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Forum Ground Rules
Expected Behavior

We expect all participants to demonstrate respect, inclusivity, and professionalism. Indeed, we strongly promote
collaboration and aim to make your experience with us enjoyable and conducive to productive interactions.

Prohibited Conduct

Harassment: Any unwelcome action towards another person, knowing it might cause hurt, humiliation, or
intimidation. The Alliance does not permit any form of harassment, including harassment based on gender,
gender expression, gender identity, race, religion, belief, nationality, ethnic origin, social origin, age, sexual
orientation, marital status, disability, language, or any other reason.

Sexual Harassment: The Alliance strictly prohibits any unwelcome conduct of a sexual nature that might cause
discomfort, disapproval, hurt, or humiliation. Examples include: demeaning comments about someone's sexual
orientation, or gender identity, name-calling, slurs with a sexual connotation, sexual comments about appearance,
clothing, or body parts, asking for sexual favors, staring in a sexually suggestive manner, unwelcome touching,
inappropriate sexual gestures, sexual anecdotes/jokes, sending or sharing suggestive communications, images
or videos, attempted or actual sexual assault, including rape.

Violence and Threats: All forms of physical aggression, verbal intimidation, or implied threats are prohibited.

Disruptive Behavior: Sustained disruption of talks or other events will be taken seriously and may lead to
removal of disruptive individuals from the venue.



Phosphorus: Such a big deal it takes a book to tell the story
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Phosphorus: Such a big deal it takes 2 books to tell the story
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Phosphorus: Such a big deal it takes 3 books to tell the story

2022 2023 2025



Phosphorus: Such a big deal it takes a Science & Technology Center



Phosphorus: Such a big deal it takes an alliance
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The Sustainable Phosphorus Alliance: what have we done lately?
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The Sustainable Phosphorus Alliance: what have we done lately?

Newly Updated!




The Sustainable Phosphorus Alliance: what have we done lately?

Being released today.



The Sustainable Phosphorus Alliance: what have we done lately?

Also: Arkansas

P week 2026: 6-10 April 2026 Start your planning now!



The Sustainable Phosphorus Alliance: what have we done lately?




Phosphorus: Such a big deal it takes ...

slides to tell the story...



Farm Fertilizer Emissions Management: A Risk
Pricing and Capital Markets Approach

Peter Adriaens
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University of Michigan
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Wall Street, farmers and the Great Lakes are linked
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About $972B is invested in US agriculture annually - Wall Street is
linked to agriculture through capital flow

US Farmers and Ranchers in Action Report (Feb 2021): Transformative Investment in Climate-Smart Soil Agriculture



Farm Credit System Financing Flow
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Approximately $390B worth of agricultural bonds were purchased
by mostly US institutional investors (2022) with fiduciary req’'ments

Data Sources: Bloomberg

Represented are all outstanding bonds
issued by Federal Farm Credit Banks
Funding Corporation (FFCB)
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Total of 7 Farm Credit Systems support 213 counties in the watershed

Data Sources:

USGS National Map Watershed
Boundary Data

Farm Credit Administration Farm
Credit Services FCS Institution
Directory

US Geological Survey Spatially -
Referenced Regression on
Watershed Attributes

(SPARROW) model
Data Blending:
1 Determine all FCS in Great
Lakes Watershed (GLW)
2. Match counties in both FCS area

and GLW to integrate data
points
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About $100B of loans were in the Great Lakes Watershed, of which
$38B related to farm business operations

Background

Table 1. Farm Expenditures, by Category, 2021
($ billion and percent of total)

Knowledge Gaps

§ billion percent’

Feed 652 166
Farm services 450 ns
Livestock, poultry, and related expenses 24 10.8
Labor 36.8 9.4

20 21
Fertilizer, lime, and soil conditioners 29.5 1.5
Seeds and plants 213 5.7
Farm supplies and repairs 202 5.1
Agricultural chemicals 178 45
Taxes 14.7 37
Farm improvements and construction 145 37
Tractors & Self Propelled Machinery 17.6 4.5
Other Expenses 349 8.9
Total 3929 100

Research Approach

Data Sources:
e FCS Annual Reports (2022)
e NASS US Farm Production
Expenditure Report (2022)

Data Blending:

1  Total loan values disaggregated
to loan business and operations
asset values

2. US national fertilizer spend value
was then applied to estimate total
loan value attributed to fertilizer
spending

Preliminary Findings
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Total of $600M loans attributed to fertilizer spend in 2022 out of
$100B total loan value (TLV) in all of the Great Lakes watershed

$100B Total loan value
(TLV) from all Farm Credit
Banks in GL States

$21B TLV attributed to
counties in GL watershed
(GLW)

$8B TLV attributed to
farm operations in GLW

$600M TLV
attributed to
fertilizer
spend in
GLW

Y JALY g [ ((1/TCS) x %L)) x FS) (1)

Where: ALV= Applied Loan Value attributed to operations and agri business; TCS = total counties
serviced ; %L = percentage of county that is within the Great Lakes Watershed (GLW) ; FS =
National annual average fertilizer spend
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There is a potential of 42M kg of N and 4M kg of P running off

into the Great Lakes Watershed every year

N & P Runoff Million kg

41M kglyear

total nitrogen 4M kg/ylear
TN) loading .
( il phosphorus
potential in (TP) loading
GLW potential in
GLW

Data Source:
US Geological Survey
Spatially -
i Referenced
ake Erie _
51.9% Regression on
Watershed Attributes
(SPARROW) model
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For every $330K in farm fertilizer financing, there may be up to 1
million kg of CO e in nutrient runoff into the Great Lakes

$600M
Total Loan
Value

attributed to
fertilizer
spend

Challenges for determination of this CO

N Rate (kg | P Rate (kg |GLW TN Runoff | GLW TP Runoff
Conversion Source CO,/kg N) | CO,/kg P) kg CO,e kg CO,e

City of Winnipeg (South End
Plant Process Selection
Report) 462 2.7 190 M 1M
International Fertilizer
Society 8.798 N/A 362M N/A
Carbon Chain (Private entity) 2.6 17 107M ™

,€ conversion

These are ‘at farm gate’conversion factors (Menegat et al., 2022)
There is no Global Warming Potential (GWP) (IPCC ARG6) for P or verified
emission factor for CO,e associated with P (Liet al.,2021)
Further understanding how P contributes to increase CH, and N,O emissions

during eutrophication is needed (Ortiz-Reyes & Anex, 2018)

Range of Estimated
Total kg CO ,e

201M

362M
114M




27

Externalities are not priced: The more fertilizer you use, the higher
the yield and farm asset value (Data Source: Acre Value)

>

-

_ -

(Chung and Adriaens, 2023)
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Fertilizer use is a major contributor to farm carbon emissions, and
institutional investors are backing it

Fixed income (bonds) and lending
support farm production

Eutrophication increases GHG emissions
(Li etal., 2021)

Intense production drives

eutrophication in freshwater lakes
(Kerr et al., 2016)
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Environmental externalities are not being accounted for, yet the
capital flow to farms are financed emissions

(" Financed emissions are )
emissions associated with
investments and financing by
investors and financial

\_institutions. )

rThey are Scope 3 emissions and )
fall under the GHG Protocol
( Category 15: Investments

.

This is now being implemented
through IFRS S2, which is
governed by the International
Financial Reporting Standards

(GHG Protocol, 2011) & (IFRS, 2025)
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Green financing is one option to manage financed emissions

Financing Instruments

e Green/sust.-linked Bonds
Green Insurance
Green Investment funds
Green Grants
Sustainability-linked Loans

Specific Instruments for
Capturing Emissions
e Carbon credits
e Carbon insets/offsets
e Carbon warrants
e Water quality accounting
credits

Fiduciary Risk (investors) :
Green financial instruments
integrate capital and
environmental performance
to capture the environmental
externalities of economic
growth.

(Ajayiet al.,2024)
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Fiduciary risk management: Scope 3 emissions reporting and risk
pricing cascades across financial supply chain

Green financing opportunities driven by capital markets

Scope 3 emissions reporting requirements under IFRS S2 ©

(Farm scope 1&2 emissions are scope 3 emissions for these entities) (Schulman et al., 2021)
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Farmers can manage their scope 1 GHG through adopting best
management practices (BMP)

But are they incentivised to do so?

Cover Cropping No Till/ Reduced Precision Nutrient Buffer zones and
Tillage Management drainage

(Wilson et al.,2018)



&

Challenge: Financial transition risks are high for farmers and
currently unaddressed

Premium

reduction
on farm
insurance

Increased
ratin .
Decrease Opgoztsg Farm BiIll
in A t (Pannell et al., Conserva-
In Asse ) Industry a

VEILE Funded  subsidies
(Chung and
Adriaens, 2024) Carbon

Loss of Programs
Access to
Farm Bill

Decreased Subsidies
Yields (van der Pol et

al., 2021
(Surdoval et )

al., 2024)
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Objective

Develop and test a capital incentive stack through data monetization of

fertilizer runoff to make farm income resilient

Sustainability -Linked
Loans

Develop an informational

framework to value farm

land based on crop yield
and carbon storage

v

Higher loan-to-value (LTV) ratio
decreases interest on debt

Carbon-Based Asset
Valuation

Use regression and causal
machine learning models to
quantify carbon stored and
runoff as fertilizer —CO,e

v

Runoff is scope 3 financed

emissions and scope 1 operations

Parametric Transition
Insurance

Actuarial models couple transition
yield losses to corporate water
quality benefit accounting (WQBA)

v

$5/acre (USDA pilot) [1 pooled
private insurance models (target
N: $2-5/Ib; P: $20-30/Ib)

!

