deq.nc.gov
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Characterizing and Recovering Phosphorus After 
Anaerobic Treatment of High-Strength Organic 

Waste Streams 

Doug Call1, Maheen Mahmood2, Jenny Ding1, Joshua Boltz3, Bruce Rittmann2

1Civil, Construction, and Environmental Engineering, NC State
2Biodesign Swette Center for Environmental Biotechnology, Arizona State
3Woodard and Curan



Roughly 50% of P is lost through organic waste streams 

1
2

[www.cidrap.umn.edu] [www.scientificamerican.com]



Anaerobic treatment of these waste streams is ideal for 
recovering P along with methane (CH4) as renewable energy

High-strength 
organic substrates

(dairy manure, 
food waste)

Biogas, the 
renewable 

energy

Effluent with 
recoverable P

Anaerobic 
Treatment 
(Digestion)

Solids 
Separation

Potential for multiple benefits
• Released inorganic and organic phosphorus
• Economic benefits of recovered methane
• Biosolids reduction (less to landfill)
• Improved soil health (as a soil amendment)

[www.biocycle.net] 1
2



STEPS is addressing two important questions related to the 
anaerobic digestion of P-containing organic wastes:

1. What forms of P are generated during anaerobic treatment of
organic wastes?

2. How can we recover P released during anaerobic treatment?

1
2



P in organic wastes can be present in many different forms

126

Orthophosphate 
(or just phosphate)

126

PO4
3-



Why does phosphorus speciation matter? It influences how we 
recover it

1
2



Method # 1
Bench-scale anaerobic reactors operated 
with dairy waste with varying hydraulic 
retention times 🡪🡪 understand how 
anaerobic treatment affects P speciation.

Method # 2
Batch tests to study non-reactive P 
transformation to ortho-P 🡪🡪 understand 
impacts of anaerobic treatment on 
generating reactive P.

We conducted lab-scale tests to determine P speciation with 
complex and defined sources of organic P

1
2



Hydraulic Retention Time (days, d), 

Orthophosphate was not the predominant P species in the
effluent of the dairy waste-fed anaerobic bioreactors

Speciation of P in effluents 
after anaerobic treatment 
of wastewater sludge (WS) 
with dairy waste (DW).

Most of the P was in 
inorganic solids and “other”, 
which was likely organic P.

1
2

[Mahmood and Rittmann, In preparation]



The models show P flows (P fractions in red font) link to electron flows 
(black font) in an anaerobic microbial community.

We developed mathematical models that linked P and electron 
flows in the anaerobic bioreactors

1
3

(black font) in an anaerobic microbial community.



Model Output

The model predicted that
organic P was dominated by
P in bacteria, protein-based
EPS, and nonbiodegradable
endogenous-decay
products.

The model predicted that about 20% of total P would be 
organic, which agreed well with our experimental results

1
3



Most P in defined P compounds was released as 
orthophosphate. The release rate depended on the compound

● Very little insoluble inorganic P (AlPO4) could be solubilized.
● Depending on the form of non-reactive P, the speciation of P in the 

bioreactors varied. 
*Loose insoluble OP, Loose OP: partially bioavailable, requires alkaline extraction (e-g NaOH) 
*Loose Ortho-P: Ortho-P, readily bioavailable form of P
*Solid TP: P bound to metals or minerals (Al, Ca, Mg), requires acid extraction 13

2

Glucose 6-Phosphate Phytate

orthophosphate. The release rate depended on the compound



STEPS is addressing two important questions related to the 
anaerobic digestion of P-containing organic wastes:

1. What forms of P are generated during anaerobic treatment of
organic wastes?

2. How can we recover P released during anaerobic treatment?

1
3



(PEARL Media) : Dip coated in Fe3O4
nanoparticle coating, 6.5-16% coating by 
mass

PEARL membrane recovery of ortho-P 

Electrostatic Attraction
≡ Fe−OH  +  H+ + H2​PO4

− → ≡ Fe−OH2
+  ​→ 

H2​PO4
− 

Ligand Exchange
≡ Fe−OH  +  H+  +  H2​PO4

−​  → ≡ Fe− H2​PO4​  +  H2​O

13
4



Lowering the pH helped 
reduce the number of 
adsorption cycles needed.

