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ABSTRACT: Anthropogenic discharge of excess phosphorus (P) o
to water bodies and increasingly stringent discharge limits have
fostered interest in quantifying opportunities for P recovery and
reuse. To date, geospatial estimates of P recovery potential-in the
United States (US) have used human and livestock population
data, which do not capture the engineering constraints of P
removal from centralized wat@&saurce recovery facilities
(WRRFs) and corn ethanol bianeries where P is concentrated

in coproduct animal feeds. Here, renewable P (rP) estimates from
plant-wide process models were used to create a geospatia
inventory of recovery potential for centralized WRRFs and
biore neries, revealing that individual corn ethanol banes

can generate on average 3 orders of magnitude more rP than
WRREFs per site, and all corn ethanol bierées can generate nearly double the total rP of WRRFs across the US. The Midwestern
states that make up the Corn Belt have the largest potential for P recovery and reuse from bothec@s diat&/RRFs with a

high degree of co-location with agricultural P consumption, indicating the untapped potential for a circular P economy in t
globally signtant grain-producing region.

KEYWORDS:wet milling, dry grind, struvite, calcium phytate, nutrient recovery, plant-wide modeling
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INTRODUCTION Prior estimates for national P potential from waste have

; o ; upled human population and animal production data sets
Phosphorus (P) inputs as fertilizers are essential to supp8I h estimates of P release in extrétaalthough this

crop yields by replenishing P exported by biomass harvest. THE . ; I T
United States (US) accounts for approximately 8.5% of glogjovides a reference point for the spatial distribution of
lpotentlal rP, it does not consider the centralized nature of

P fertilizer useand is dependent on non-US phosphate roc ter resource recovery facilities (WRRFs) and in some
reserves to meet the majority of its P needs. A major factor Yt ry .
instances assumes that up to 95% of excreted P is récovered.

the large consumption of P is io&nt use throughout - .
. o . With the development of P recovery methods for WRRFs (i.e.,
agricultural application. Globally, apparent P ey the precipitation of P with magnesium to form struvite),

(PUE) has been estimated to be 16% during 2848 and deling i ; h hod
9 1296 though this may be elevated due to soil P miningP'0¢eSS modeling incorporating these recovery methods can
' erate WRRF-specirP potentials and better national

Across US croplands, apparent PUE varies drasucal[y, fromggﬁmates. Animal waste is often used as another means for
to 100%, though decadal estimates suggest a US-wide ave[a

o ; o s%wating rP potential from livestock production. These
of 60% over 1982012 and a Midwest average of 80%. animal waste techniques often involve separate processing and

Although approximately 1.71 Gg of P as the fertilizer is app"?r%atment technologies that are capital and operationally
annually to US croplands, nearly 0.54 Gg of P enters Waﬁﬁfensivé’.AdditionaIIy, large livestock hubs are not necessarily

bod_|es due to soluble and erosive IGsBovery and c%-located with agricultural P consumption, requiring rP to
agricultural reuse of P from wastewater and aqueous foo

processing streams can both reduce the amount of phospha=

rock needed while also reducing the amount of P in livestogléceived: November 19, 2021
feed that would eventually be lost to water bodies from anim@fVvised: March 4, 2022
waste strearfis® Outside of P recovery that is already done”ccepted: April 25, 2022
(e.g., land application of manure and wastewater Sludgeyublished:May 26, 2022
human waste and animal manure present two main untapped

pathways for renewable P (rP).
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Figure 1.Schematic of the P model. Steps for determining rP potential from WRRFs and ecmridsioceunty-level P consumption, and the
overall saturation ratio of P for each county in the US.

Table 1. Data Sources for Determining P Supply and Consumption

spatial

source time scale data description scale
P Consumption
USDA Census of Agriculture 2017 total fertilizer expenses county
USDA National Agricultural Statistics Service Survey 220@9 price of phosphate fertilizer by multi-state region regional
USDA Fertilizer Use and Price annually, 12848 total and crop-based fertilizer used by type national
WRRF P Supply
EPA Enforcement and Compliance History Online 2017 average wastemwateoin rates (MGD) for plants across the point

us
Corn Biorenery P Supply
Renewable Fuels Association Ethanol Plant  present ethanol production capacity (MGY) for plants across the US point
Locations

travel longer distances to get to P-intensive régidnisnal nearly equivalent to that of P in excess matuneently, this

waste has also been directly land applied as a means of nutramiimal feed is fed to livestock and excreted as manure which
recycling but is done to primarily meet nitrogen (N) needsmay be overapplied and cause excessive P Rssegering
which can lead to overapplication of P. The environmentaind concentrating P upstream at biwses allow for
impacts associated with transportation are also higher fapplication of rP that meets, but does not exceed, crop
manure than concentrated rP products due to the excesseds. In contrast, most manurg®ugh highly variable in
weight of the organic matfixAn alternative to P recovery N/P based on species, diet, and manure storagenerally

from manure is to recover P from highly concentratedhave a lower N/P than crop neétseaning that the typical
biore nery coproduct streams that are sold as animal feedse of manure to meet crop N needs will entail overapplication
such as corrZea maygluten feed and distillers dried grains of P12 Although there is work outlining the rP potential from
with solubles (DDGS),especially considering that the corn biorenerie$’ and the technology for recovery does exist,
magnitude of P in maize and soybean milling coproducts tisey are often overlooked as a source of rP since they are
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upstream of P loss through animal waste, and the magnituddi$8, was used to generate a listing of average daily wastewater
recovery potential at the national scale is yet to be elucidatedw rates for each reporting WRRF in thé”0%e data in

This work had two primary objectives: (i) to quantify USECHO is self-reported by the regulated entity and is as
potential rP supply from centralized grain processing and waatgurate as their reporting. To estimate P recovery from corn
handling infrastructure, speaily corn ethanol biomeries biore neries, production capacity data for each bwmne
and WRRFs, and map co-location with P consumption and (iiyere obtained from the RFA database that contains ethanol
to assess the impacts of rP transport and blending wiiitoduction capacitiés.
synthetic P fertilizer on rP supply co-location with crop P County-Level P Consumption.To obtain county-level P
consumption. To determine potential rP supply from bothertilizer consumption, fertilizer use on a national scale was
WRRFs and corn bioreeries, publicly available databases oproportioned to a county scale using county-level fertilizer
wastewaterow and ethanol production rates were used agxpenditures adapted from a previous state-level USGS

inputs to plant-wide process model simulatogsiie land method as shown &y £*
Table ). Corn bioreneries were limited to ethanol plants due

to the availability of capacity data in public databases. To _ ~ FE/RPR

assess co-location, saturation ratios were developed andc™ —n FE./RPP nat
. ; 1 2

mapped on a county-level geospatial scale based on the ratio =

of rP> supply to P consumptidfiqure ). Saturation ratios are whereP, is total county-level fertilizer consumption in tonnes

the primary technique used in this work to quantifty theP per year, FHs county-level fertilizer expenditures in 2017

relationship of rP supply to P consumption on a county-leve] .
geospatial scale. Co-location of supply and consumption ?6??“ the USDA 2017 Census of Agriculture,c RiPthe
regional price of the P fertilizer for county is the total

each rP source was determinedtbgg a logistic curve to mber of counties, aRk,is the total P consumption in the
saturation ratios and cumulative rP supply. The rP supply o . ' t : mp -
in tonnes P per year. Due to regional variation of fertilizer

county level was combined for both WRRFs and cor . ; :
biore neries, and transfer distances were calculated %sts, the fraction of expenditures by a county were weighted