Capital Markets Pricing
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Framework for Proof -of-Concept Deployment: Premia/Carbon

Scope land 2 CO2e [ Scope 3 premium/credits L] Farm P&L benefit




Saginaw Bay Watershed Proof of Concept: Repricing Lending Risk
from CO ,e in Nutrient Runoff (Sustainability -Linked Loans)

45% of land is used
for agriculture
22 counties

1.4 million citizens
15,172 farms in 2022
3765 farms receive
some form of
government subsidy

Data source: USDA Census
& The Nature Conservancy
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Farmer A Profile:

Location: Bay County, Saginaw Bay Watershed
Farm Parcels: Four split amongst different sub
basins

Total Acres: 1200 acres, 75% owned, 25% leased
Operations: Corn, Soy, Wheat

BMP: Cover crop &residue management

SWAT Model:

Predicts that
Farmer A, could
reduce N loads by
29% and 64% of P
loads a year on
average

Benefits of adoption

1. Have access to
sustainability linked loan
at a discounted rate

2. Potential carbon credit or
insets from deploying
BMP
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Example Capital Market Benefit: Risk Pricing of
Assets — Carbon -Backed Lending

GLR us
Green/sustainability-linked ag. bonds
Yield bushels 80.4 46.5
Price $/bushel 5.66 SN
[ R R
Enterprise Size planted acres 94 45 Roll-up
Estimated Carbon Value* ton 2.25 AS)
Estimated Market Price of
Carbon $/ton 15 15
Potential Carbon Value 33.75 3 Sustainability-Linked Credit
Discount
Average Operating Loan** $ 35000 3500 « 1to 2 notches on credit scale

e 25-75 basis points (bps)
* Current farm operating loan

oan to Value w/o Carbon )
- 0
Loan to Value w/ Carbon |:> Interest rate = 5.6%
e New loan: 4.9-5.3%

o




1. Develop

datasets based on
interview insights
’ -analysis

an

operational & environmental
performance drivers.

3. MC simulation
to model
profitability and
carbon credit
outcomes under
BMP scenarios.

4. Integrate

machine learning
models for yield
, carbon

forecasting




Thank you!

@

Questions?



Sustainability

Yaroslava Yingling

Associate Department Head &
Kobe Steel Distinguished Professor
North Carolina State University




Number of publications

Rise of Al

Data Science and Machine Learning 2017 Transformer Revolution —
+ Google’s approach to solving NLP problems

1ear

al-intelligence | CC BY
t year.

https://lifearchitect.ailig-testing-ai/

Deagen et al 47 MRS Bulletin (2022) 379


https://lifearchitect.ai/iq-testing-ai/
https://lifearchitect.ai/iq-testing-ai/
https://lifearchitect.ai/iq-testing-ai/
https://lifearchitect.ai/iq-testing-ai/
https://lifearchitect.ai/iq-testing-ai/

What are Transformers? Large Language Models?

Transformers:

Al models that process text in chunks (tokens).

Predict the next word based on context.

Use auto-regressive process — each new word depends on the words
before it.

Large Language Model (LLM):

Transformers trained on huge amounts of text.

Can answer questions, write summaries, and generate human-like text.
Handle vast datasets and complex language tasks.

Trained on diverse sources to capture language patterns, context,

- | A 3B model has read over a million books ... and
remembers patterns from all of them.

ChatGPT-5 model (mainstream ~330B) absorbs
vastly more data (trillions of words from millions of
books, articles, web pages, lectures, images, and
code) and also generates deep insights, synthesizes
new ideas, reasons across fields, and solves complex
B e o e ng  Problems at near-expert levels by leveraging far more

(MMLU) benchmark—a test spanning 57 academic subjects such as nuanced abStraCtionS, broader context, and mUIti'Step
mathematics, US history, computer science, and law. reasoning_



How LLM generates the Answer

® [nput Parsing: The model breaks down your question
into tokens (words or word pieces) and recognizes that
you're asking for a specific scientific fact—a material
property.

® Pattern Recognition: The LLM doesn't "look up" the
answer in a database in real time. Instead, it recalls
patterns it learned during training, from phrases like
“"the band gap of silicon is...”

® Probability-Based Prediction: The model then uses
statistical modeling to predict the most likely next
words based on: The structure of your question and the
context of similar questions it has "seen" in training.

® Limitations and Uncertainty: It doesn’t “know” if that
answer is true or current—it’s just highly probable
based on past data. It can make mistakes if trained on
conflicting, outdated, or low-quality information.

“What percentage of global phosphorus
pollution in freshwater comes from
agriculture?”

LLM-style answer:

“About 80% comes from agriculture.”

-because “80%” is a commonly repeated ballpark
figure across environmental discussions online

Scientific perspective:

The numbers are much more variable:

* Agriculture contributes ~50-60% of total
phosphorus loads globally on average.

* In highly industrialized regions, municipal
wastewater can contribute 30-40% or more.

* Local watersheds may flip the dominance (e.g.,
>60% from wastewater in urban basins).

*The LLM guess: neat, round, “probable” — 80% agriculture.

» The scientific truth: messy, regional, and evidence-based — ~50-60% agriculture globally, but wastewater dominates in some places.




What is the rate of Al hallucinations?

Hallucination in Al refers to the generation of outputs that may sound plausible but are either factually
incorrect or unrelated to the given context.

Year / Model Hallucination Rate (varies by task)
GPT-2/ GPT-3 (2019-2021) | 20-60% on factual QA tasks

GPT-3.5 (2022) 15-30% in open-domain factual tasks; ~50%-+ false citations

~10-20% factual hallucination in open QA; 15-25% citation

GPT-4 (2023) errors

GPT-40 (2024) ~12-13% hallucination in composite tasks

GPT-5 (2025)

Human expert error rates
often < 5% (depends on
fatigue, clarity, etc.)

The rate of hallucinations in LLMs depends a lot on:
=  Which model (GPT-40, GPT-5, Gemini, Claude, etc.)

=  Which task (factual Q&A, citations, math, coding, etc.) . . . .
«  Which benchmark is used to measure hallucinations GPT-5 is approaching human level in these kinds of tasks for

well-defined, explicit information. Human experts are still
better at interpretive or ambiguous tasks



Why General-Purpose LLMs Fall Short in Phosphorus Sustainability?

* Fragmented Knowledge and Hallucinations:
* LLMs generate the most probable answer, not the most accurate.
 Benchmarks used to evaluate hallucination rates are generic, not tailored to phosphorus science.
e Data Quality Issues:
* General LLMs ingest data from podcasts, blogs, and low-quality papers.
» This risks amplifying “garbage in, garbage out” for scientific use.
*Poor Domain Adaptation:
»  Struggle with technical specificity (e.g., phosphate forms, pH, sorbent concentration).
*  Without fine-tuning, outputs are oversimplified or inaccurate.
* Most LLMs don't cite sources or explain reasoning: hard for researchers and policymakers to verify answers.
* Produce generic answers, not tailored to farmers, policymakers, or researchers.
» Cost and Inefficiency:
e Training and running large models on broad corpora is expensive.
» Domain-specific tools are smaller, cheaper, and more energy efficient.
*Privacy and Sharing:
* General LLMs may share or surface sensitive data unintentionally.
» Domain-specific models can be curated, secure, and transparent.

We need domain-specific, evidence-grounded Al software — optimized for trusted data,
lower cost, transparency, and scientific accuracy.




How can Al help with P Sustainability?
Precision Agriculture Projected impact of Al tools by 2030 (%)

Optimization

Goal: Achieve a 15-20%
reduction in phosphorus
fertilizer use.

Al Role: Analyze soil data,
crop needs, and
environmental factors to
optimize fertilizer
application.
Phosphorus Recovery
Goal: Enable a 30%
increase in phosphorus
recovery from wastewater
and other waste streams.
Al Role: Optimizes

recovery processes and
identifies new recovery
opportunities.
Phosphorus Mapping and Management
Goal: Improve soil phosphorus content
prediction accuracy to over 80%.

Al Role: Uses predictive mapping and data
analytics to monitor soil nutrients and plan
efficient phosphorus application.

Wastewater Treatment Efficiency

Goal: Increase nutrient removal efficiency by 30-40%
and reduce energy use in treatment plants by up to
25%.

*Al Role: Increase nutrient removal efficiency and
reduces energy-intensive processes like aeration
through real-time optimization.

To use Al approaches for P sustainability we need to connect data on all levels of information



Convergent Al approach

Phosphorus sustainability spans molecular to global scales and many disciplines.

Fragmented Data Landscape

» Each scale uses different measurements,
formats, and models.

* Hard to integrate insights across scales
(e.g., from phosphate binding at nanoscale
to farm practices to global trade).

» Traditional databases and tools don’t “talk”
to each other.

Ultimate Vision:

* A convergence informatics platform that integrates ALL data on P
sustainability: materials, water, agricultural, policy data, ....

Al helps bridge scales and accelerate discovery

* Al can find hidden links (e.g., how molecular adsorption impacts
watershed models). Detects non-obvious correlations in sustainability
outcomes.

» Democratize insights: Tailors outputs for stakeholders (researchers,
farmers, policymakers).



Convergence Informatics

A. U. Mahmood, et al, Multiple Data Imputation Methods Advances Risk Analysis and Treatability of Co-occurring Inorganic Chemicals in Groundwater, Envi Science & Te gy (2024) ; T. J. Oweida et al, Resolving Structure of ssDNA in Solution by Fusing

Molecular Simulations and Scattering Experiments with Machine Learning, Advanced Theory and Simulations 6 (2023) 2300411; J. S. Peerless, et al, Uncertainty Quantification and Sensitivity Analysis of Partial Charges on Macroscopic Solvent Properties in Molecular Dynamics

Simulations with Machine Learning Model, ACS Journal of Chemical Information and Modeling 61 (2021) 1745-1761; K. Schatz, et al, IEEE BigData, 2023, 2965-2974



Al Predicts Highest-Risk Groundwater Sites to Improve
Water Quality

Millions of Americans rely on groundwater every day, yet testing for naturally occurring pollutants like

arsenic is complex and expensive.
Example: Field Data (P) concentration

Data: 140 years of sparse groundwater tests

Key Results:

* Al was able to impute a complete groundwater testing dataset—filling in missing
values across millions of samples.

* This enabled full-scale risk assessment without the cost and delay of physical
sampling.

* The result: more accurate risk prediction, better resource allocation, and smarter
decisions on where to test next.

This work was supported by the Science and Technologies for Phosphorus Sustainability (STEPS)
Center, a National Science Foundation Science and Technology Center (CBET-2019435)

A. U. Mahmood, et al, Multiple Data Imputation Methods Advances Risk Analysis and Treatability of Co-occurring Inorganic Chemicals in Groundwater, Environmental Science & Technology (2024) ;



Phosphorus Al for Scraping, Tracking, Optimization, and Research (PASTOR)
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https://doi.ieeecomputersociety.org/10.1109/BigData59044.2023.10386570
https://doi.ieeecomputersociety.org/10.1109/BigData59044.2023.10386570
http://152.14.71.137/

Human-curated Data

Human-curated Data is important because it filters out low-quality or misleading sources,
ensuring the Al retrieves trusted, evidence-based knowledge instead of amplifying noise.