Multiple adsorption cycles 
can effectively remove over 
90% of phosphate.

Desorption efficiency 
increases with increasing pH 
[e.g., from 54% (pH 9) to 
63% (pH 10)]

13

The PEARL membrane shows promise for P adsorption from 
anaerobic digestates



STEPS is addressing two important questions related to the 
anaerobic digestion of P-containing organic wastes:

1. What forms of P are generated during anaerobic treatment of
organic wastes?

2. How can we recover P released during anaerobic treatment?

1
3

A mix, but mostly P bound to metals and organics

Iron-coated “sponges” show promise for multiple P
adsorption/desorption cycles applied to anaerobic digestates
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Food for thought
What is the P footprint of lunch?



● Calculations: Required feed quantities for animal production, feed 
composition and P contained in feed, P required for feed-crop production 

● Output: Conversion factors from crop or animal product to mined P 
requirements by food groups, i.e., P footprint



P footprint based on diet



● Proteins are made of amino acids; your body breaks down the proteins you 
eat into amino acids, which the body uses

● Amino acids are categorized as "essential" from diet, or "non-essential," 
which the body can produce



Adjusting P footprint based on protein quality
● P footprint is a measure of protein quantity
● For precision diet, also need to consider 

protein quality
● Protein quality can be quantified by 

measuring types and amount of essential 
amino acids

● Different foods contain essential amino 
acids to different extents



P footprint and protein quality of lunch 
Food kg P applied to 

produce kg of 
product

Protein 
Digestibility 
Corrected Amino 
Acid Score

kg digestible 
protein/kg P 
applied

Herb Baked 
Chicken Breast

0.0192 0.93 15

Smoked Beef 
Brisket 

0.0612 0.92 4

Black Beans 0.0004 0.7 10

Brown Rice 0.0029 0.72 7

Seasonal Fresh 
Vegetables

0.0013 0.65 15

Credit: Matt Scholz



What is the impact of P recovery on P footprint impacts?

● P recovery can decrease the environmental impact of food with high P 
footprint (Evans et al., under review)
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The Efficient Fertilizer Consortium
Advancing Enhanced Efficiency Fertilizer Products 

& Practices Through Applied Research
Dr. Sarah Lyons

Foundation for Food & Agriculture Research



So Many Options, So Little Time (and Data)

• Many promising  
technologies, but 
limited  standardized 
and independent 
evaluation

• Low farmer adoption 
due to high cost, lack of 
experience and 
uncertainty of 
effectiveness

Maaz et al., 2023; https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-
Paper-1.pdf

https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf
https://foundationfar.org/wp-content/uploads/2023/08/EFC-White-Paper-1.pdf


Efficient Fertilizer Consortium
• A public-private partnership that funds 

research to:

• Advance enhanced efficiency and novel fertilizer 
products and practices that improve nutrient use 
efficiency and decrease environmental impact

• Establish common protocols for field trials 

• Conduct field trials across diverse systems to 
ground industry claims and generate better 
guidance for farmers



Field Trial Guidelines for 
Evaluating Enhanced 
Efficiency Fertilizers
• Agronomic performance and
environmental impact of EEFs

• Consistency in experimental 
design, data collection and data 
analysis for large-scale impact 
and end-user confidence



Next Steps & Opportunities

• Funding international field trials evaluating 
EEFs using the Field Trial Guidelines

• Executive Committee meeting this fall to 
discuss next round of projects & next steps 
for the consortium

• Please contact me with interest in 
partnering and/or funding opportunities:

• Dr. Sarah Lyons, slyons@foundationfar.org

mailto:slyons@foundationfar.org
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Agenda

• Phosphorus Removal vs. Phosphorus Recovery

• Enhanced Biological Phosphorus Removal

• Phosphorus Recovery



P removal vs P recovery

Phosphorus Removal
• Remove P from wastewater to

discharge into receiving water

• Removed P goes to:
• Solids processing � Residuals

• Land application
• Landfill
• Compost, etc.