1)

individual plants to transfer excess rP to nearby undersatur dthed rggiogal 'pholsphhate E]rice in.the ;egion the county is
counties. Due to low water solubility of rP from WRRFs antPcated in. Regional phosphate prices for 2004 were

bioavailability challenges of rP (i.e., P present in organic borfg!verted to those of 2017 prior to uset(e S). Py for all
that must be hydrolyzed) from corn biaggies, the impact of  CTOPS was determined using a previously developed method-

blending of rP and highly water-soluble P fertilizers [e_g(_)logy by forming a regression model of national P fertilizer use
monoammonium phosphate (MAP), diammonium phosphatg%gg"' to 2015) and national P fertilizer use on corn (1994 to
was also considered to determine the change in rP g 18) aqgj interpolating to extend total national P fertilizer use
graphical spread and transfer distance. @pgciblending ~ t0 2017 A Python program was developed that then
with highly water-soluble P can provide greater early-seasof@pverted the national phosphate fertilizer use to P and
availability for cropsPotential rP was then compared acrossaPportioned it to the county level by multiplying by the

regions under these various blends. proportion of the weighted county fertilizer expenditure and
total weighted county fertilizer expenditures. Phosphate (as
METHODS P,0Os) was converted to total P by dividing by a conversion

Data Sources. Data sources were primarily limited to factor of 2.29. Other estimates for county-level P consumption

governmental agencies and organizations that collect fertili 3]\/e.been executed using datg from the Asg)somatmn of
and plant operating data. To calculate P consumption, t erican Plant_ F_OOd Control @?"S _(AAPFCOS’ but
USDA Quick Stats program was used to obtain data from t@ ese data are limited to 2016 which is why the more recent
2017 Census of Agriculttittor fertilizer expenditures and the 2017 Census of Agriculture data was utilized in this study. A
National Agricultural Statistics Service survey (RIAfeg) ~ Comparison between approaches, which showed over 80% of
fertilizer regional prices. The USDA Census of Agriculture isl@t@! P consumption located in similar counties, is explored in
census done through a questionnaire every 5 years whi¢fail in the Supporting Informatiovigthod S{
provided county-level fertilizer expenditures used to propor- COrn Biore nery P Recovery.P recovery potential from
tion national-level P consumption to a county level. Th&Orn bioreneries was estimated using process models for dry
USDA also generates numerous surveys on a more frequéfipd and wet milling bioreeries with feed grind rates as the
basis through NASS that polls US farms and ranches aRfmary variable parameter. The RFA database of corn
provides regional price data to weight county expenditure ddt®re neries was used tad geospatial coordinates and
to account for regional variation. ethanol production capacity in million gallons per year (MGY)
Individual plant-level data were acquired and used for boff 196 corn bioreneries. Ethanol production was converted to
WRRFs and corn bioreeries to input into process models. the grind rate by dividing by 2.8 gallons per bushel and then
Public databases, such as the Renewable Fuels Associdtighiplying by 56 pounds per shelled bushel (15.5% moisture)
(RFA) and US Environmental Protection Aden@PAs) and converting to tonnes per hour. The process models for P
Enforcement Compliance and History Online (ECHO), wergecovery in wet milling and dry grind processes were developed
used to gather iment data for corn bioneeries and WRRFs using SuperPro Designer (Intelligen Inc., Scotch Plains, NJ,
throughout the UST@able ). These inuent data were input USA) and were based on previously developed Ri6dels.
into process models developed in GPS-X (Hydromatis EEModels were run at varying grind rates to develop a linear
Inc., Ontario, Canada) for WRRFs and SuperPro Designeglationship between the grind rate and rP potential for both
(Intelligen, Inc., Scotch Plains, NJ) for corn hierges to wet milling and dry grind processegfre S A detailed
determine rP supply. The EPA ECHO database, whictlescription of the models is available in the existing
contains compliance data for regulated point sources in tligerature’’ For additional details on wet miling and dry
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grind process simulations, refer to the Supporting Information Mapping Co-location of rP Supply with Consump-
(SI) (Methods S1 and Stespectively). tion. To aggregate total rP supply by the county, WRRFs and

WRRF P RecoveryP recovery potential from individual corn bioreneries were mapped in ArcGIS (Esri, Redlands,
WRRFs was estimated using process models with the aver@d@ using their geospatial coordinates and individual recovery
owrate as the primary variable parameter. Blamates and  rates for each plant in tonnes per year. County polygons were
geospatial coordinates for 13,882 WRRFs were obtainadded, and recovery rates for WRRF and cornrgore
through the USEPA ECHO database in million gallons pggoints located inside of a county polygon were separately
day (MGD)?? Based on the WRRBw data in ECHO, itwas aggregatetf. Counties saturation ratios were determined
determined that process models across a ramngerates 0 based on the ratio of supply to consumption separately for
to 5 MGD, 5 to 20 MGD, 20 to 50 MGD, and 50+ MGD  WRRFs and corn bioreeries. There were WRRFs located in
were necessary to estimate rP potential as striyitee(SP counties with no consumption, termed nutrient islands, where
where process models optimized at the high end ofosach a saturation value of >100,000 was assigned since it is over an
range 5, 20, and 50 MGDcan be used to estimate rP order of magnitude greater than the highest calculated
potential within the bin. saturation ratio of 2300. The saturation ratios were mapped

Individual wastewater treatment layouts were designed usimgjing ArcGIS, and counties were characterized as under-
GPS-X (Hydromantis, Inc.) and included nedlienhanced saturated if the ratio was less than 1 and oversaturated if
biological phosphorus removal (EBPR) as a mainline treaireater than 1.
ment process and phosphorus recovery through struviteTo better understand how rP supply aligned with country-
precipitation from sludge handling liquidgyre SB In uent level P fertilizer consumption for both corn bigges and

ow composition, unit process sizing and dimensions, aMiRRFs, the co-location was characterized by performing a log
operating8 conditions were matched with reported values in th@nsformation on the saturation ratio and creating a
literaturé® (Table Sp For additional details on the WRRF cumulative histogram to show the total rP fraction across
process simulation, refer to the Supporting Informatiosaturation ratios. The cumulative histogram tiedb to a
(Method SR generalized logistic function (i.e., Richardve) as shown in