*Keyword filter: Title/abstract includes phosphorus terms

(e.q., “phosphorus recovery,” “phosphate removal,” “nutrient

cycling”)

* Open-access check: Verified through our OA detection

framework

* Expert validation: Human-in-the-loop review for relevance

« Started from 6,556 publications ended with 3,297

« Keyword trends: most frequent: “phosphorus” (374),
“phosphorus recovery” (217), followed by “wastewater
treatment” (206), “phosphorus removal”’ (173)

Data then extracted, classified, and labeled



Al Personalization

Al-powered personalization can turn complex sustainability science into
actionable pathways across diverse audiences

PASTOR transforms generic knowledge
into role-specific, actionable insights




Al-Powered Podcasts for P Research & Accessibility

Al podcasts turn specialized phosphorus research into accessible, engaging, and shareable content —
bridging the gap between experts and society.

Accessibility — makes complex science understandable for non-experts through clear, spoken
explanations.

Multimodal learning — complements text and visuals, engaging auditory learners.

Wider reach — podcasts can be shared on platforms (Spotify, Apple, YouTube), extending science
communication beyond academic circles.

Personalization — Al can generate podcasts tailored to a listener’s role (consumer, policymaker,
researcher).

Efficiency — automatic conversion of papers, reports, or chatbot outputs into short audio
summaries.

Continuous updates — Al can produce on-the-fly podcasts summarizing new publications or data.

Justin Baker, Nathan Schunk, Matt Scholz, Ashton Merck, Rebecca Logsdon
iD Muenich, Paul Westerhoff, James J. Elser, Owen W. Duckworth, Luke Gatiboni,

Minhazul Islam, Anna-Maria Marshall, Rosangela Sozzani, and Brooke K. Mayer

Environmental Science & Technology Letters 2024 11 (6), 493-502

DOI: 10.1021/acs.estlett.4c00208


http://drive.google.com/file/d/1upsQ9XVQ9EYWe6AGpc-pvMdpBr09-W_4/view

PASTOR

Phosphorus Al Scraping, Tracking,
Optimization, and Research
The Phosphorus Knowledge Hub is
a comprehensive platform designed
to support phosphorus research
through Al-powered tools, extensive
paper collections, and collaborative
features. Our platform combines
traditional research methods with
cutting-edge Al technology to
enhance your research experience.



http://152.14.71.137/
http://152.14.71.137/

Capabilities

* Chatbot interface — easy, conversational access to curated phosphorus
knowledge

* Trusted answers — drawn from expert-validated, peer-reviewed sources

* Audio podcasts — auto-generated explanations in plain language

* Plotting & visuals — simple graphs to help interpret sustainability data
*Your data, your papers — upload personal data or documents for tailored
insights

* Personalized outputs — guidance adapted to lifestyle, context, and choices

PASTOR empowers P-community to learn, explore, and act using
reliable science — through chat, audio, visuals, and personal data
Integration.


http://152.14.71.137/

Future: Where PASTOR I1s Headed

More ML-powered insights — deeper integration of machine learning
across scales

On-the-fly anomaly detection — flag unexpected results in uploaded data or
literature

Dynamic data fusion — combine lab results, field data, and policy reports in
real time

Predictive modeling — forecast phosphorus flows under different scenarios
Multi-modal interaction — richer outputs (chat + audio + plots + knowledge
graphs)

Enhanced personalization — role-specific dashboards for consumers,
policymakers, and researchers



Example: Other Future PASTOR capabilities for wastewater treatment

PASTOR could interact with operator, analyze data, provide real-time guidance, and simulate
scenarios to improve decision-making.

Problem: Delayed Detection of Water

Quality Issues

Al Solution: On the fly Al-anomaly
detection can identify water quality issues

immediately, enabling faster response times
A\ A

: . Problem: Difficulty in Handling Peak
Problem: Inefficient Phosphorus and L oads and Variable Wastewater

Composition

Nutrient Recovery

Al Solution: Al can analyze and optimize . :
chemical usage and recovery processes, Al Solution: Al models can predict load

improving yield and sustainability in nutrient UUEILETIES, Elloting GRSELENS (0 (9 gEE )
mining allocating resources effectively and adjusting

treatment parameters.




Bells and whistles: Storybooks, Podcasts, Videos, and Songs

Generate customized videos and other promo materials in less than 2 min!


https://g.co/gemini/share/d54ccd21140f
http://drive.google.com/file/d/19XCVJlWfcu0Z9pTEoUdpGllV6pU05xUW/view

Summary

With PASTOR and emerging Al tools, phosphorus research becomes faster, more accurate, and
more collaborative — driving innovation for a sustainable future.

* Accelerates discovery — Al organizes thousands of
scattered papers into structured, searchable
knowledge.

* Connects disciplines — bridges agriculture,
materials, wastewater, and policy for true systems-
level insights.

*Enhances accessibility — tailored outputs for
consumers, policymakers, and researchers.

* Goes beyond text — integrates data, tables, figures,
and visuals for deeper understanding.

e Continuous improvement — human feedback +
domain fine-tuning make PASTOR and other Al tools
smarter over time.

This material is based upon work supported by the Science and Technologies for Phosphorus Sustainability (STEPS) Center, an
NSF Science and Technology Center, under NSF Cooperative Agreement No. CBET-2019435

STEPS CI Team: A. Gulyuk, B. Allen, D. Pendyala, E. Lobaton, G. Khatri, N. Abu Zaid, S. Pinky, R. Chirkova, C. Williams, R.
Lakshmi-Ratan and alumni









I\/Ianaglng Emerging Contammants N
the Circular Bioeconomy

Rebecca Muenich
Associate Professor
University of
INCEUEES

Janine Burke-Wells
Executive Director
NEBRA

Andrew Carpenter
Soil Scientist
Northern Tilth

Ivan Cooper

National Water/Wastewater
Practice Leader

Civil & Environmental
Consultants, Inc.

Emily Remmel
Senior Director of
Regulatory Affairs
NACWA




Managing Emerging Contaminants in the

Circular Bioeconomy



Why Emerging Contaminants?



Impacts to development of a circular
bioeconomy



Connection with STEPS Research

Key concern for our convergence theme of Waste
valorization for a circular bioeconomy

Westerhoff: Fate of phosphorus
and other valuable materials
during application of PFAS
destruction technologies applied
to wastewater sewage solids or
biosolids

Muenich: P opportunity zones



Topics we’ll delve into today

Regulatory complexities

Scale and scope of the E across many emerging
problem ™ contaminants

Technological advances : :
) . What agencies are doin
;Ii for addressing emerging \/ to addrgss this issue )

contaminants



Managing Emerging Contaminants in
the Circular Bioeconomy

Janine Burke-Wells
Executive Director
NEBRA




Panel Discussion
The Phosphorus Forum

September 17, 2025

Managing Emerging
Contaminants in the
Circular Bioeconomy



Soil Health

Our “Grand

Challenges” Climate Change

Water

(quality and quantity)




The circular economy is the response
to these challenges

Circular Economy Principles

Eliminate waste and

pollution

Circulate products
and materials

Regenerate nature

Source: Ellen MacArthur Foundation



Why recycle biosolids?

It’s the most sustainable!

e Some proven Benefits include:
* enhancing soil health
 recycling of nutrients (macro, micro)
e reducing chemical fertilizer use
* improving drought resistance
* Increasing soil carbon content

e Concerns include:
e Odors

e Over-applying of nutrients (P:N
concentrations)

* Emerging contaminants like PFAS



www.BiosolidsData.org

U.S. Biosolids End Use
and Disposal

» About 53% of biosolids currently being
recycled to soils in some way

* About 32% goes to landfill or other
surface disposal facility

e 15% is incinerated

Only for biosolids, does not include other
organic wastes like manures, food.



http://www.biosolidsdata.org/

Other contaminants mentioned:

« MWRD of Greater Chicago tests for “Pharmaceutical and personal care products.
Analyze for list of organic compounds identified in IL soil clean up standards.”

+ “phenols, cyanide”

« NHWRRF: “PFAS testing is not required, but we do test on our own to confirm we are
not spreading hazardous/regulated waste at our site.”

+ Southern TXcity: “Each landfilled load tested for RCRA Non-Haz (+ TCLP);
ienitability. reactivity. and corrosivity. at landfill scale house”



Nutrients in Final Biosolids (n=11¢)

Phosphorus % Average (mean) w

Class A 2.3% 6%
Class B 2.0% 7%
Nitrogen % |Average (mean) m
Class A 3.4% 7%
Class B 4.8% 11%

a National Biosolids Data Project presentation e May 2022
Permission granted for use in accordance with Data Use Policy at biosolidsdata.org.

78


https://www.biosolidsdata.org/data-use-policy
https://www.biosolidsdata.org/




What Happened in Maine

* Major sources of PFAS related to the paper
industry made their way into WRRFs

e Pulp & paper mill residuals used to contain a lot
more PFAS

* First there were limits set by the regulators
(2018)

* Then there was over-reaction by the legislature
(2022)

e Situation is not sustainable, still no long-term
solution(s)

* Major cost increases for WRRFs

www.BiosolidsData.org/Maine



http://www.biosolidsdata.org/Maine

Impacts on NEBRA Members, the Northeast

* Lots of legislative and regulatory activities around PFAS
e Dealing with background soil levels (approaching 1 ppb)

* Maine, Massachusetts, Vermont, and others are doing “master
planning” specific to biosolids management

e Starting to see some TSS violations when outlets become
unavailable

e Materials being managed further and further from the source



Phosphorus Extraction from wastewater
e Chemical/struvite precipitation
e Membranes
e Electro-chemical processes

* Biological phosphorus removal
(including enhanced BPR)

New Technologies |
Processes for PFAS removal/destruction
are needed! from solids

e Pyrolysis/Gasification (in commercial
operation)

e Hydrothermal liquefaction,
carbonization

e Supercritical water oxidation (P-rich
minerals generated)

e Sewage sludge incineration (research
ongoing, P-rich ash)



BiosolidsGHGs.org

* Spreadsheet available for
download
e Supporting documents & links

e Resources for utilities on GHG
emissions & calculations

e Standard protocols

* Space for sharing
* results
* tips
* uses of data



Example BEAM Calculations & Graplor
Sanford, Maine

urrent: Compost to LF/Combustion |



Wastewater Residuals BioHub

 Collaborative effort with
regulators, utility managers and
consultants — led by NEIWPCC

e Coordinating solutions to
biosolids/residuals management
in the Northeast

 Clearinghouse for research and
new technologies, other
resources



From Waste to Resource: Leveraging the Circular Economy
Framework to Tackle the U.S. Biosolids Crisis (Abouhend, etal. 2025)*

* Submitted for publication
in Environmental Science &
Technology, April 2025, for
Circular Water Economy
Special Issue

Calculations for biosolids,
manures, pulp/paper
residuals, and food waste.