Phosphorus Recovery
• Recover removed phosphorus in a

useable form

• Recovery process aim to:
• Extract PO4 and precipitate into

marketable product
• Concentrate in biosolids to land apply 

beneficially
• P/N ratios are not typically 

attractive
• Some regions have limitations on 

P applied to land



Phosphorus Removal



Neisser Stain shows polyphosphate granules



EBPR AO Process Configuration – BOD only
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EBPR Requirements

• Anaerobic/aerobic sequence

• Anaerobic zone
• Supply readily biodegradable organics 

and VFAs in anaerobic zone
• Release P and Mg
• Store PHB’s
• No free or bound oxygen (nitrate)

• Aerobic zone
• DO and PHB grow cells
• Take up P and Mg
• Store P as polyP

P
Mg+



Pontiac, MI. AO process for P removal



Empire Layout – P removal
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Primary 
Effluent

Belt Filtrate
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RAS
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Anoxic/Anaerobic Tank 3

1
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Startup of BioP at Empire – about 3 weeks



CWS Durham Process (Summer – 3 stage Phoredox)
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r
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CWS Durham Aeration Basin
Permit limit: 0.07 mg P/L median during summer 
(1994)



Durham AWWTP -- Phosphorus (‘94-’97)
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Challenges with EBPR



EBPR Challenges

• Struvite formation
• Precipitants form on equipment, pipes, any surface

• Solid Dewaterability
• Deterioration of cake in dewatering



Struvite - MAP

Magnesium 
Ammonium Phosphate



Struvite Control Strategies – Prevent Struvite Formation 
and Deposition
• Dilution – add dilution water to reduce 

concentrations below 
precipitation

• Lower the pH

• Struvite inhibitors – chemical, proprietary 
chemicals and electric/magnetic 

device

Struvite

No Struvite

Lower concentration of 
at least one constituent

Lower pH

Maximum 
Solubility

[ Mg++ ].[NH4+ ].[PO4]
3-



Impact of Bio-P on Dewaterability
Bio-P 
Implemented

D
ew

at
er

ed
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e 

%



Theories on Why Bio-P Impacts Dewaterability

• Impact of phosphate on protein molecule

• Ratio of monovalent to divalent ions

• Controlled struvite formation can increase cake%



Conclusion



Struvite Recovery – Controlled precipitation and 
harvesting of P-rich crystals

From 
Problems

To 
Solutions

From From 



Enhanced Biological Phosphorus Removal

• Conditions to grow PAO’s
• Readily degradable organics (ex. VFA) from influent or “manufactured” on site
• Sequential exposure to anaerobic and aerobic (or anoxic) conditions
• Many process options to create right growth conditions

• Limit variations if growth conditions
• Steady/consistent feed composition
• Limit variable influent concentration swings
• Slug loads leads to variable performance/effluent quality – “Don’t Kick the 

Bucket”

• Effluent phosphorus concentrations below 0.1 mg/L is achievable with 
advanced technologies if influent flow and load remain 

consistent



Potential Treatment Costs Savings from P-Recovery

• Reduced coagulant use

• Reduced alkalinity supplementation

• Reduced cake hauling

• Reduced dewatering polymer (with SPR)

• Reduce struvite mitigation cost

• Reduce agronomic P load of biosolids

• Revenue from product sale



Phosphorus Removal and 
Recovery Strategies

18 September 2025
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Improving Efficiency and Resiliency of 
Phosphorus Removal at Mauldin Road 

WRRF
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Agenda
• Phosphorus removal in water resource recovery facilities 