To account for the impact of irent ow variations on the eq >3
treatment process eacy, the design capacity of the layouts -
was xed at 5, 20, and 50 MGD. However, the 5 MGD layout vy = 1S X
did not properly capture P recovery under lovasy (1 + eBESMyY @)
conditions, so layouts were atsed at 1, 2, 3, and 4 MGD.
Each layout was simulated under steady-state conditions awitereY is the fraction of total P supplyis the independent
low- (3.7 mg-P/L), medium- (5.6 mg-P/L), and high- (11.0 variable that is the log-transformed saturation Xaigothe
mg-P/L) strength iruent P characteristics to measure thefraction of nutrients in consumption-limited counties (or
extent of biological phosphorus removal and re¢owéry. nutrient islands) where there is supply but no or minimal
average performance of each layout under low-, medium-, anthsumptionB is the growth rate which demonstrates the
high-strength iuent wastewater stream conditions wasuniformity of saturation ratios for each source across the US,
considered as the overall treatment/recovery potential i3 the shape parameter whickcts near where asymptote
each owrate (able SR The low inuent P concentration maximum growth occurs, avids the positioning parameter
(3.7 mg/L) most closely aligned with reportedient P which positions the curve on thexis relative to.>* The
concentrations in the USEPA ECHO database, and thigsulting logistic functions were then plotted side-by-side for
concentration was used for further analisigiré Sy P WRRFs and corn biorgeries. For rP supply to be better co-
recovery was estimated as a function of averageoplaaie located with P consumption, the resulting curve would be
based on the linear relationship between and side-stream characterized by (1) a higher fraction of rP in undersaturated
struvite precipitation in the process model outpigsre Sp counties, (2) a lowetvalue or lower fraction of rP in nutrient
P recovery from biosolids and biosolid application was niglands, and (3) a higheror higher curve growth rate.
considered in this study as the resulting Class B biosolidsrP Distance AnalysisA transport model was developed in
would not be applicable for food production. Python which distributed excess rP from WRRFs and corn

The plant-level P recovery approach was compared with thire neries in oversaturated counties to nearby under-
population estimate approach for recovery potential. Since thaturated counties. ArcGIS was used to determine centroids
population estimate approach has not been done for 2017 oit each county to use as its geospatial coordinates. A Python
was recreated for the sake of comparison. Population data ipogram was developed that created a list of all plants with
individual counties came from the US Census Bilgased excess rP and developed a matrix with the distance in km
on previous estimates, 1.61 g of P per capita per day is excrdietiveen the plant and each cdantentroid coordinates
in both urine and feces, and this amount was adjusted basedusing the great circle distance. It then individually assigned
a phosphorus recoveryagency of 95% (1.53 g P/capita/day) excess rP to the closest county to each plant up to a saturation
to maintain consistency with other studiince the focus of  ratio of 1; any additional P in excess of saturation was then
this study is concentrated on rP fertilizer products, thassigned to the next nearest county; this was repeated until all
population-based P recovery estimate was approximated basembss P was accounted Fogure S). All transfers made
on only the P excreted in urine which could be precipitated agere recorded by using the plant ID, source county,
struvite (0.93 g P/capita/day)?* County-level P recovery destination county, amount transported (tonne), and travel
estimates are determined by multiplying the county populatiatistance (km). New saturation ratios were generated for each
by the yearly P recovery potential per capita (0.76 Ib P/capitaiounty after all transfers were made and the distance traveled
year). A map of estimated rP from urine is included in th@er mass of all transfers (km/tonne) calculated. The travel
Supporting Informatiori-{gure Sp distances were compiled and plotted for major regions in the
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Figure 2.County-level rP supply from WRRFs and corn hienies. rP supply of each county by the source based on aggregation of individual
plants with a range of plant rP potentials. (a) rP supply based on 14 wet milling and 182 dry grincheoiesb{b)eP supply based on 13,882
national WRRFs. (c) Range of P recovery potentials for WRRFs and comrie®in a plant level. The WRRF plant-level recovery range goes
below 0.01 tonnesl/yr. Although more widespread, WRRFs have a much lower median rP supply potential on a plant levelriarsorn biore

Table 2. Ranking of Top 10 States by P Consumption and rP Supply Potential (1000 tonnes P per Year)

rank state total P consumption state WRRF rP supply state nevjor® supply
1 lowa 158.3 California 17.5 lowa 58.0

2 lllinois 156.0 lllinois 12.1 Nebraska 31.1

3 Minnesota 117.9 Texas 11.7 lllinois 24.6
4 Nebraska 106.9 New York 11.0 Minnesota 20.2
5 California 105.1 Pennsylvania 8.0 Indiana 16.7
6 Texas 90.1 Ohio 6.6 South Dakota 16.6
7 Indiana 86.8 Michigan 5.6 Ohio 9.0

8 Kansas 83.7 Indiana 4.4 Wisconsin 8.3
9 North Dakota 80.3 Washington 3.6 North Dakota 6.7
10 Missouri 72.9 Massachusetts 3.3 Kansas 6.5

US the Northeast, Southeast, Midwest, Northern Plaingach major US region, which was used to meet consumption in
Southern Plains, PaciNorthwest, and the Southwest. The the county it was supplied to.
nal rP in each county was also aggregated after transfers for
both WRRFs and corn bioneries by the major US regions. RESULTS AND DISCUSSION
Total rP was reported in each region, and the amount of rP lhis estimated that rP from corn biaveries and WRRFs can
a region that was used directly in the county it was supplied potentially displace 20% of national consumption for P
was reported transfers were excluded to show the direct cofertilizer. Despite being far fewer in number (196 vs 13,882),
located rP amount. corn bioreneries have close to twice the rP potential of
Due to low solubility of rP as struvite and low bioavailabilityVRRFs and a much larger average P recovery rate than
of organic rP as Ca-Phytate since P is trapped in organic bo{&RFs Eigure 2). Corn bioreneries are also heavily
that must be hydrolyzed, blending of rP with existing Eoncentrated in the MidwesFigure SB where P

fertilizers can assist in providing readily available P particulaﬁysur?ption islthe?eggr?atesfc dufﬁ to Tgh ytieldst andPthus f|1igh
in early growing seasGn/arying blend ratios were arvestrémovalrales.large fraction orwastewater re- supply

considered in our analysis including 25 and 50% rP in additi centralized in the large, o_ften urbanz WRRFs throughout the
, but overall rP supply is more widespread than that for

to our original 100% rP scenario. These blend ratios weJe . . . ,
chosen because when blended with MAP, >50% struvite ble ('fre neries Eigure 7. In the subsections below, estimates for

constrained vegetative growth of maize, and >25% Struvfig o neries and WRREs are discussed further.

blends constrained vegetative growth of soybEmdevelop ™ county-Level P Demand.Of the estimated 1.8 million
new saturation ratios, county-level consumption was prop@gnnes of P consumption in the US in 2017, over half is largely
tioned by the fraction of rP (i.e., for a 25% blend, county-levehncentrated in the North Central or Midwestern region
consumption was reduced to 25% of the total). A transfefhown as the Corn Béit(i.e., composed of Ohio, Indiana,
distance analysis was also performed from oversaturated||fifois, lowa, Missouri, Kansas, and Nebraska and parts of
undersaturated counties for each blend ratio which wagichigan, Wisconsin, Minnesota, South Dakota, and Ken-
considered when determining saturation ratios. Similar to thecky) and the irrigated corridor of the Mississippi River Valley
no blending scenario, rP was aggregated at a 25% blend (far., in addition to some Corn Belt states that are parts of