Managing Organic Wastes Must Balance Resource
Recovery with Emerging Contaminants, Other Concerns

Adopt a Circular Water Economy mentality

Collaborate in earnest — the best ideas have to
win!!

Create a new regulatory paradigm; innovations
in regulations/permitting needed too

e Communicate:

e Clear, concise information about the relative
risk of CECs exposure in occupational and
everyday living. Language is important!
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The National Association of Clean Water

Agencies
September 17, 2025 — Raliegh, NC




WHO ARE WE?

« NACWA represents ~360 public utility members of all

sizes nationwide

« NACWA is on the front lines, ensuring members’ voices
are heard and that federal regulatory, legal, and
legislative decisions are based on evidence-based
science, smart engineering, and rational economic

June 12, 2023









PFAS Action Plans & Road Maps — By-
Gone”?

The National Association of Clean Water






Comprehensive Environmental Response, Compensation
& Liability Act (CERCLA)

Sept. 2022 - EPA proposed designating two PFAS (PFOA and PFOS) as “hazardous substances”
under Section 102(a) of CERCLA

April 2023 - Agency took comment on whether to also designate: (1) any of the following 7 PFAS -
PFBS, PFHxS, PFNA, HFPO-DA (GenX), PFBA, PFHXA, or PFDA,; (2) precursors to PFOA, PFOS, or
any of the 7 proposed PFAS; and/or (3) categories of PFAS

April 2024 - EPA finalized PFOA and PFOS designations while publishing corresponding
enforcement discretion memo aimed at shielding POTWSs, MS4s, community water systems,
farmers land -applying biosolids, publicly owned/operated municipal solid waste landfills, publicly
owned airports, and local fire departments from PFAS remediation costs

Spring/Summer 2025 - Litigation

CERCLA Hazardous Substance Designation Effective on Jul

National Association of Clean Water







What are the Costs?

Minnesota Report, June 2023

 Removing and destroying PFAS from water and biosolids leaving
Minnesota’s wastewater treatment facilities could cost between $14
billion and $28 billion over 20 years

 PFAS can be bought for $50 - $1,000 per pound (according to MPCA
estimates), but costs between $2.7 million and $18 million per pound to
remove and destroy from municipal wastewater, depending on facility
size

« Small wastewater treatment facilities would face per-pound costs over
six times greater than large facilities, due to economies of scale

* New “short-chain” types of PFAS are more difficult and up to 70% more
expensive to remove and destroy compared to old “long-chain” PFAS

National Association of Clean Water NAC WA J))



Draft Human Health Criteria for PEAS

Concentrations that are not expected to cause adverse human
health effects

For combined water and fish/shellfish consumption:

« PFOA — 0.0009 ppt

e PFOS — 0.06 ppt

« PFBS - 400 ppt

Current method quantification levels for PFOA and PFOS
range from 1 to 4 ppt (Method 1633)

States may incorporate criteria into their water quality
standards

National Association of Clean Water



Biosolids PFOA/PFOS Risk Assessment

« Will provide risk levels as numeric values for a variety of
potential exposure pathways (e.g., 1 in 10,000)

 Risk levels developed using very conservative/hypothetical
assumptions about “typical farm family”
« Assumed continual application each year for 40 years
« Assumed 1 ppb PFOA/PFOS starting concentration

 First time a biosolids risk assessment released w/out proposed
Part 503 changes or management considerations or
cost/treatment considerations

» Assessment will not look at relative risk of other fertilizers like
artificial fertilizers or manure

National Association of Clean Water



The Long Game of Biosolids
Advocacy

EPA publishes new
framework and
screening tool for
assessing risk of
pollutants in biosolids

2023 Summer 2024 Y Jan. 2025 July 2025 Aug. 2025

?

Ad-Hoc Science Ad-Hoc Science EPA Convenes 3-part
Advisory Board Advisory panel reviews; Listening Sessions
(SAB) panel makes
selected to review recommendations to full
new framework SAB; final SAB report
and screening tool published

The National Association of Clean Water Agencies



The Long Game of Biosolids
Advocacy

Source: EPA Press Office, https://www.epa.gov/newsreleases/administrator-zeldin-announces-major-epa-actions-combat-pfas-contamination

The National Association of Clean Water Agencies



The Long Game of Biosolids Advocacy

Building Partnerships

» Advance remediation and cleanup efforts where drinking water supplies are impacted by PFAS contamination

Work with states to assess risks from PFAS contamination and the development of analytical and risk assessment tools

T — ® Finsn pupuc COmiment Perioa ror DiIosouas risk assessment ana aetermine patn rorwara pasea on comments

Provide assistance to states and tribes on enforcement efforts

Review and evaluate any pending state air petitions

* Resource and support investigations into violations to hold polluters accountable

Source: EPA Press Office, https://www.epa.gov/newsreleases/administrator-zeldin-announces-major-epa-actions-combat-pfas-contamination

The National Association of Clean Water Agencies




State Legislative Biosolids

Activity — A Response to
EPA?

Most states focusing on testing and
analysis and establishing programs

for management of biosolids or
conduct studies of PFAS in
biosolids (WA, VA, RI, NH)

Other states following Maine’s
prohibition or looking directly at
EPA'’s draft risk assessment as a
means for establishing a 1ppb
limit (AKA a de facto ban on land
application) (MD, TX, OK, NY)

Source: Safer States Bill Tracker (accessed July 3, 2025; refined for biosolids/sludge legislation)
https://www.saferstates.org/bill-tracker/?toxic_chemicals=PFAS&issue_sectors=Biosolids/Sludge




PFAS Everywhere

In case you’re counting, the average American will go through 26 kg
(57 1bs) of toilet paper in a single year. Multiply that bi’ the 332
million people in the U.S. and you get more than 19 billion pounds of
waste paper being flushed away annually.

National Association of Clean Water Agencies NAC WA f»


https://pubs.acs.org/doi/abs/10.1021/acs.estlett.3c00094
https://pubs.acs.org/doi/abs/10.1021/acs.estlett.3c00094

SOURCE CONTROL CAN WORK

Michigan Industrial Pretreatment Program Initiative

Takes time and effort. Communication with the public is key. You will still have PFAS hits due
to domestic sources, but industrial pretreatment programs can reduce PFAS concentrations in
biosolids.



Domestic Sources — California Study

Bay Area POTW Study Phase 2 Findings

1% of the total POTW influent loading (lbs./day)

National Association of Clean Water Agencies



Domestic Sources — California Study

At most Bay Area treatment plants, more than 95% of flows are from
residential and commercial customers. Phase 2 results indicate that
residential areas may contribute PFAS at concentrations similar to plant
influent, which means that residential users may be the dominant
source of PFAS to many treatment facilities. PFAS is found in many
consumer products, including textiles, household chemicals, cosmetics,
and food packaging, at concentrations several orders of magnitude
higher than those found in this study, as shown in Figure 5. This source
of PFAS can only be controlled by removing or reducing the
amount of PFAS found in consumer products.

(emphasis added)

National Association of Clean Water Agencies
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PFAS IN SOIL
AMENDMENTS; WHAT
I"VE LEARNED TO DATE

AND WHAT | DON’T
KNOW

PHOSPHORUS FORUM 2025
BY

ANDREW CARPENTER

o NORTHERN TILTH, LLC
—r



Environmental Media and Consumer Products PFAS levels



Why are we concerned about PFOS?

We are all
exposed
to PFOS.

Source:
National Report on Human Exposure to Environmental Chemicals — US CDC:
https://www.cdc.gov/exposurereport/index.html

Maine Department of Health and Human


http://www.cdc.gov/exposurereport/index.html

Farms on which Northern Tilth Identified
High Levels of PFAS Contamination

e Organic vegetable farm that purchased land from a farm that had used biosolids in the early 1990s

e Extremely high soil and drinking water levels

* The farmers have extremely high blood serum levels of both PFOS and PFOA

e Organic diversified farm that purchased land from a farm that had used biosolids in the early 1990s

* Extremely high milk levels

* Milk had been tested randomly off-the-shelf by the MDACF one year earlier and it did not have a PFAS
problem at that time

* Further testing identified hay from another farm with very high levels of PFOS which at this point seems to
be the source of high PFOS in milk

e Organic vegetable farm adjacent to farm that applied biosolids in the early 1990s
* Extremely high irrigation water levels and high drinking water levels

* To date soils appear to only be impacted by recent use of irrigation water



Soil Loading Rates

Units
Solids content (%) %
Bulk Density AR
Application Rate wet tons/
Application Rate dry tons/
soil bulk density #y’
soil moisture content %
dry mass of soil| dry tons/acre
Depth of plow layer inches
dry mass of plow layer dry tons/a
ratio of soil to soil amendment dry weig
Parameter of Interest*

Concentration in Soil Amendment ug/kg
amount of PFAS compound added to soil #/acre
amount of PFAS compound added to soil g/ac

Initial soil concentration* ug/kg

amount of PFAS compound in soil #/acre

amount of PFAS compound after 1application #/acre
Soil concentration after 1application ug/kg

change in soil conc. after 1application ug/kg

Units
Solids content (%) %
Bulk Density #Y
Application Rate wet tons/
Application Rate dry tons/
soil bulk density #Y

soil moisture content

%

dry mass of soil

dry tons/acre

Depth of plow layer inches

dry mass of plow layer dry tons/a

ratio of soil to soil amendment dry weig
Parameter of Interest*

Concentration in Soil Amendment ug/kg
amount of PFAS compound added to soil #/acre
amount of PFAS compound added to soil g/ac