(WRRFs)
• Mauldin Road Overview
• Mauldin Road Phosphorus removal
• Operational improvements
• Dewatering and capital improvements

245
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Phosphorus removal 
• Three major forms of phosphorus 

in domestic wastewater
• Ortho P:TP ratio is typically 50-

80%
• Ortho P must be made insoluble to 

be removed using physical 
processes

• Two major processes to achieve 
this goal

• Chemical coagulation
• Biological phosphorus removal

Total 
Phosphorus

Orthophosphate Organic 
Phosphate

Inorganic 
Phosphate

• Reactive 
Phosphorus

• Biomass
• Molecules
• DNA

• Phosphate salts

Soluble Insoluble Insoluble
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Anaerobic

Phosphorus removal 
Chemical

• Strong negative (anion) charge 
keeps Ortho-P soluble

• Metal salts (cation) are added to 
neutralize Ortho-P charge

• Charge neutralization facilitates 
coagulation and allows for 
physical separation process

Al3+

Soluble Insoluble

Biological
• Alternating metabolic conditions 

facilitates the growth of 
polyphosphate-accumulating 
organisms (PAO)

• Anaerobic: PAOs use a 
polyphosphate to store VFAs 
intracellularly.

• Aerobic: PAOs consume stored 
VFAs and uptake “extra” 
phosphorus to replenish 
polyphosphate stores
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Phosphorus removal 
Chemical

• Strong negative (anion) charge 
keeps Ortho-P soluble

• Metal salts (cation) are added to 
neutralize Ortho-P charge

• Charge neutralization facilitates 
coagulation and allows for 
physical separation process

Al3+

Soluble Insoluble

Biological
• Alternating metabolic conditions 

facilitates the growth of 
polyphosphate-accumulating 
organisms (PAO)

• Anaerobic: PAOs use a 
polyphosphate to store VFAs 
intracellularly.

• Aerobic: PAOs consume stored 
VFAs and uptake “extra” 
phosphorus to replenish 
polyphosphate stores

Aerobic
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Mauldin Road flow diagram and overview
Influent

Screening 
and grit 
removal

Primary 
clarification

A2O Activated 
sludge

Deep bed 
sand filters

UV disinfection Effluent

Secondary 
clarification

Anaerobic 
digestion

TWAS

Primary 
Solids

RAS

Sidestream

Thickening or 
dewatering

Land 
application of 

biosolids
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Mauldin Road- A2O

Anaerobic

Anoxic

Aerobic
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Mauldin Road Performance
• Current Permit

• Flow: 29 MGD
• TP: 1.3 mg-P/L monthly average
• TN: MR
• Sampled 7 days per week

• 2024 Performance
• Average daily flow: 18.69 MGD
• TP: 0.54 mg-P/L
• TN: 12.03 mg-N/L

• Challenges
• Currently liquid land apply but 

transitioning to cake application.
• Seasonal variation 
• NPDES under review with potential to 

be significantly lower TP limit.

251
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Mauldin Road: P-removal

• Mauldin Road influent TP
• 6-10 mg/L

• “Free” TP removal at Mauldin 
Road

• Primary clarification 
removes settleable TP (5-
10%)

• Biomass growth in 
activated sludge consumes 
TP (10-20%)

• Enhanced biological TP 
removal (EBPR) can 
remove remaining 
depending on influent 
carbon.

Influent
Screening 
and grit 
removal

Primary 
clarification

A2O Activated 
sludge

Deep bed 
sand filters

UV disinfection Effluent

Secondary 
clarification

Anaerobic 
digestion

TWAS

Primary 
Solids

RAS

Sidestream

Thickening or 
dewatering

Land 
application of 

biosolids

252
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Mauldin Road: P-removal

• EBPR is an unstable process 
and does not always remove 
enough TP.

• “Not free” backup TP removal 
at Mauldin Road

• Addition of carbon to 
secondary treatment to 
improve EBPR.