nty-level P consumption and rP supply from corn
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Arkansas, Mississippi, Louisiana, and TenneSgpe () processes by reducing intra-plant cycling“of Rddition-
This is consistent with most other national-scale nutrierdlly, one of the smallest-sized WRRFs with an existing rP
consumption analyses due to intedsiagriculture in these recovery process is approximately 13 MGD, and WRRFs larger
region$*** engendering high crop production and thus Pthan 13 MGD account for over 75% of total rP from WRRFs.
export with harvest that is replenished by P fertilization. The The modeling approach using recovery of P as struvite in
top 10 state-level P consumptions were dominated by Comdividual WRRFs was compared to the standard population
Belt states due to the large-scale production of corn arapproach for estimating P recovery from human urine, and it
soybeanGlycine mvbut also included Californiaa major was found that our approach yielded approximately 22% more
producer of the nuts, fruit, and vegetibleand Texas a potential rP across the US. The rP estimate from urine based
major producer of cotton and fa§Table 3. Due to the lack  on the population was approximately 112,000 tonnes per year.
of state-level fertilizer consumption data, the price variation There was consistency in that those states with the highest
fertilizer across the US was accounted for by using multi-stat@pulations also tended to have the highest potential rP from
regional price averagéslfle S). This enabled weighting of WRRFs Table 2. Urban centers also present a common
county-level expenditures for these price variations twoncentrated source of potentialfBre Sg but the plant-
proportion national fertilizer use more accurately. Althouglevel approach does show more centralized rP potential than
this allowed for estimates of more recent P consumption dathe population approach, particularly for larger counties
it likely introduced uncertainty in actual state fertilizer usdFigure SP The larger estimate of rP potential from the
Consistent nitrogemhosphoruspotassium (NPK) ratios of plant-level approach is partly the result of wastewatsr
fertilizer application were assumed across the US since cougataining gray water and industrial wastewaters in their
level expenditures were recorded for total fertilizer and nawerage dailyows. Another variation between the approaches
split based on the fertilizer type. is in how P is distributed across WRRFaowg and how

Corn Biore neries' rP Supply. Corn bioreneries can e ciently itis captured. The population approach assumes that
provide nearly twice as much rP nationally as WRRFs aBd% of total P is captured in urine with a 95% recovery rate
provide greater co-location of rP with P consumption thafapproximately 58% recovery of total P), and the WRRFs
WRRFs. The 14 wet milling and 182 dry grind bierees modeled in this study are estimated to recover on average 33
can provide an estimated 229,000 tonnes of rP per yed8% of total inuent P as struvite from nutrient-rich side
accounting for over 12.5% of national P consumption in 2013treams at WRRFsTgble SR One contributor to this
However, this percentage is even higher at the state scalegrence in recovery of total uent P is the more dilute
particularly for Corn Belt states in which corn bierées can  nature of wastewater entering a WRRF than direct human
meet from 19% (Indiana) to 37% (lowa) of P consumptiorwaste, which requires uptake during aerobic mainstream
(Figure 2). The rP estimate from corn biareries in lowa  treatment and release during anaerobic solid handling to
alone was greater than the cumulative potential from WRREgncentrate the P prior to recovery in a crystallization reactor.
in California, lllinois, Texas, and New Yodb(es andS4. P recovery from large WRRFs in the Midwest has a direct
Potential rP production from individual plants can range frorim uence on the reduction of P discharge, while P recovery
162 to 4501 tonnes of P per ye@ig(re 2 andTable Sp from the large corn biomeries could reduce embedded P in
with grind rates ranging from 12 to 325 tonnes of corn pelivestock feed. In states like lowa, Wisconsin, Minnesota, and
hour (Figure SR The median rP production of corn Missouri with high livestock populations, the reduction of P at
biore neries is 925 tonnes of P per year, far greater thdsiore neries could also decrease the risk of manure P losses to
that for WRRFs for which only 16 out of 13,882 plantsurface water due to the lower P content in Inierg
surpassed this medidrigure 2). Wet milling plants tended coproducts used in animal fée8sThe mismatch of manure
to have higher grind rates than dry grind plants and therefol/P with crop N/P needs means that application of manure to
could on average generate approximately 40% more rP. Themeet crop N needs entails excessive applicatfGranéifhus
are a number of additional non-ethanol corn wet millingiggravated P loss risk to surface WatBrscreasing the
operations that were not included in this study due to a lack afanure P content by reducing the amount of P fed to animals
publicly available data, which would even further contribute thereby stands to mitigate manure-based contributions to non-
rP potential. point source P losses, which in some watersheds of the US

WRRF rP SupplyWRRFs oer a sizeable amount of rP Corn Belt are thought to be the major driver.
over a broad geospatial scale but with a high degree ofComparing the rP potential presented from corn biore
dislocation from P consumption. The 13,882 WRRFs analyzedries in this work to a recent geospatial analysis of P recovery
in this study account for an estimated 136,600 tonnes of rP fism Concentrated Animal Feeding Operations (CAFOS) in
struvite per year which can meet over 5% of total US the Great Lakes region clearly illustrates synergistic oppor-
consumption. With plant iment ow rates ranging from k1 tunities to disrupt overfeeding of*“PFor example, in
10 ® MGD to 1876 MGD Figure SR, the rP potential from  Minnesota, where there are reportedly 1487 CAFOs and
individual plants ranges from near zero to 4366 tonnes ofughly 7000 tonnes rP available in excess manure, an
struvite per year~{gure 2 andTable Sh Nearly 96.4% of estimated 20,000 more tonnes of rP could be extracted from
total rP potential for WRRFs came from major (>1 MGD)corn bioreneries before it is transmitted to animal feeding
WRRFs which only account for 30% of pldfitgife S1)3 operations as corn gluten feed and DDGS.
High levels of rP supply are more concentrated around urbanAnother indirect beneof rP generation for contributing to
centers where WRRFs service large populdtignse( D). P loss reductions from non-point sources of agriculture may be
Due to the economic deulty of recovery at minor facilities realized for struvite-based P removal. The low water solubility
(<1 MGD), this is promising since a vast majority of recovergf struvite means that when re-used in agriculgldal as a
potential is at major plants where rP recovery as struvite cardl or even partial substitute for highly water-soluble P
provide operational bemg to mainstream Bardenpho EBPR fertilizers, soluble P loss risk is decréa$énl.the form of
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lowly soluble forms such as struvite, rP generation and re-use
thereby stand to indirectly improve P loss reduction goals held
by the 12 states in the Mississippi River basin and involved in
the Gulf Hypoxia Task Forthese states also span much of
the Corn Belt counties with high potential for rP production
and re-use iden&d here. Thus, rP should be considered in
states P reduction strategies in the region toward a
comprehensive, regional P management strategy.
Co-location of rP Supply with Consumption. Corn
biore neries had a narrow logistic saturation curve, indicating
higher co-location with P consumptiBig(res 8 andS10.
Nearly 50% of potential rP was in both under- and
oversaturated counties. However, the degree of over- or
undersaturation was less than in WRRFs. This co-location is
likely intentional since a majority of the corn production in the
US is within 50 miles of a bionery?* creating a dense area
of rP supply in consumption-intensive regions throughout the
Midwest and Corn BelE{gure a).
In comparison to corn bioreeries, WRRF rP supply
appears to be less co-located with fertilizer consumption
(Figure 8). This is also evident by the small growth rate of the
WRRF logistic curve relative to biosries Table SY.
Nearly 40% of rP is in undersaturated counties with 60% in
oversaturated counties. Over 90% of minor plants and 73% of
major plants are in undersaturated counties, but most plants
over 15 MGD, which make up over 72% of total rP potential
from WRRFs, are located in oversaturated counties. The large
portion of rP in oversaturated counties means that the supply
is dislocated with the agricultural consumption centers. It is
also clear that highly oversaturated counties typically contain
urban centers with large WRRFs but minimal agriculture
(Figure B). This creates the need to transport large quantities
of excess P from urban centers to nearby undersaturated
counties for use, which would increase the costs and carbon
footprint associated with rP re-use.
Overall P recovery potential and transfer distance
analysis. While rP from corn bioraeeries and WRRFs can
potentially meet 20% of national P consumption, rP supply and
P consumption varied by the geographic refgigoré 4and
Table SR The Midwest alone can generate nearly 146,000
tonnes of rP per year from corn biosgies and 36,900
tonnes rP per year from WRRFs which account for 64 and 27%
of national estimates for each source, respectively. In aggregate,
rP from WRRFs and corn bianeries could meet 24% of P
fertilizer consumption in the Midwest. The Midwest is also
shown to provide a unique region for synergy between WRRFs
and corn bioreneries to reduce P loading to surface waters via
point source discharges while providing a regional supplement
or full substltute fo_r P fertilizers. Figure 3. County rP saturation ratios for WRRFs and corn
When incorporating the transport of rP from oversaturatefiore neries. County-level saturation ratios of rP supply from
to undersaturated counties, larger plants tend to provide thgrRFs and corn bioreeries to county-level P consumption in
most noticeable increases in saturation around neighborifegtilizer. (a) rP saturation ratios on a county level for national
counties[igure 4). The oversaturation in urban counties dueWRRFs. (b) rP saturation ratios on a county level for wet milling and
to large WRRFs is evidenced by the heightened saturationd¥ grind corn bioreeries. (c) Logistic saturation ratio curves for
rural counties surrounding major population centers (e.gVRRFs and corn bioreeries. WRRF potential rP supply is densely
Chicago in Cook County, IL; Detroit in Wayne County, MI; concentrated in urban centers where P consumption is smaller and is