Initial soil concentration* ug/kg

amount of PFAS compound in soil #/acre

amount of PFAS compound after 1 application #/acre
Soil concentration after 1 application ug/kg

change in soil conc. after 1 application ug/kg




Contemporary Biosolids PFAS Levels

Maine Biosolids Max (2019)| no data no data no data no data no data
Massachusetts Biosolids Max (2020-2021) 31 17 69 9.1 9.1
Michigan Biosolids Max (2018 - outliers removed) 10 42 28 15 2.0

25

161

48

no data

Not analyzed in the comparison datasets




PFOS in Soil (ppb)

4 very nougn Groupings, meant to provide sense oOj scaie, tnese are not precise
numbers

Estimates of Soil PFOS Levels in Typical Maine
Soils

=~

60

40

20

11
6.8

o

No History Occasional Use * Long-Term Use Industrially-impacted



PFAS IN THE LARGER CONTEXT OF USING ORGANIC WASTES

TO BUILD SOIL HEALTH AND FERTILITY

» DIOXIN/FLAME RETARDANTS
* ANTIBIOTICS

* RESIDUAL PESTICIDES

* TRACE METALS

* CADMIUM IN PHOSPHORUS SOURCES
* ARSENIC IN CHICKEN MANURE
* ZINCIN WOOD ASH

WHY PFAS IS DIFFERENT THAN SOME OF THE
OTHER PAST CHALLENGES



Pfas in non-biosolids compost

From Choi et al. 2019. Perfluoroalky! acid characterization in U.S. municipal organic
solid
waste composts. — supporting data provided by Dr. Linda Lee, Purdue University

source | PFOA

Note that the CPNC, (ug/kg

PFOA level in dry wt)
several of these

non-biosolids 1

composts would 2

be higher than the

Maine screening 3

standard of 2.5

ppb) 4
5
6
7
8 0.48
9 1.05
10 0.47



PFAS in Fairground Compost



PFAS in digestate

2023 data from foodwaste/manure
digestion project

Food waste slurry is the slurry
coming directly from depack
machine going into digester
Separated solids are constantly
recycled as bedding, and may
represent the PFAS that might
build up over time.

We sampled these same materials
from the same location in 2021 for
only PFOA and PFOS and found the
same results



Options for farms that do have high
PFAS levels on agricultural soils

Using Biochar and High Carbon Ash to
Reduce Uptake of PFAS in Grasses

Research conducted by:
Andrew Carpenter, Northern Tilth
Romy Carpenter, Northern Tilth
Dr. Linda Lee, Purdue University
Elijah Openiyi, Purdue University

Research funded by Maine NRCS
Conservation Innovation Grant

Phytoremediation has almost no potential (for the
compounds of greatest concern)

In-Situ destruction in soil has very limited potential
and as of yet is unproven

Changing crop types has been the most useful tool
available for contaminated farms in Maine



PFAS PRECURSORS AND TRANSFORMATIONS




CLOSING REMARKS

Returning our organic matter-based wastes to the soil to build soil health and reduce
negative climate impacts is imperative

Findings related to PFAS in soil amendments derived from organic waste have led to a
regulatory scramble to address public concerns, which has resulted in a patchwork of
regulatory responses while we simultaneously have a shifting target of determining actual
risks related to PFAS in soil amendments

Working upstream to both ban these compounds in commercial and industrial uses and
identifying potential feedstocks that have aberrantly high levels of PFAS is an effective
strategy for addressing the issue

There is a need to distinguish between low level detections of PFAS in compost and soil
amendments and the levels that can cause a concern from exposure pathways (drinking
water, agricultural products, etc.)
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Technology Overview
of PFAS Treatment

Ivan Cooper, PE, BCEE
Civil & Environmental Consultants, Inc
Charlotte, NC
September 17, 2025
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Agenda — PFAS Treatment

 Emerging Contaminants
* Regulations/Timing

» Operational Considerations
o Construction
o Operations
o Utilities

e Costs

e Summary

Ref: EPA



Emerging and Non-Conventional Contaminants

e 1,4 Dioxane

» Microplastics

 6PPD- Quinone

« PPCP (Human and Animals- “CAFQO”)
« Cyanotoxins

e Phenols

 PCBs, and of course,

 PFAS



PFAS Regulatory Timing

e Federal

o RCRA EPA Proposed Rule — On Hold

0 Definition of Hazardous Waste Applicable to Corrective Action for Releases from Solid Waste Management
Units and Listing of Specific PFAS as Hazardous Constituents

o CERCLA July 8, 2024 Liability, Cleanup, Release reporting, Transactional Practice — Compliance 2031 or later?)
o EPA Landfill Study ~ 4 years (EPA Plan 16 EFGSs)
o SDWA — NPDW Regulations -Water systems on-line ~ 3 years (Maybe 2031 or later!), partial rescind
o NDAA, other laws, other agencies
— Sec 318 Intentionally Added PFAS Haz substances, Manufacturers under CWA— rollback?; Sec 319 — AFFF — rollback?
o Policy Reversal under Trump Administration — Rollbacks = Uncertainty

States
o Possibly more aggressive than Feds
o Eliminating intentionally added PFAS
o Local Permits/Actions —
— Limiting or banning discharge

Litigation- Multiple lawsuits v. EPA, Private parties
Innocent receiver concerns
Start Planning Now!


https://www.epa.gov/hw/proposal-clarify-authority-address-releases-hazardous-waste-treatment-storage-and-disposal
https://www.epa.gov/hw/proposal-clarify-authority-address-releases-hazardous-waste-treatment-storage-and-disposal
https://www.epa.gov/hw/proposal-list-nine-and-polyfluoroalkyl-compounds-resource-conservation-and-recovery-act

Current PFAS Treatment Processes

* Few Process are single unit operations
« Commercial Status — Full Scale / Limited / Developing or Laboratory

Segregation — Adsorptive Segregation- Physical Chemical

Activated Carbon Reverse Osmosis/Nano/Ultra Supercritical Oxidation
Granular Foam Fractionation Electrochemical
Colloidal Deep Well Injection Plasma

lon Exchange Cementitious encapsulation Thermal

Polymers Aqueous Electrostatic Concentrator (AEC) Photochemical

Modified bentonite Oxidation/Reduction

Mixed Media Persulfate

NanoSorb Sonolysis

UV Permutations
Pyrolysis

Mechanochemical Degradation
Hydrothermal Alkaline - HALT



PFAS Treatment Operational Concerns

Flexibility
o Changing regulations means new equipment — how to adjust?

System Costs
> Replacement media, backwash or other waste, residuals disposal

Training
o Can staff work with equipment — finding new staff?
o QOperator certification

Operator Friendliness
o Frequency of operator actions
> Monitoring/Flow volumes
o SCADA or Phone Apps
> Media accessibility/changeouts — storage onsite and delivery issues
o Tools needed
o Testing

Ease of Installation
o Tanks or inside a building
> Piping changes — welding or plastic
Adaptability
> How flexible is each process to continual changes in treatment requirements/New permit limits?



Current PFAS Liquids Treatment Technologies

(Usually Treatment Trains)

» Separation/Physical Technologies
 Most Amenable to Leachate Treatment

o Activated Carbon

° Resin

o Mixed Media

> RO

o Deep Well Source: NH Business Review 2018
Evaporation
Foam Fractionation

Source: Australian DOD 2018



PFAS Residuals Technologies

o Destruction
- Incineration
- Plasma
— SCWO (Supercritical Water Oxidation)
- ElectroChemical Oxidation
— Deep Well Injection
— HALT (Hydrothermal Alkaline Treatment)

o Stabilization/Solidification

— Cementitious S/S
= Encapsulation (In totes or vessels)
= Holcim/ADC
— Return to the landfill
— Hazardous Waste Landfill Haul and Dispose



Current
PFAS Market Players

Source: PFAS treatment market concentrates on waste reduction and total destruction, GWI, May 2021






Comparison of PFAS Treatment Technologies

Journal of Hazardous Materials 481
(2025) 136685



Cost Opinion of Possible PFAS Treatment Alternatives




Annual OPEX @ 10,000 GPD



Landfill Leachate PFAS Treatment and Disposal Cost/Gal
(CAPEX and OPEX) @ 10,000 GPD






Treatment Challenges

o Carboxylates (ex. PFOA) harder to remove than Sulfonates (ex. PFOS)
» Longer chain easier to remove/destroy than shorter chain
« Many technologies focus on longer chain, shorter chain problematic

* Many technologies require multi step processes
o time to permit & construct!!!

o Mixtures, precursors, co-contaminants means more testing
* More testing and operations time

 Limited field-scale examples

* Energy intensity means more costs

* Life cycle costs?



Questions?

lvan A. Cooper, PE, BCEE

Civil & Environmental Consultants, Inc.

3701 Arco Corporate Drive
Charlotte, NC 28273
704-226-8074
iIcooper@cecinc.com



| Operational Issues

Granular Activated
Carbon

Effective for Long Chain PFAS
Simple to Operate

Simple to Change Media (Service)
Can be reactivated and reused
Many vendors/suppliers

Relatively temperature insensitive
Treated flow for dust control

Needs RSSCT Test to evaluate breakthrough

Large Quantities of spend media

Needs good pretreatment - Ultrafiltration, biological treatment
(Pretreatment requires treatment waste disposal)

Short chains PFAS breaks through quicker

After saturation, needs changeout - can be frequent

Washout of media, especially after changeout, contains PFAS.
Therefore, need backwashing after changeout

Flow sensitive to prevent channeling/rat-holing

Activated carbon may become fouled biologically reducing effectiveness.
May need to bleed bleach

Specialized equipment to prevent dust generation and uniform
distribution in tanks

Can be resource intensive over long times for testing and replacements



| Operational Issues

lon Exchange

Can remove most compounds, GenX

Short detention time compared to other
adsorbents

Lasts longer than Activated Carbon, so less
frequent changeout or regeneration
Relatively temperature insensitive

Needs Pretreatment and often Post treatment

Other constituents interfere — iron, chlorides, TSS, etc.

When will breakthrough occur?

Regeneration at site of offsite, or disposal.