• Juice waste or acetic acid
• Alum addition to remove 

ortho P in deep sand bed 
filters

• Ferric addition to primary 
clarification to increase 
settable TP

Influent
Screening 
and grit 
removal

Primary 
clarification

A2O Activated 
sludge

Deep bed 
sand filters

UV disinfection Effluent

Secondary 
clarification

Anaerobic 
digestion

TWAS

Primary 
Solids

RAS

Sidestream

Thickening or 
dewatering

Land 
application of 

biosolids

AlumCarbonFerric
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Mauldin Road: Optimization

Optimization projects:
1. Primary clarifier operation
2. Alum feed optimization
3. Juice tank CIP project

Influent
Screening 
and grit 
removal

Primary 
clarification

A2O Activated 
sludge

Deep bed 
sand filters

UV disinfection Effluent

Secondary 
clarification

Anaerobic 
digestion

TWAS

Primary 
Solids

RAS

Sidestream

Thickening or 
dewatering

Land 
application of 

biosolids

AlumCarbonFerric
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Primary clarifier operation
• Primary clarifiers remove settleable 

solids
• Operators can control solids 

residence time in the clarifier by 
altering the blanket depth

• Longer residence time improves 
fermentation and VFA generation

• Blanket depth shown to be correlated 
to EBPR performance

• Historical data analysis changed 
future clarifier operation

255



256

Alum feed optimization
Alum is fed at secondary clarifier 
effluent to turn soluble Ortho-P into 
insoluble aluminum phosphate.

1. Conducted jar testing to determine 
dose required

2. Replaced oversized pump
3. Changed alum feed point
4. Conducted follow up dose testing
5. Capital project to rehab alum system

Deep bed 
sand filters

UV disinfection Effluent

Secondary 
clarificatio

n

RAS

Alum

256

Effluent

Deep bed 
sand filters

UV disinfection Effluent

Secondary 
clarificatio

n

RAS

Alum
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Juice feed CIP and operation
Additional carbon can be fed prior to 
secondary treatment to improve 
EBPR

1. Conducted capital project to 
rehabilitate gravity thickener tank

2. Characterized juice waste to 
understand strength

3. Developed tracking system to 
determine juice dosing

A2O Activated 
sludge

Secondary 
clarification

RAS

Carbon

257

A2O Activated 
sludge

Secondary 
clarification

RAS

Carbon
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Mauldin Road: Future optimization projects

Future projects:
1. Develop process to trial 

beneficial wastes
2. Integrate solids 

fermentation into juice tank 
process (primary or WAS)

3. Optimize operation based 
on microbial study 
conducted by NC State

Influent
Screening 
and grit 
removal

Primary 
clarification

A2O Activated 
sludge

Deep bed 
sand filters

UV disinfection Effluent

Secondary 
clarification

Anaerobic 
digestion

TWAS

Primary 
Solids

RAS

Sidestream

Thickening or 
dewatering

Land 
application of 

biosolids

AlumCarbonFerric
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Transitioning to land application of Cake
• Mauldin Road is currently transitioning from land 

application of liquid biosolids (3-4%) to cake 
land application (18-20%)

• P loading from sidestream will significantly 
increased

• Hazen and ReWa partnered to build a dynamic 
BioWin model to understand how loading will 
impact EBPR process

• Hazen will recommend best strategy to mitigate 
EBPR overloading risk

• Centrate EQ
• Centrate treatment
• Do nothing

Anaerobic 
digestion

TWAS

Primary 
Solids

Sidestream

Thickening or 
dewatering

Land application 
of biosolids
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Anaerobic 
digestion

TWAS

Primary 
Solids

Sidestream

Thickening or 
dewatering

Land application 
of biosolids
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Final Thoughts
1. EBPR is not a one size fits all treatment technology

a. Many factors will impact the reliability of EBPR
2. Characterize the flow of phosphorus and carbon to create the 

best improvement strategy 
3. Optimize all P-removal processes to ensure a robust and 

efficient treatment system
a. Take an operations first approach to improvement

4. Leverage creative solutions to improve the stability of EBPR 
such as external carbon and/or fermentation
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Excess phosphorus poses both 
an environmental and public 
health risk.