. . . ot as well localized, whereas corn hierges are mostly
Atlanta in Fulton County, GA, etc.). There is some noticeabl oncentrated in the central United States and well localized with

increase in saturation around corn brwges in the  consumption as seen by the narrower logistic saturation curve.
Midwestern states, but the consumption-intensive counties

surrounding most bioneeries could absorb rP before it can be
disbursed as far as with WRRRFsgre S1jL A and saturation ratios is included in the Supporting Information
comprehensive list of counties with P consumption, rP supplyfable SR
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Figure 4.Saturation ratio of total rP supply including transfers of P from oversaturated to undersaturated counties. County-level saturation ra
are shown for (a) non-blended or strictly rP fertilizer and (b) 25% blended or one part of rP and three parts of synthetic P fertilizer. (c) Bars on't
left represent total rP potential and co-located rP potential based on the region (the Northeast, Southeast, Midwest, Southern Plains, Nort
Plains, Southwest, and Pablorthwest) split by WRRFs and corn biogeies. The lightest bars represent the total rP supply in the region, and

the two darker sets of bars represent only co-located rP supply for 100% rP and a 25% rP blend. The box and whisker plots on the right sho
range of distances that a tonne of P from each plant in that region would need to travel to an undersaturated county. The Midwest has by fa
largest potential rP due to corn biaaries, and generally, corn bioegies have the least distance that P would need to travel to nearby
undersaturated counties due to the region also having the largest P consumption.

The range of transfer distances per tonne of excess rP is@fA9 km per tonne rP for corn biareries. These longer travel
average shorter for corn biowries relative to WRRFs distances for a large portion of WRRFs provide further
(Figure 4). The transfer distance for WRRFs is approximatelgvidence of the general dislocation between human rP supply
100 times further per tonne of rP on average than that of coand fertilizer consumption. A listing of transfers is included in
biore neries in more P consumption-intensive regions like thine Supporting Informatiofigble S1pD
Midwest, Northern Plains, and Southern Plains while still Recovered P Blend Ratio AnalysisLimited bioavail-
nearly 10 times further in less P consumption-intensive regioalsility of rP as water-soluble orthophosphate could hinder P
such as the Northeast and Southeast. The median trawlailability to crops and may require blending with highly
distance in the US for WRRFs is 3.8 km (km) per tonne rP andater-soluble P fertilizers to avoid yield 13$3@stP in the
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form of phosphate minerals such as struvite produced ancertainty in the results. A primary limitation was the use
WRRFs, lower bioavailabilityeets low water solubility, and of non-calibrated plantwide models to generalize rP potential
for the organic matter-based rP such as Ca-phytate produdemn both WRRFs and corn biareries. Individual plants
from corn bioreneries, lower bioavailability is due to P beinghave unique characteristics that may hinder or enhance rP
present in organic bonds that must undergo hydrolysis.  potential that is not fully captured in these models. The
On the other hand, the slow release of bioavailablem uent WRRF P concentration was generalized to discrete
orthophosphate from rP forms via dissolution (e.g., struvitesfandard values, while theuent ow rate was based on self-
or mineralization (e.g., phytate) may present agronomieported values. Another limitation was the lack of county-level
benets by avoiding xation of P by soil collofsand P consumption data; instead, P consumption had to be
synchronizing with P consumption by crops later in thestimated based on extrapolated national P use and limited
seasofi>*’ particularly in the reproductive growth stages forcounty-level fertilizer data. Also, transport distances were
maize and soybe#H? Greater synchronization can increase Pestimated using the direct distance from plants to county
use e ciency and thereby decrease net P inputs to maintairentroids without considering actual transfer infrastructure,
yields® likely leading to underestimates of actual travel distance. These
In addition to avoiding agronomic penalties, blending of riéstimates assumed that excess rP would be transferred to the
with highly soluble P fertilizer greatly expands the spatinkarest county, while actual optimization of the supply chain
coverage of rP contribution to crop P needs. At a rP blendould prove more complex with multiple stakeholders and
ratio of 25%, the Northeast can meet all its P consumptiozentralized rP processing including a series of potential
from large WRRFs in urban centers. In the Midwest, whes®lutions.
corn bioreneries are primarily located along with high-
capacity urban WRRFs, over 95% of P consumption can be ASSOCIATED CONTENT
met with a 25% blend with rPigure #). Blending rP with  *  gypnorting Information

synthetic fertilizer would also result in the need to transport rfP,e Supporting Information is available free of charge at

a much greater distance to reach undersaturated counties ands://pubs.acs.org/doi/10.1021/acs.est.1c07881
impact the degree of co-location of P supply to consumption in

all regions, particularly for corn bioezies Figures @ and Detailed information used to model wet milling and dry
S1). All transfers with a 25% blend rP are included in the ~ 9rind com bioreneries and WRRFs; P consumption
Supporting InformationTéble S1YL All regions except the generated; models including layout, parameters, and
Pacic Northwest and Southwest saw a decrease of over 60% nputs; full plant and county information including rP
in co-location of rP supply from corn binegies. The rP supply and saturation ratios; and transfers and blending

supply from WRRFs saw at most a 45% decrease in co-location "esults €DF) _
with only the Northeast and Southwest above a 40% decrease; WRRF process unit parametefs»
this is likely due to the nature of WRRFs as more dispersed Corn ethanol bior@ery plant informationX(_S?