If regenerated, results in concentrated PFAS stream

Biological fouling

Add bleach — may cause some IX to foul or become “blocky” — Gel types
Replacement media very costly



| Reverse Osmosis Leachate Process Flow

Membrane Based Separation Process- 99.9% removal +/-

Separates Water from Organic and Inorganic Compounds.

Effluent for reuse or disposal.

What to do with Reject???

o Recirculation returns the contaminants
to the landfill.
o Solidification
o Evaporation — Crystallization
- Heat needed
- Air Emissions

o Other —

- Electrochemical Oxidation
- Plasma

Courtesy: Rochem Corp



| Operational Issues

Reverse Osmosis, NF . 2 or 3 stage very effective . Requires high pressures — big amp draw
. Robust monitoring available . Problems with high TDS — permeate
. Some Mfg. do not require pretreatment percentage reduced
(filters on skid) . Generates large amounts of reject to
. Membranes last years manage

. Permeate reuse on site for dust control . Fouling - Cleaning frequency/chemicals
. Requires housing in a building
. Depends on membranes, may not
remove all PFAS
. May need to be chained with other
| technologies



Foam Fractionation

* Removal of six Massachusetts PFAS to below drinking water
standards



|Operationa| Issues

Foam Fractionation

Commercially available

Internet support for process monitoring and changes
Comes in 40-foot containers

Can be located outdoors

Low operating costs

Low volume concentrate —needs
solidification/destruction

Pretreatment recommended

Incomplete removal of all PFAS

Skimming and disposal of foam

Residual concentrated PFAS disposal/destruction
Possible additional treatment of FF leachate/combined
treatment

Reactor plugging by fluoride salts

Vary operational parameters by aeration rate, pH,
temp. salinity, surfactants, stability, quality foam



Deep Well Injection

Depends on Geology, Receptors, Seismicity

Long, Expensive Permit Time

Pretreatment/Filtration, lon Removal

High Pressure Pumps

a——Tubing Gauge
e a—— Wastewater
Annulus Gauge

Land Surface

YWater Table

Impermeable Zone — g urficial Aguifer

Surface Casing onfined Aguifer

Inner Casing Saline Aquifer

Injection Tube

A
with Inert Fluid

Impermeable Zone ———p

Impermeable Zong——*

Saline Aquifer Sites in Michigan and Texas
dispose of leachate in deep wells

Perforations

Injection Zone



| Operational Issues

Deep Well Injection . Others manage disposal . Limited locations
. O&M may be low . Permitting
. Pretreatment to prevent clogging
formation

. Manage pretreatment residuals
. CAPEX Can be costly
. Manage hauling trucks



Surface Modified Bentonite
(Adsorbent)

« 3 minute EBCT

Courtesy: Cetco



|Operationa| Issues

Surface Modified Bentonite
(FluoroSorb)

Commercially available

Monitor flow and pressures

Clay plates separate and give longer life
Longer bed life than activated carbon
Research active — improvements coming!

Pretreatment recommended

Focus on PFAS, no removal other
constituents

Better at removal of long chain than short
chain

PFHXxS, others often bleeds through
Static bed versus fluidized bed installation
Replacement of media

Treatment of expended media

May bleed PFAS if not stabilized
Possible post-treatment of leachate



Evaporation

Courtesy: Heartland Courtesy Encon Evaporators



|Operationa| Issues

Evaporators . Mature designs . Costly
. Passive/Active designs . Significant design/construction time
. Significantly reduces volumes . Large energy consumption
. May be candidate for residuals or . Needs concentrate management
entire leachate flow . May not remove all PFAS
. Can be cost effective . Some may be emitted in exhaust

. Visual plume maybe objectionable
. Public perception




Residuals Technologies

o Destruction
- Incineration
- Plasma
— SCWO (Supercritical Water Oxidation)
- ElectroChemical Oxidation
— HALT (Hydrothermal Alkaline Treatment)
— Deep Well Injection

o Stabilization/Solidification

— Cementitious S/S
= Encapsulation (In totes or vessels)
= Holcim/ADC
— Return to the landfill
— Hazardous Waste Landfill Haul and Dispose



Incineration

« EPA — 99.99% destruction at
1,400 deg C at 1 second
detention time

« DOD banned for a time

Courtesy Heartland Heliostorm



|Operationa| Issues

Incineration

Monitor flow, turbulence, temperature
Possible complete PFAS destruction

Ship to offsite incineration

Mobile vendors can make periodic visits to
manage stored concentrate to avoid costly
construction

Heartland’s Heliostorm operates at 3,000
deg C — more complete destruction?

Pretreatment

Startup/shutdown procedures

Long time to permit/construct

Fuel usage

Visual emissions/public concerns
Possible recombining to other larger
molecules

Public concerns

Expensive to install, operate, maintain



Plasma Destruction

in

Plasma hydrocyclone
Water enters tangentially at the top, spins down, then exits at
the center top forming a reverse vortex tornado flow.

Cyclonic separation of

solids

Recirculation of plasma
carrier gas (argon)

T SOLIDS

ARGON



|Operationa| Issues

Plasma Destruction . Monitor flow and pressures . Under development
» Daily operations may be minimal * May not remove or destroy all
* Best used for small volumes of PFAS
concentrated PFAS removed by * Long term operation requirements
other processes (i.e., Foam unknown
Fractionation) » Treat off-gas (Caustic or Carbon?)

e Possible complete PFAS destruction « Power - Free and hydrated
electrons in plasma (reductive
reactants) break C-F bonds due to
their very high energy (50 to 100
evV)



Supercritical Water Oxidation (SCWO)

Water above 705°F and 3,200 Ibs/in? -
Rapidly destroys PFAS

>99.99% removal under 10 seconds or less
If organics, no additional fuel needed

Creates HF — needs neutralization

EPA, Jan 2021



|Operationa| Issues

Supercritical Water Oxidation (SCWO) ~ «  Monitor flow and pressures, gas » Limited Suppliers

emissions » Costly to run — depends on waste stream

» Daily operations may be minimal » Corrosive gases - HF -Treat off-gas

» Afterinitial Temp/pressure, may not (Activated Carbon?), sequestering with
require more energy calcium

» Best used for small volumes of * Long term operation requirements
concentrated PFAS removed by other unknown
processes (i.e., Foam Fractionation) * May not removal all PFAS

* Possible complete PFAS destruction — * Materials of construction
results in inert ash * High Pressure/temperature

» Several vendors available » High energy - Free and hydrated

electrons in plasma (reductive reactants)
break C-F bonds due to their very high
energy (50 to 100 eV)



Electrochemical Oxidation

Various Equipment designs

» Several Vendors

0 ECT2; Aclarity; Sanexen; Siemens; OXbyEL;
others

* Power Requirements:
0 0.125 - 0.5 kwh/gallon
0 6 volts produces free electrons

» Electrode materials
o Titanium; boron doped diamond

 Single pass v. multiple pass
» Destroys ammonia too!



|Operationa| Issues

Electrochemical Oxidation

Monitor flow and power feeds, gas

emissions

Daily operations may be minimal
Operates at ambient temperature
Small footprint

Several vendors available

May need pre and post
treatment may be required
Long term operation
requirements unknown
Replacement materials —
Expensive electrodes
Generates toxic products, HF,
Perchlorates formed ?—
removal control

Long processing time for PFAS
destruction

Power requirements



Leachate Residuals PFAS Stabilization

Techniques:

° CEC Sol |d|flcat|0n Of SAFF Mixture of generic S/S amendments known to sorb PFAS*:

Powdered activated carbon (PAC),
Iron oxide (Fe203) powder,

°* 0.6:1 TCLP 99.9% retention all PFAS  wonmoritionite clay,

Ground-granulated blast-furnace slag (GGBFS), and
Portland cement (PC)
Fluoro Sorb

Disposal:
Landfill
Alternate Daily Cover

[PFOS] = 14,000 - 100,000 ng/Kg
[PFAS] = 2,500 — 17,000 ng/Kg

Tests by Dan Cassidy, Western Michigan University - 6% dose Fluoro Sorb achieved < 70 ppt )
[PFOA+PFOS] in leachate in all soils using TCLP Test. Tested with Fluoro Sorb from Cetco



Fixation of Residuals

(Holcim/Lafarge)

* Proprietary cement binder
* No free liquid (Paint Filter Test)
 Friable for use as Alt Daily Cover



|Operationa| Issues

Solidification » Possible disposal back to Landfill « Does not destroy PFAS, but
e ADF orin blocks reduces mobility and leachability
_ _ e Tests to confirm no release
* Simple, everyday type operation « May not be effective on all PFAS
* Volume and weight - Mass takes up
airspace

e Time to cure before disposal

e ADC proposed — not commercially
used

e Possibly costly based on volume of
solidification materials



Questions?

lvan A. Cooper, PE, BCEE

Civil & Environmental Consultants, Inc.

3701 Arco Corporate Drive
Charlotte, NC 28273
704-226-8074
iIcooper@cecinc.com
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New Developments & Initiatives

Mamou Ehui Gerald Steiner
Executive Director Consultant
Global Phosphorus Institute UWK-Danube University




Global Phosphorus Institute (GPI)

Role, Vision, Action and Strategic Perspectives

Dr Mamou EHUI | Dr Abdellah EL HOUARI | Dr Gerald STEINER

Ehosphorus Forum.!C; September 17th, 2025



Why Phosphorus Matters

Phosphorus is a non-substitutable element, essential to all life and to global food production.

Yet its use and access remain uneven across geographies.

Global disparities: The African context reveals a critical paradox:
* In some regions, overapplication leads to * Over 60% of agricultural soils are phosphorus-
nutrient runoff and environmental degradation. deficient.
* In others, notably parts of the Global South, * Yet Africa holds 80% of global phosphate rock
underapplication contributes to poor yields, reserves, while remaining import-dependent for
land degradation, and food insecurity. fertilizers and processed phosphates.

— This mismatch between availability and accessibility defines what we call the Phosphorus Paradox.



Governance and Leadership

GPI is guided by a multi-tiered governance
model that includes:

« A Board of Directors providing institutional
oversight

« A Scientific Committee, chaired by Dr.
Terry L. Roberts, ensuring research quality
and neutrality

- An Executive Director (in post since
January 2025), supported by a dedicated
scientific and administrative team

Ongoing governance restructuring is underway
to better align GPI with its expanding global
scope and partnerships.