Original image: Ohio State 
U i it



NPDES nutrient discharge limits have created incentive for P 
recovery at Water Resource Recovery Facilities (WRRFs)

265epa.gov



P Rich 
Influent

P Lean 
Effluent

Coupling Enhanced Biological Phosphorus Removal (EBPR) to Struvite 
precipitation enables P recovery at WRRFs

266

EBPR

P in Biomass
P as Fertilizer Products



SDD is the primary point source in the Upper Sangamon Watershed

267

Sanitary District of Decatur
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We developed Surrogate ANN Models for different SDD Treatment 
Scenarios to quantify the benefits of sidestream Struvite

S. Li et. al, ES&T Eng. 2021



Activated Sludge (AS) Activated Sludge with Chemical Precipitation (ASCP)

Modified-Bardenpho Enhanced Biological 
Phosphorus Removal (EBPR)

Modified-Bardenpho Enhanced Biological Phosphorus Removal with 
Struvite Recovery (EBPR-S)

Simulated Wastewater Treatment and Nutrient Recovery Layouts

269



Plantwide simulation results highlighted the benefits of sidestream P 

270S. Li et. al, ES&T Eng. 2021



Trained ANNs were accurate surrogate models for each plant 
layout

271S. Li et. al, ES&T Eng. 2021



Plantwide models indicate that the majority of influent P can be 
recovered as struvite

Effluent Biosolids Struvite

5%

AS w/
Fe Precipitation

Influent P 

95%

Activated 
Sludge (AS)

10% 90% 35% 5%60%

EBPR w/
Sidestream Struvite

Influent P (100%)

272

EBPR

90% 10%

Influent P (

S. Li et al. ACS ES&T Engineering 2021

Struvit
e

Influent P 



Long-term simulation with ANNs indicates that EBPR-S is most 
stable and effective for both N  and P removal

273S. Li et. al, ES&T Eng. 2021
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Reactor Performance: Conversion (P Removal) 

275

Mg

% of soluble P converted to a solid form



Reactor Performance: Yield (P Recovery) 

276

Mg

Captured struvite relative to 
total struvite formed

P NP N



Low Struvite yield is frequently reported for pilot and full-
scale reactors

277

% Conversion % Yield Reference
DNR 8-82 Cubbage (2011)
90* 60-83 Cullen (2013)

28-71 38-80 Grooms (2015)
60 - 80 14-54 Hardy (2016)

80* 12-48 Kucek (2017)

Cullen, N.; Baur, R.; Schauer, P. Three Years of Operation of North America’s First Nutrient Recovery Facility. Water Sci Technol 2013, 68 (4), 763–768. 
https://doi.org/10.2166/wst.2013.260.

Cubbage, L.; Bilyk, K.; Stone, A.; Pitt, P.; Flowers, L.; Dano, J.; Balzer, W.; Bott, C.; Dharas, A.; Britton, A. A Green Alternative for Dissolved Nutrient Recovery in Wastewater 
Sidestreams; Water Environment Federation, 2011; Vol. 2011.
Hardy, S.; Brown, B.; Nguyen, V.; McCallum, E.; Latimer, R.; Bullard, M.; Harris, R.; Lan, J. C.; Richards, T. Nutrient Recovery at the F. Wayne Hill Water Resources Center: 
Wasstrip Design and Full Scale Start Up. In Proceedings of the Water Environment Federation; Water Environment Federation, 2016; Vol. 2016.
Grooms, A.; Reusser, S.; Dose, A.; Britton, A.; Prasad, R. Operating Experience with Ostara Struvite Harvesting Process. In Proceedings of the Water Environment 
Federation; Water Environment Federation, 2015; Vol. 2015.
Kucek, L. A.; Grooms, A. L.; Ericson, W. A. Phosphorus Recovery at the Madison MSD: Turning Lemons into Lemonade; Water Environment Federation, 2017.