and a larger quantity of smaller facilities. WRRF plant informatiorX(.SX

OUTLOOK Completg table of county-level datag»
No blending rP transfersL(SXY

This study provides thest geospatial inventory of rP from 259 Blend rP transfebslS)

centralized infrastructure in the US, revealing the untapped
potential and regional synergies of recovery and reuse from
corn bioreneries, particularly in the Midwest and Northern ~ AUTHOR INFORMATION
Plains. The high rP potential from corn biweges also can  corresponding Author

translate to promising levels of rP potential from other types of Rojand D. Cusick Department of Civil and Environmental
bio-facilities with high P coproducts such as soy and pea Engineering, University of lllinois at Urbana-Champaign,
protein isolate processes. Although rP potential at WRRFs is yrhana, Illinois 61801, United Stetesgid.org/0000-
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are growing as numeric water quality criteria for P discharge gmajl:rcusick@illinois.edu
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P criteria and identify candidate WRRFs for P recovery. To Environmental Engineering, University of lllinois at Urbana-

promote P recovery from corn bioreries, incentives must be Champaign, Urbana, lllinois 61801, United States
created to overcome theoromic cost of Ca-phytate Ankita Juneja Department of Agricultural and Biological
precipitation. Quantifying the betse of the reduced P Engineering, University of Illinois at Urbana-Champaign,

content in animal feed and elucidating connections between Urbana, lllinois 61801, United States
corn bioreneries and animal feeding operations could foster P Chinmay Kurambhatti Department of Agricultural and
extraction through nutrient credit trading or higher sale prices Biological Engineering, University of lllinois at Urbana-

for low-P feed. Champaign, Urbana, lllinois 61801, United States
This study presents a novel methodology for estimating rP Andrew Margenot Department of Crop Sciences, University
from centralized infrastruoe using plantwide process of lllinois at Urbana-Champaign, Urbana, Illinois 61801,

models; however, limitations introduced some degree of United States; orcid.org/0000-0003-0185-8650

8699 https://doi.org/10.1021/acs.est.1c07881
Environ. Sci. Techn@022, 56, 86918701


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c07881?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_002.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_004.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_005.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_006.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c07881/suppl_file/es1c07881_si_007.xlsx
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roland+D.+Cusick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4037-2939
https://orcid.org/0000-0002-4037-2939
mailto:rcusick@illinois.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+Ruffatto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seyed+Aryan+Emaminejad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ankita+Juneja"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chinmay+Kurambhatti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Margenot"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0185-8650
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijay+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c07881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology pubs.acs.org/est

Vijay Singh Department of Agricultural and Biological ~Recycling in U.S. Agricultugzi. Total Envirop016 542 1117
Engineering, University of lllinois at Urbana-Champaigri126.

Urbana, Illinois 61801, United Stetesgid.org/0000- _(14) Byrnes, D. K.; Van Meter, K. J.; Basu, N. B. Long-Term Shifts
0003-4349-8681 in U.S. Nitrogen Sources and Sinks Revealed by the New TREND-
] o ) Nitrogen Data Set (193@017).Global Biogeochem. CR0RE 34,
Complete contact information is available at: No. e2020GB006626.
https://pubs.acs.org/10.1021/acs.est.1c07881 (15) Trimmer, J. T.; Guest, J. S. Recirculation of Human-Derived
Nutrients from Cities to Agriculture across Six Contindats.
Notes Sustain2018 1, 427 435.

(16) Kumaragamage, D.; Akinremi, O. O. Manure Phosphorus:
Mobility in Soils and Management Strategies to Minimize Losses.
Curr. Pollut. Rep018 4, 162 174.

ACKNOWLEDGMENTS (17) Sadeghpour, A.; Ketterings, Q. M.; Godwin, G. S.; Czymmek,

The authors would like to acknowledge the Carver Fellows aiﬂiaigifgggigl _T_r:sr? Pmstai%?u;ODpn-wiﬁwsigg ir':/lznﬂnen 'Y'Taenran‘ge&?gt
from the College of Engineering and the lllinois Distinguishe d Alfalfa Rotatiomgron gustainab)lle D647 37 8 9
Fellowship from the Graduate College from the University o 18) Sims, J. T.; Edwards. A. C.- Schoumans. O. F.: Simard. R. R.

lllinois at Urbana-Champaign for funding support for K.Rintegrating Soil Phosphorus Testing into Environmentally Based
This work was also supported by the US National Scienggyricultural Management Practi¢eBnviron. Quaboq 29, 60 71.
Foundation, Innovations at the Nexus of Food, Energy an@19) USDA-NASS. USDANational Agricultural Statistics Serv-
Water Systems (INFEWS/T1) award 1739788, and lllinoigce Census of Agriculturéttps://www.nass.usda.gov/AgCensus/
Nutrient Research and Education Council award 2018-4rdex.phfaccessed Sept 26, 2020).

The authors declare no competingncial interest.

360731-385. (20) USDA. USDA ERS - Fertilizer Use and PRriiges://www.ers.
usda.gov/data-products/fertilizer-use-and-price(aspessed Sept
26, 2020).
REFERENCES (21) USDA. USDA/NASS QuickStats Ad-hoc Query Ticpk://
(1) Food and Agriculture Organization of the United Natidodd quickstats.nass.usda.gaetessed Oct 25, 2020).
Fertilizer Trends and Outlook to ,222P9. (22) USEPA. Enforcement and Compliance History Ontipe/
(2) Dhillon, J.; Torres, G.; Driver, E.; Figueiredo, B.; Raun, W. Recho.epa.go(accessed Oct 16, 2020).
World Phosphorus Use Efficiency in Cereal CAgpen. 22017, (23) RFA. Ethanol Bioreery Locationshttps://ethanolrfa.org/
109 1670 1677. biore nery-locations(accessed Nov 18, 2020).
(3) Yu, X.; Keitel, C.; Dijkstra, F. A. Global Analysis of Phosphorug24) Ruddy, B.; Lorenz, D.; Mueller, County-Level Estimates of
Fertilizer Use Efficiency in Cereal Cr@psbal Food Sec@021, 29, Nutrient Inputs to the Land Surface of the Conterminous United States,
100545. 1982 2001; Scienti Investigations Report; Sdeiivestigations

(4) Swaney, D. P.; Howarth, R. W. Phosphorus Use Efficiency afteportUSGS, 2006.

Crop Production: Patterns of Regional Variation in the United States(25) Fixen, P. E.; Williams, R.; Rund, QNE&SIS: A Nutrient Use
1987-2012Sci. Total Enviro?019 685 174 188. Geographic Information System for thdnté8ational Plant

(5) Margenot, A. J.; Kitt, D.; Gramig, B. M.; Berkshire, T. B.;Nutrition Institute.