Our Vision & SD2030 (2025-2030)

* Goal: sustainable phosphorus for food security, environment, efficiency.

* Five pillars guide delivery and measurement via a Theory of Change.

» Focus oninfluence, Facilitation, and sustained engagement.



What We Do

GPI serves as a neutral knowledge broker, a convener of
dialogue, and a technical catalyst for improved phosphorus-
related practices and policies.

P1. Knowledge production & consolidation (flagship & technical
reports, knowledge hub, strategic research and disgnostics).

P2. Innovations & solutions (roadmaps, pilots, Fellowship).

P3. Policy engagement & advocacy (promoting context specific
solutions through dialogues, briefs, fFactsheets, events-COPs).

P4. Knowledge packaging & outreach (website, media,
multimedia).

P5. Institutional development & strategic partnerships (regional
and global).



Current Flagships include

The GPI Knowledge Hub

A global phosphorus flow analysis in collaboration
with GTAP/Purdue

The African Platform on Sustainable Phosphorus
The Pilot Fellowship Program

A series of Phosphorus Fact Sheets and “ did you
know? "on over 12 priority topics..

Governance & operations framework; partnership
dashboard.



Africa Platform for Phosphorus for Food
Security

« Launched Sept 3 (Dakar) with six partners to connect policy, science,
industry & farmers.

 Complements AFSH-AP, SIA, CAADP; avoids duplication via joint workplans
& MoUs.

e Inclusive governance — modalities to be discussed.

» Sustainability- modalities to be discussed.



Work with us

. Co-produce data, reports, and dashboards;
share legacy projects into the hub.

. Co-design pilots (affordability, circularity,
water-quality hotspots).

. Join policy dialogues; align standards across
regions.

. Partner on fellowships.




Prospects for
mid- and
long-term
security of
phosphorus

supply
-




Prospects for mid- and long-term security of phosphorus supply

Background : Concerns about possible future
phosphate scarcity.

Study performed by the Td Lab Sustainable
Mineral Resources at UWK - Danube
University, Austria

Study main deliverables ( a report backed by a
summary paper in the RCR journal

Contents lists available at ScienceDirect
Resources, Conservation & Recycling
journal homepage: www.sciencedirect.com/journal/resources-conservation-and-
recycling

The dynamics of increasing mineral resources and
improving resource efficiency: Prospects for mid-
and long-term security of phosphorus supply

Roland W. Scholz 22, Friedrich-Wilhelm Wellmer ¢, Michael Mew 2, Gerald Steiner 29

2 Danube University Krems, University for Continuing Education, Faculty for Business and

Globalization, Transdisciplinarity Laboratory Sustainable Mineral Resources (SMR Td-Lab),

Krems, Austria

b Swiss Federal Institute of Technology, Department of Environmental Systems Sciences, Zurich, Switzerland
¢ Academy of Geosciences and Geotechnology Hannover, Germany

4 Complexity Science Hub, Vienna, Austria


http://www.sciencedirect.com/science/journal/09213449
http://www.sciencedirect.com/journal/resources-conservation-and-recycling
http://www.sciencedirect.com/journal/resources-conservation-and-recycling
http://www.sciencedirect.com/journal/resources-conservation-and-recycling
http://www.sciencedirect.com/journal/resources-conservation-and-recycling
http://www.sciencedirect.com/journal/resources-conservation-and-recycling
http://www.sciencedirect.com/journal/resources-conservation-and-recycling
http://www.sciencedirect.com/journal/resources-conservation-and-recycling

Historic trends of phosphorus consumption/demand (in million tons phosphate rock)



Prospects for mid- and long-term security
of phosphorus supply

+ The fallacy of Mineral Reserves lifetime according to current static
method- R/C (Reserves/Consumption):

Phosphate reserves : 320 years (Argus-IFA study, April 2023)

* Ironreserves: 54 years.

Zinc reserves: 17 years

« Copperreserves: 36 years in 1970 (till 2006), revised to 43 years in
2000 (till 2043) and currently the estimation is 32 years (till 2056)

— Reserves increase with additional prospecting and demand
development



When resources become reserves

Resources become Reserves when technological advancements occur, and prices
increase: current resources R/Cis 1,300 years.

The feedback control cycle of P-demand and supply

* Reserves are a genuine dynamic geo-economic/geo-social entity: As prices rise
* Stocks (reserves/resources) increase, you can mine lower ore grades, deeper etc.
* Technology develops (faster)

* Recycling increases



Geographical distribution of Phosphate Reserves and production

No more concentration of mining and production than for other minerals

Herfindahl-Hirschman-Indices (HHI) of 53 commodities and country risks of phosphate supply



Major components of sustainable phosphorus management

Demand dynamics and its social, technological, and environmental constraints

Consumption of mineral phosphorus



Exponential growths of cumulative tonnage increase with decreasing
phosphate grades

The cumulative CAC for phosphate rock of the WPF
(Richard J. Fantel et al., 1983)



Important perspectives for extending P reserves lifespan:

- P use efficiency is very low (10 % excluding
industrial products and considering weathered P as
input) : there is a significant potential for
improvement.

« Recycling potential is huge: There is a need for
further innovation in sustainable technologies.

- Innovation - new technologies for low grade
phosphate rock consumption and / or for improving
recovery rates.



Rationale for assessing the Total Use Efficiency (TUE)

Mineral phosphorus for food
(middle box) and drivers that
change phosphorus demand
and recycling

(left side) and non-considered
phosphorus in aquatic food



P-demand by food increases by 40% till
2060 by population growth and diet
change
* Population growth (by 33%) is split to
* Poor population from 1.49 to 3.91
(+169%)
* Developed population
* Diet change
* Poor population (no per capita
change expected)
* Developed: GDP-increase based
increase by growths of meat
consumptions by 24%



Recycling potential : Use, losses, and stock building of phosphorus, based on 2011 data and
assuming induced natural flows by earth movements, acid rain, etc.

:P)

OP in ore residues from
mining (2.9—-4.4 Mt P)

OP in tailings from
beneficiation (2.3—4.6 Mt P)

9 P in waste/losses from
processing (1.1-3.0 Mt P)

OP in runoffs, erosion
from soil and manure to
aquatic systems (25—30 Mt),
including non-used crop-re-
sidues, animal carcasses,
etc.

e Stock building of P in
soil

GP in digested food (3.3
Mt P)



Innovation options for the future: the case of phosphorus fertilizer production

Alternatives for traditional technologies

« Technologies serving circular economy: a systemic perspective
- How to extend existing technology portfolios?
- How to use very low grade phosphate rock?

« How to increase recovery rate during mining and fertilizers
production

« How to overcome possible bottlenecks in production: 50 % of the
sulfuric acid produced worldwide is used for fertilizers, and ~90-95
% of the world’s P fertilizers are based on sulfuric acid.

 Increasing the resilience of future production scenarios: from
vulnerabilities to technology innovation niches



Innovation options for the future: the case of phosphorus fertilizer production

Examples of achieved improvements:

adoption of innovative flotation processes allowed an
increase in low grade phosphate rock use in several parts
of the world,

innovations in sulfuric and phosphoric acids production
led to higher yield and lower energy consumption,

hydraulic transport of phosphate rock led to lower losses
between the mine and chemical plants and reduced
significantly water and energy consumption

Examples of ongoing developments/innovations:

[HP process for using lower grade phosphate rock
(increasing reserves)

[HP process for sulphur recovery from phosphogypsum

Paraphos process, for phosphoric acid production and
others under development primarly for recovery of
phosphorus from sewage sludge ash.



Moving towards more resilient technology portfolios

* Reducing dependency on
necessary raw materials

* Resilient in dealing with
crises and disturbances

* Striving for climate
neutrality, zero waste
production, low CO2
footprint, water
conservation, renewable
energy use, and
energy and resource
efficiency



Take away messages

1. No phosphate rock scarcity expected for medium and long term. Reserves
are dynamic, not static

1. Important perspectives for extending P reserves lifespan:

* P use efficiency is very low (10 %excluding industrial products and
considering weathered P as input) : There is a significant potential for
Improvement.

* Recycling potential is huge: There is a need for further innovation in
sustainable technologies.

 Innovations in mining and chemical processing of phosphate rock.

1. Geographical distribution of Phosphate Reserves and production : no
more concentration of mining and production than for other minerals.
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Identification of Priority Lakes and
Watersheds for Nutrient Intervention

17 Sept 2025

Daniel Obenour, Professor
Environmental Engineering, NC State University

Other STEPS contributors: Institutional collaborators:
Matthew Scholz, Rebecca Muenich, ACWA, NALMS, USACE, USDA,
James Elser, Natalie Nelson, USEPA, USFWS, USGS, SPA,

Smitom Borah, Christopher Oates Univ. of lllinois



Motivation

Each year, nearly 4 Tg of P enter agricultural
and urban systems across the U.S. (Sabo et

al., 2021)

About 4% of gross agricultural P inputs and
13% of urban/household P inputs are lost to
U.S. waterways (Karimi and Obenour, 2024).

(Oates et al., 2024)

(Karimi and
Obenour, 2024)

Hydrologic P losses are a major driver of nuisance and harmful algal
blooms and hypoxia (a.k.a. dead zones).

50% of US lakes in poor condition for P (and 47% for N) according to
the US EPA National Lakes Assessment (2024).

How do we prioritize limited nutrient management resources to
provide the greatest water quality, ecological, and societal benefits?



Eutrophication issues

Productive
fishery

Oxygen
depletion

Excessive
biomass
Metals release
Taste and
odor issues Aesthetic

problems

Reduced recr.

& industry. Increased

treatment costs




New data and methods — Opportunities

| Machine learning models

Multiple data sources
Bottom-water

Ecoregions temperature
Land use
Waterbody and
watershed
characteristics ‘ Surface total
Air temperature phosphorus
Precipitagion

Total phosphorus

Water temperature

Measured internal P
loading data

Borah et al.,
2025

Statistical modeling

Internal P loading for
~6000 large lakes

4

Internal P loading vs Point P loading



National scale algal modeling

Machine learning prediction of nutrients Statistical estimation of the limiting nutrient
and chlorophyll at ~112,000 lakes across ~3000 lakes

Brehob et al., 2024 Baird et al. in review



Priority Lakes: Guiding principles

1.

2.