*Estimated



Pelletized aggregates are actually aggregates of fine struvite crystals
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Grain boundaries indicate that solution composition changes can impact crystallization and 
agglomeration



How Does Fines Loss Impacts Plantwide P Distribution?
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Low Yield events can impact of Mainline P Treatment

12
Aguiar et al. (in revision)Aguiar et al. (in revision)



Current Precipitation Models Neglect Particle Size

ASM Style Models
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Mg2+

PO4
3-

NH4
+

Struvite

Mass based model is violated under realistic conditions
Agrawal, Guest, and Cusick. Wat. Res. (2018)

(dXstr)/dt=k∗SI∗Xstr
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Modeling the plantwide impacts of side stream recovery

S. Aguair et al. ES&T Engineering 2022
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Integrating particle population balance models into plantwide simulators 
helps to quantify size dependent impacts of struvite loss

Struvite Dissolution Kinetics

S. Aguair et al. ES&T Engineering 2022

SUMO



SUMO PSD SETUP - Generalized Functions

Xi-1
Xi Sions + X

1

Sions 

XSTR Xi

User Inputs
• N – Number of particles
• Size Range

Particle to Particle 
Dissolution

Particle to Solubles 
Dissolution

State Variable 
Conversion



Incorporating PSD revealed the impact of struvite size and 
yield on dissolution rate and effluent quality

(µm)

285
S. Aguair et al. ES&T Engineering 2022
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Which approach to struvite precipitation is best for the utility?

R. Puri et al (in prep)



Biosolids precipitation appears to maintain higher conversion 



Biosolids precipitation also appears to reduce struvite loss 



Conclusions
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Sidestream P removal can improve WRRF performance and resilience

Struvite reactor yield is can have a strong influence on EBPR performance

Biosolids precipitation may provide more plantwide benefits than crystal recovery
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Biological Phosphorus Removal Upsets

Doug Call
Professor
NCSU



Doug Call, PhD
Dept. of Civil, Construction, and Environmental Engineering
NC State 

Jessica Deaver, PhD
Dept. of Civil, Construction, and Environmental Engineering, 
NC State (Current: Principal Scientist at Hazen & Sawyer)
Tom Solon
Renewable Water Resources (ReWa)
Amy Grunden, PhD
Dept. of Plant & Microbial Biology, NC State

Using DNA and RNA 
sequencing tools to 
understand EBPR 
upsets



Many water resource recovery facilities experience unstable 
EBPR, sometimes for reasons unknown

296
[Merck et al. Soc. Nat. Res. 2025]

“…The bugs, you think they're going to work, and for the
reasons that are completely mysterious, they decide one [day]
to stop working…”

“You've got this working population of bugs, and we really think 
they can do great. But we kind of have no clue as to what they 
need to be happy.”

Stakeholder feedback from interviews led by Ashton Merck and Jessica Deaver:



In EBPR, having the right conditions in the anaerobic and 
aerobic zones is critical 

Anaerobic zone Aerobic zone

Clarifier

Return Activated Sludge Waste 
Activated 

Sludge

Effluent

Anaerobic zone Aerobic zone

Biological P removal

P P P
P

Influent

297



Phosphorus accumulating organisms (PAOs) undergo cycling 
of P and carbon during EBPR
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Anaerobic

Traditional Model of PAOs
based on Ca. Accumulibacter

Poly-P = Polyphosphate
ETC = Electron transport chain

Glycogen

Poly-Pn

PO4
3-PO4

Aerobic

Glycogen

Poly-Pn

PO4
3-

Carbon 
Storage

Acetate
Carbon 
Storage

Growth

½ O2
H2O ½ OH2O ½ O½ OProduce energy

Consume energy



DNA and RNA sequencing of PAOs can help us 
understand “who” is there and “what” they are doing

299
[http://laundregen564s17.weebly.com/]

How is this useful?
More sequences of gene X recovered suggests that more of the protein that gene X
encodes is present.