Chatterjee, N.; Hertzberger, A. J.; Aguiar, S.; Furneaux, A.; Sharn{26) Kwiatkowski, J. R.; McAloon, A. J.; Taylor, F.; Johnston, D. B.
N.; Cusick, R. D. Toward a Regional Phosphorus (Re)Cycle in thdodeling the Process and Costs of Fuel Ethanol Production by the
US MidwestJ. Environ. Qu&i019 48 1397 1413. Corn Dry-Grind Procedsd. Crops Prog006 23 288 296.

(6) Juneja, A.; Sharma, N.; Cusick, R.; Singh, V. Techno-Economi27) Ramirez, E. C.; Johnston, D. B.; McAloon, A. J.; Yee, W.; Singh,
Feasibility of Phosphorus Recovery as a Coproduct from Corn W¥ét Engineering Process and Cost Model for a Conventional Corn Wet
Milling PlantsCereal Cher2019 96, 380 390. Milling Facilitylnd. Crops Prod008§ 27, 91 97.

(7) Juneja, A.; Cusick, R.; Singh, V. Recovering Phosphorus as(@8) Metcalf and Eddy, Inc.; Tchobanoglous, G.; Stensel, H.;
Coproduct from Corn Dry Grind Plants: A Techno-Economic Tsuchihashi, R.; Burton, Wastewater Engineering: Treatment and
EvaluationCereal Cher202Q 97, 449 458. Resource RecovdgGraw-Hill Education, 2015; pp 221, 394, 873,

(8) Aguiar, S.; Yang, L.; Zhang, M.; Sharma, N.; Singh, V.; Cusick,%80, 1490, 1663, 1678.

D. Phosphorus Fractionation and Protein Content Control Chemical29) US Census Bureau. County Population Totals: 2010.
Phosphorus Removal from Corn Biorefinery Str&aEmsiron. Qual.  https://www.census.gov/data/tabltime-series/demo/popest/
202Q 49, 220 227. 2010s-counties-total.htfatcessed Nov 9, 2020).

(9) Kleinman, P.; Blunk, K. S.; Bryant, R.; Saporito, L.; Beegle, D.{30) Rose, C.; Parker, A.; Jefferson, B.; Cartmell, E. The
Czymmek, K.; Ketterings, Q.; Sims, T.; Shortle, J.; McGrath, J.; Codldaracterization of Feces and Urine: A Review of the Literature to
F.; Dubin, M.; Dostie, D.; Maguire, R.; Meinen, R.; Allen)MeillO Inform Advanced Treatment Technolo@yit. Rev. Environ. Sci.

K.; Garber, L.; Davis, M.; Clark, B.; Sellner, K.; Smith, M. ManaginfechnoR015 45, 1827 1879.
Manure for Sustainable Livestock Production in the Chesapeake B&y1) Larsen, T. A.; Udert, K. M.; LienertSdurce Separation and
Watershedl. Soil Water Cons@012 67, 54A 61A. Decentralization for Wastewater Manggeadptblishing, 2013.

(10) Jarvie, H. P.; Sharpley, A. N.; Flaten, D.; Kleinman, P. J. A(32) US Census Bureau. Cartographic Boundary Bitegpele.
Jenkins, A.; Simmons, T. The Pivotal Role of Phosphorus in fatps://www.census.gov/geographies/mapgesjtime-series/geo/
Resilient WateEnergy Food Security Nexus. Environ. Qual. carto-boundaryle.html(accessed Sept 20, 2020).

2015 44, 1049 1062. (33) Echevarria, D.; Trimmer, J. T.; Cusick, R. D.; Guest, J. S.

(11) Trimmer, J. T.; Cusick, R. D.; Guest, J. S. Amplifying Progre&fining Nutrient Colocation Typologies for Human-Derived Supply
toward Multiple Development Goals through Resource Recoveand Crop Demand To Advance Resource Rec@&refiyon. Sci.
from SanitatiorEnviron. Sci. Tech26l17, 51, 10765 10776. TechnoR021, 55 10704 10713.

(12) Mihelcic, J. R.; Fry, L. M.; Shaw, R. Global Potential of (34) Hertzberger, A. J.; Cusick, R. D.; Margenot, A. J. Maize and
Phosphorus Recovery from Human Urine and Feleesiosphere Soybean Response to Phosphorus Fertilization with Blends of Struvite
2011, 84, 832 839. and Monoammonium Phosph&tant Soi2021, 461, 547 563.

(13) Metson, G. S.; MacDonald, G. K.; Haberman, D.; Nesme, T.;(35) Warntz, W. An Historical Consideration of the Té@uosT
Bennett, E. M. Feeding the Corn Belt: Opportunities for Phosphoruend“Corn Belt in the United Stateégric. HistLl957 31, 40 45.

8700 https://doi.org/10.1021/acs.est.1c07881
Environ. Sci. Techn@022, 56, 86918701


https://orcid.org/0000-0003-4349-8681
https://orcid.org/0000-0003-4349-8681
https://pubs.acs.org/doi/10.1021/acs.est.1c07881?ref=pdf
https://doi.org/10.2134/agronj2016.08.0483
https://doi.org/10.1016/j.gfs.2021.100545
https://doi.org/10.1016/j.gfs.2021.100545
https://doi.org/10.1016/j.scitotenv.2019.05.228
https://doi.org/10.1016/j.scitotenv.2019.05.228
https://doi.org/10.1016/j.scitotenv.2019.05.228
https://doi.org/10.2134/jeq2019.02.0068
https://doi.org/10.2134/jeq2019.02.0068
https://doi.org/10.1002/cche.10139
https://doi.org/10.1002/cche.10139
https://doi.org/10.1002/cche.10139
https://doi.org/10.1002/cche.10260
https://doi.org/10.1002/cche.10260
https://doi.org/10.1002/cche.10260
https://doi.org/10.1002/jeq2.20015
https://doi.org/10.1002/jeq2.20015
https://doi.org/10.2489/jswc.67.2.54A
https://doi.org/10.2489/jswc.67.2.54A
https://doi.org/10.2489/jswc.67.2.54A
https://doi.org/10.2134/jeq2015.01.0030
https://doi.org/10.2134/jeq2015.01.0030
https://doi.org/10.1021/acs.est.7b02147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2011.02.046
https://doi.org/10.1016/j.chemosphere.2011.02.046
https://doi.org/10.1016/j.scitotenv.2015.08.047
https://doi.org/10.1016/j.scitotenv.2015.08.047
https://doi.org/10.1029/2020GB006626
https://doi.org/10.1029/2020GB006626
https://doi.org/10.1029/2020GB006626
https://doi.org/10.1038/s41893-018-0118-9
https://doi.org/10.1038/s41893-018-0118-9
https://doi.org/10.1007/s40726-018-0084-x
https://doi.org/10.1007/s40726-018-0084-x
https://doi.org/10.1007/s13593-017-0416-z
https://doi.org/10.1007/s13593-017-0416-z
https://doi.org/10.1007/s13593-017-0416-z
https://doi.org/10.2134/jeq2000.00472425002900010008x
https://doi.org/10.2134/jeq2000.00472425002900010008x
https://www.nass.usda.gov/AgCensus/index.php
https://www.nass.usda.gov/AgCensus/index.php
https://www.ers.usda.gov/data-products/fertilizer-use-and-price.aspx
https://www.ers.usda.gov/data-products/fertilizer-use-and-price.aspx
https://quickstats.nass.usda.gov/
https://quickstats.nass.usda.gov/
https://echo.epa.gov/
https://echo.epa.gov/
https://ethanolrfa.org/biorefinery-locations/
https://ethanolrfa.org/biorefinery-locations/
https://doi.org/10.1016/j.indcrop.2005.08.004
https://doi.org/10.1016/j.indcrop.2005.08.004
https://doi.org/10.1016/j.indcrop.2007.08.002
https://doi.org/10.1016/j.indcrop.2007.08.002
https://www.census.gov/data/tables/time-series/demo/popest/2010s-counties-total.html
https://www.census.gov/data/tables/time-series/demo/popest/2010s-counties-total.html
https://doi.org/10.1080/10643389.2014.1000761
https://doi.org/10.1080/10643389.2014.1000761
https://doi.org/10.1080/10643389.2014.1000761
https://www.census.gov/geographies/mapping-files/time-series/geo/carto-boundary-file.html
https://www.census.gov/geographies/mapping-files/time-series/geo/carto-boundary-file.html
https://doi.org/10.1021/acs.est.1c01389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c01389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11104-021-04830-2
https://doi.org/10.1007/s11104-021-04830-2
https://doi.org/10.1007/s11104-021-04830-2
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c07881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology pubs.acs.org/est