Synthesize the latest national datasets for lake water
quality, watershed inputs, and socioeconomic conditions.

Consider both natural and man-made lakes (reservoirs).

Consider both nitrogen and phosphorus in our evaluation
of lake water quality. (Watershed opportunities may focus
more on phosphorus.)

Consider not just lake water quality, but also where there is
the most opportunity for improvement:

e \Where are there controllable nutrient sources?
e Where are vulnerable populations or industries?

Develop a robust workflow, so that assessment can be
updated and expanded in the future.



Priority Lakes: Key data sources

L akes:

Algal concentrations:
o Monitoring compilations
(Spaulding et al., 2024)
o Remote-sensing (Meyer et al.,
2024)
Nutrients, dissolved oxygen, algal
toxins
o National Lakes Assessments
(USEPA, 2024)
o State & local monitoring (WQP,
2021)
Lake morphology data such as lake
depth, area, etc. (Cheruvelil et al.,
2021; USGS, 2019a)

Spaulding et al.,
2024

Watersheds:

Watershed nutrient inputs (manure, fertilizer,
etc.): National Nutrient Inventory (Sabo et al.
2021)

Wastewater treatment plant inputs (USGS,
2019Db)

National land cover data (USGS, Dewitz, 2019)
Precipitation and temperature data (PRISM
climate group)

Socio-economic data (U.S. Census Bureau),
including population, income, education, etc.



Priority Lakes: Scope of work

F. 1. Develop comprehensive databases on
lake and watershed characteristics.

®

+ 2. Impute missing data needed for a
comprehensive lakes assessment.

W

Assess the potential efficacy of nutrient
management across lakes.

B

Assess the potential socio-economic and
ecological benefits across lakes.

o

Develop and apply prioritization
framework.

o

Knowledge transfer through online and
other resources.

] % B X

Year 1

v/

v/
v

Year 2

COK X

Feedback from institutional collaborators

\ [
):
/L
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Meet the Team:

Project leads:

Dan Natalie Rebecca Matt
Obenour Nelson Muenich Scholz

Other collaborators:
Questions?
Suggestions?

Jim Elser Roger von Jay drobenour@ncsu.edu
Haefen Rickabaugh

Students and post-docs :

Christopher Oates  Smitom Borah

This study is supported by the Science and Technologies for Phosphorus Sustainability (STEPS) Center, a National Science
Foundation Science and Technology Center (CBET-2019435)
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STEPS Policy Forum

17 Sept 2025

Anna-Maria Marshall
Associate Professor of Sociology and Law
University of lllinois, Urbana-Champaign

Other STEPS contributors:
Graham Ambrose, Justin Baker, Jonathan Coppess, Shwetha Delanthamajalu,
Jay Rickabaugh, Matthew Scholz




Department of Phosphorus? If Only . . .




Lessons Learned from STEPS | E

e Phosphorus Policy-Making is Hard

o Wastewater Treatment Permitting
Standards Can Be Static,
m Discourages Innovation

o Watersheds Do Not Care What
County They're In

o Who Says What a Best Management
Practice IS?



Law Needs to Keep Up with Innovation

e Flexibility

e Evidence-Driven
o Scientific Expertise

e Accountable Institutions
o Collective Governance



STEPS Research on Policy and Governance E

Policy Design
Evidence-Driven Policy-Making
e Public Data

e Computational Modeling and
Visualization

UIUC Policy Design Lab



STEPS Research on Policy and Governance E

Collective Governance
Soil and Water Conservation Districts

e Scientific Knowledge
o Technical Assistance

e Social Networks
o Qutreach

e Variation in Resources, Activity



STEPS Research on Regulation and Governance E

P POLICY FORUM

Document the Regulatory Environment
for Successful P Management

Input from Stakeholders
e Industry

e Advocacy

e Regulators



STEPS Research on Regulation and Governance E

P POLICY FORUM

Workshops with Stakeholders
e Policy Pathways
e |[nstitutional Obstacles, Drivers,
and Alternatives

Actionable Research

Policy Recommendations



QUESTIONS?

COMMENTS?

POLICY AND GOVERNANCE TEAM

This research is supported by the Science and Technologies for Phosphorus Sustainability (STEPS) Center, a National Science
Foundation Science and Technology Center (CBET-2019435)



New Developments & Initiatives

Jango Bhadha
Associate Professor
University of Florida




Talk Removed at Presenter’'s Reguest



New Developments & Initiatives

Stephanie Kulesza
Associate Professor, NCSU
SERA-17

























P in stream banks workgroup

Andrew Margenot, Zach Simpson (leads), Christy Dolph,
Young, John Kovar, Keith Schilling, Shengnan Zhou, Bruct
Rhoads, Katharine Wiley

* Address gaps in the science identified by Margenot et g

* Empirical inquiry
« Combine existing datasets

* Generate additional data from consolidated samg
across our work regions

«  Communication products

 Fact sheets - Introduction to P in streambanks (“1
practices

* Research article —address data gaps (how much «
estimating streambank erosion, forms of P, gross"



— Third Edition

ird and establish publishing

024-2025)
n Google Drive (July —

afts (July — December 2025)
ts (December 2025 — 2026)
vided at next SERA-17

leted)

da.gov
ara.cade-menun@agr.gc.ca
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Food Waste and
Phosphorus:
Opportunities and
Challenges

Presented by Jeff Costantino

September 17, 2025



WHO WE ARE

ReFED is a national
nonprofit working to
catalyze the food system
toward evidence-based
action to stop wasting
food.

OUR VISION

A sustainable, resilient,
and inclusive food
system that optimizes
environmental
resources, minimizes
climate impacts, and
makes the best use of

the food we grow.

DATA & INSIGHTS

Leveraging data and
insights to highlight supply
chain inefficiencies and
economic opportunities

CAPITAL & INNOVATION

Catalyzing capital to spur
innovation and scale high-
impact initiatives

BUSINESS INITIATIVES

Enabling waste generator
adoption of viable solutions
through measurement,
advisory, and internal capacity
building

COLLECTIVE ACTION

Mobilizing and connecting
stakeholders to learn, share,
and collaborate on targeted
action



8 B NET FINANCIAL BENEFIT

ALLONS IN WATER SAVINGS

MT CO2e EMISSION REDUCTION
POTENTIAL

MEALS FOR PEOPLE IN NEED

JOBS CREATED THROUGH FULL
SOLUTION IMPLEMENTATION



Food waste ranked
#1 of 93 solutions
for reversing climate

change globally by
Project Drawdown.!

' Scenario 1, Drawdown Review, 2022



Food Waste and Phosphorus

195,170,127 kg

Total P in Surplus Food

11.48%

1,700,000,000kg Of P Used for Agriculture

Annual P Use in Agriculture
(2022)




What is “Surplus Food?”

All food that goes unsold or unused by a business or that goes uneaten at
home—including food and inedible parts (e.g., peels, pits, bones) that are
fed to animals, repurposed to produce other products, composted, or
anaerobically digested. It also includes food that is donated.

SURPLUS FOOD

RESCUE RECYCLING FOOD WASTE

| | I |
Food Animal Biomaterial/ Co/anaerobic Controlled Land . Refuse/




31% of all food
went unsold or

uneaten in 2023.




S782

Annual amount spent per person
on food that is never eaten




WHERE DOES SURPLUS OCCUR:
Majority of Surplus Food Comes from Homes

Source: ReFED/2023 Data (Published Feb 2025)




WHERE DOES SURPLUS OCCUR:
Fruit and Vegetables Constitute Nearly Half of Surplus



IMPACTS OF UNEATEN FOOD:
Environmental

As much water as
7 showers each day for
everyone in the U.S

Equivalent to driving
54 million cars
over the year

An area the size of
California and
New York combined

# input to landfills




Global Scale

1/ of all food
3 produced?

$1Tin value?

8% (C);ng(I;obal

emissions3

1 FAO, Food Wastage Footprint & Climate Change, 2011

2FAQ, 2014
" Mbow et al., 2019



GHG Emissions by Country

If food waste were a country, it would be

the third largest GHG emitter in the world.




Feeding More People with Fewer Resources

0%

The United Nations predicts we'll
need to increase global food supply
by this amount to feed the
population in 2050...

Yet a new study shows that
agricultural productivity has
decreased by this amount due to
the impacts of climate change...

AVG




Other SDGs Related to Food Waste:




Barriers to Addressing
Food Waste

e Misalignment of costs and benefits

e Low cost of food and disposal

e Disaggregated supply and demand
information and data gaps

e Competing cultural priorities and
expectations

e Organizational silos

e Low priority and capacity within food
industry to monitor and make change






PREVENTION
Optimize Enhance Refine Maximize Reshape
The Product Product Product Consumer
Harvest Distribution Management Utilization Environments
— IMPERFECT & SURPLUS — — INTELLIGENTROUTING& — — ENHANCED DEMAND — UPCYCLING MEAL KITS
CHANNELS INVENTORY TRACEABILITY PLANNING & SECONDARY
RESALE suabashiel
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REFED INSIGHTS ENGINE:
The System Tool Driving Change

Understand the Problem
Visit the Food Waste Monitor p

Explore the Solutions
Visit the Solutions Database  »

Find Solution Providers 1907000

Visit the Solution Provider Directory > users

Calculate Impact
Visit the Impact Calculator ~ »

6 countries
Track Capital

' ' requested
Visit the Capital Tracker ~ » international IE

Review Policies
Visit the Policy Finder ~ »

Launch Insights Engine


https://insights-engine.refed.org/solution-database
https://insights-engine.refed.org/solution-provider-directory
https://insights-engine.refed.org/impact-calculator
https://insights-engine.refed.org/capital-tracker
https://policyfinder.refed.org/
https://insights-engine.refed.org/food-waste-monitor
https://insights-engine.refed.org/food-waste-monitor
https://insights-engine.refed.org/solution-database
https://insights-engine.refed.org/solution-database
https://insights-engine.refed.org/solution-provider-directory
https://insights-engine.refed.org/solution-provider-directory
https://insights-engine.refed.org/impact-calculator
https://insights-engine.refed.org/impact-calculator
https://insights-engine.refed.org/capital-tracker
https://insights-engine.refed.org/capital-tracker
https://policyfinder.refed.org/
https://policyfinder.refed.org/
https://insights.refed.com/
















Stay Connected!
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