Metagenomics

Metatranscriptomics
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Metagenomics: Make multiple separate puzzles from a single 
mixture of all of the puzzle pieces



Sequencing has helped us identify who the predominant PAOs are and 
how they cycle gene expression in stable systems

Globally, 3 main PAO genera –
known so far: 

● Ca. Accumulibacter
● Azonexus (formerly Dechloromonas)
● Ca. Phosphoribacter (formerly 

Tetrasphaera)

Ca. Accumulibacter exhibits cyclical 
gene expression in stable lab-scale 
reactors

301

Ca. Accumulibacter cyclical gene expression in lab-scale 
reactor fed acetate

Dueholm et al. Nat Commun 2022, 
13:1908.
O  t l  ISME J 2016  10 810 822  

We do not understand what 
happens in unstable systems



We partnered with a full-scale facility to study PAO gene 
expression levels when EBPR becomes unstable

302

• 15-20 MGD facility
• Southeast United States
• A2O – N + P removal
• 10-day solids retention time
• Supplemental carbon
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Instability defined as 
effluent TP > 1 mg-P/L

Samples collected on 3 days:
(11/20, 11/29, and 12/6) at locations A-G

We collected samples for DNA and RNA sequencing 
before, during, and after an instability event

[Deaver et al., Under review]

Instability event



There were no major changes to other water quality parameters 
that were recorded during the instability event

304

Consistent influent TP

Consistent winter targeted 
MLSS concentrations

Consistent BOD:TP for this 
facility

Other parameters not 
indicative of a problem

Water temperatures 
decreasing

304
[Deaver et al., Under review]



The Ca. Accumulibacter genus was ~6% of all genera; Two of the 
Ca. Accumulibacter species were in high abundance

305

Ca. Accumulibacter is ~6% of the 
total microbial community

Two Ca. Accumulibacter 
species present in the highest 

relative abundance

BEFORE DURING AFTER
BEFORE DURING AFTER

[Deaver et al., Under review]
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BEFORE DURING AFTER

PAO Transcriptional Profile

Those two Ca. Accumulibacter species were also the most 
“active”

[Deaver et al., Under review]



Volcano plots allow us to visualize significant changes in gene 
expression between two conditions (e.g., anaerobic vs aerobic)

307

GenesSignificantly 
differentially expressed

> + 1 log2(fold change)

+ log2(fold change) = 
higher anaerobic zone 

expression



There were noticeable differences in peak expression across the 
basins between the stable and unstable periods

308

Stable

Unstable

[Deaver et al., Under review]
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Stable

Unstable

There were noticeable differences in peak expression across the 
basins between the stable and unstable periods

[Deaver et al., Under review]
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Stable

Unstable

There were noticeable differences in peak expression across the 
basins between the stable and unstable periods

[Deaver et al., Under review]
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Peak gene expression shifted from the anaerobic to the anoxic 
zone during the unstable period

[Deaver et al., Under review]
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Genes involved in carbon storage

Expressed most in the 
anaerobic zone during 
stable operation, and in 
the anoxic zone during 
unstable operation

Genes involved in carbon storage

Genes involved in energy 
production

Genes involved in denitrification

Peak gene expression shifted from the anaerobic to the anoxic 
zone during the unstable period

[Deaver et al., Under review]



Our results suggest that disruption to the gene expression 
cycles likely resulted in delayed P removal

313

• Disruption in typical gene expression patterns suggests anaerobic zone disturbance led 
to biological phosphorus instability event

• We hypothesize anaerobic zone impacts include either 1) depth of anaerobic conditions 
or 2) VFA composition changing (or both)

• Future studies should include an evaluation of VFA composition and anaerobic zone 
optimization
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