(36) California Department of Food & AgricultuBalifornia
Agricultural Exports 202920 2019; p 15.

(37) Texas Department of Agricultufexas Agricultural Facts
2013.

(38) Solon, K.; Flores-Alsina, X.; Kazadi Mbamba, C.; Ikumi, D.;
Volcke, E. I. P.; Vaneeckhaute, C.; Ekama, G.; Vanrolleghem, P. A;;
Batstone, D. J.; Gernaey, K. V.; Jeppsson, U. Plant-Wide Modelling of
Phosphorus Transformations in Wastewater Treatment Systems:
Impacts of Control and Operational Stratéglater Re2017, 113
97 110.

(39) Kazadi Mbamba, C.; Flores-Alsina, X.; John Batstone, D.; Tait,
S. Validation of a Plant-Wide Phosphorus Modelling Approach with
Minerals Precipitation in a Full-Scale WWV&er Re2016 10Q
169 183.

(40) Maltais-Landry, G.; Scow, K.; Brennan, E.; Torbert, E.;
Vitousek, P. Higher Flexibility in Input N:P Ratios Results in More
Balanced Phosphorus Budgets in Two Long-Term Experimental
Agroecosystemigric., Ecosyst. Envi20d§ 223 197 210.

(41) Eghball, B. Soil Properties as Influenced by Phosphorus- and
Nitrogen-Based Manure and Compost Applicafignsn. J2002
94, 128 135.

(42) Martin-Hernandez, E.; Martin, M.; Ruiz-Mercado, G. J. A
Geospatial Environmental and Techno-Economic Framework for
Sustainable Phosphorus Management at Livestock FRabbes.,
Conserv. Recg021 175 105843.

(43) Christianson, R.; Christianson, L.; Wong, C.; Helmers, M.;
Mclsaac, G.; Mulla, D.; McDonald, M. Beyond the Nutrient
Strategies: Common Ground to Accelerate Agricultural Water Quality
Improvement in the Upper MidwektEnviron. Manage18 206
1072 1080.

(44) Wright, C. K.; Larson, B.; Lark, T. J.; Gibbs, H. K. Recent
Grassland Losses Are Concentrated around U.S. Ethanol Refineries.
Environ. Res. Let17 12, 044001.

(45) Syers, J. K.; Johnston, A. E.; Curtirg Riency of Soil and
Fertilizer Phosphorus Use: Reconciling Changing Concepts of Soil
Phosphorus Behaviour with Agronomic Information; FAO Fertilizer
and Plant Nutrition Bulletifood and Agriculture Organization of the
United Nations: Rome, 2008.

(46) Talboys, P. J.; Heppell, J.; Roose, T.; Healey, J. R.; Jones, D. L.;
Withers, P. J. A. Struvite: A Slow-Release Fertiliser for Sustainable
Phosphorus ManagemeRt&nt Soi2016 401, 109 123.

(47) Malhi, S. S.; Haderlein, L. K.; Pauly, D. G.; Johnston, A. M.
Improving Fertilizer Phosphorus Use Effici@etyer Crop2002
86, 2.

(48) Bender, R. R.; Haegele, J. W.; Ruffo, M. L.; Below, F. E.
Nutrient Uptake, Partitioning, and Remobilization in Modern,
Transgenic Insect-Protected Maize HybAdson. J2013 105
161 170.

(49) Bender, R. R.; Haegele, J. W.; Below, F. E. Nutrient Uptake,
Partitioning, and Remobilization in Modern Soybean Vahgtias.

J.2015 107, 563 573.

(50) Hopkins, B. G.; Horneck, D. A.; MacGuidwin, A. E. Improving
Phosphorus Use Efficiency Through Potato Rhizosphere Modification
and Extensiom. J. Potato R2814 91, 161 174.

(51) U.S. Environmental Protection Agency. State Progress Toward
Developing Numeric Nutrient Water Quality Criteria for Nitrogen
and Phosphorushttps://www.epa.gov/nutrient-policy-data/state-
progress-toward-developing-numeric-nutrient-water-quality-criteria
(accessed Aug 20, 2021).

8701

https://doi.org/10.1021/acs.est.1c07881
Environ. Sci. Techn@022, 56, 86918701


https://doi.org/10.1016/j.watres.2017.02.007
https://doi.org/10.1016/j.watres.2017.02.007
https://doi.org/10.1016/j.watres.2017.02.007
https://doi.org/10.1016/j.watres.2016.05.003
https://doi.org/10.1016/j.watres.2016.05.003
https://doi.org/10.1016/j.agee.2016.03.007
https://doi.org/10.1016/j.agee.2016.03.007
https://doi.org/10.1016/j.agee.2016.03.007
https://doi.org/10.2134/agronj2002.1280
https://doi.org/10.2134/agronj2002.1280
https://doi.org/10.1016/j.resconrec.2021.105843
https://doi.org/10.1016/j.resconrec.2021.105843
https://doi.org/10.1016/j.resconrec.2021.105843
https://doi.org/10.1016/j.jenvman.2017.11.051
https://doi.org/10.1016/j.jenvman.2017.11.051
https://doi.org/10.1016/j.jenvman.2017.11.051
https://doi.org/10.1088/1748-9326/aa6446
https://doi.org/10.1088/1748-9326/aa6446
https://doi.org/10.1007/s11104-015-2747-3
https://doi.org/10.1007/s11104-015-2747-3
https://doi.org/10.2134/agronj2012.0352
https://doi.org/10.2134/agronj2012.0352
https://doi.org/10.2134/agronj14.0435
https://doi.org/10.2134/agronj14.0435
https://doi.org/10.1007/s12230-014-9370-3
https://doi.org/10.1007/s12230-014-9370-3
https://doi.org/10.1007/s12230-014-9370-3
https://www.epa.gov/nutrient-policy-data/state-progress-toward-developing-numeric-nutrient-water-quality-criteria
https://www.epa.gov/nutrient-policy-data/state-progress-toward-developing-numeric-nutrient-water-quality-criteria
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c07881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

