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A B S T R A C T

While technologies are in development to recover key, non-renewable nutrients and reduce eutrophication po-
tential from wastewater treatment, there currently does not exist information that can inform an effective 
strategy to maximize the impacts of these efforts while maintaining efficient use of limited resources. This work 
provides 1) an estimate of spatially explicit emitted EP (EPE) from WRRFs in the contiguous U.S. at 0.5-degree 
resolution using total P emissions from WRRFs and site-specific cumulative fate factors from a global model, 2) 
conceptualization and estimate of total spatially explicit received EP (EPR) locally and upstream for each grid 
cell, 3) estimate of percent EPR from local vs. upstream sources for each grid cell, 4) hotspot analysis and impact 
assessment of EP mitigation via nutrient recovery in a case study. Mapping grid cells with site-specific EPE show 
hotspots near the Great Lakes area, where P emissions from WRRFs and/or cumulative fate factors are high and 
yield the highest EPE. Estimates for received EP show nearly half of all non-arid cells in the U.S. with P loading 
have the majority of spatially explicit EPR stemming from local WRRF discharge rather than upstream WRRFs. 
Grid cells with a majority of EPR coming from upstream sources, as opposed to local sources, tended to occur in 
areas near or encompassing rivers. These results also showed that when focusing only on cells that encompassed 
303(d) listed impaired waters, most cells receive more than half of their EPR from local sources. Case study 
results show that of the 19 grid cells that contribute to the mouth of Wabash River, three cells contribute 52 % of 
the total EPR. When modeling a 25 % reduction in P emissions of contributing cells, it is found that similar EPR 
reductions could be achieved at the mouth of the river from two of the largest contributing cells; however, this 
25 % reduction in one cell equated to less than half overall P reduction (lb P emitted) compared to the other 
contributing cell.

1. Background

Phosphorus is a vital, non-renewable nutrient required to sustain life, 
and global reserves are being depleted (Cordell et al., 2009). More than 
90 % of mined phosphorus is used to make fertilizer to grow food, in a 
linear system: the recovery and reuse of phosphorus is not yet imple-
mented at scale. Therefore, there are predictions that phosphorus 
shortages will put the global food supply at risk in the coming century (al 
Rawashdeh and Maxwell, 2011). Furthermore, discharge of phosphorus 
into freshwater systems is negatively impacting lakes and rivers, as well 
as the U.S. economy (Dodds et al., 2009; US EPA, 2015a). When 

phosphorus is discharged in aquatic systems, it promotes algae growth 
that can cause harmful algal blooms and “dead zones; ” this process is 
referred to as eutrophication (Bhat and Qayoom, 2021). Nationwide, 45 
% of lakes have elevated phosphorus levels (24 % of lakes have hyper-
eutrophic conditions), while 58 % of rivers have elevated phosphorus 
levels (US EPA, 2022a, 2020). Eutrophication damages in the US were 
estimated at $2.2 billion USD in 2009 ($3.15 billion 2003 USD) annu-
ally, likely underestimating total freshwater impacts (Dodds et al., 
2009).

Phosphorus poses problems at both extraction and at use: resource 
depletion and environmental impacts. The resource recovery problem 
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has been addressed by prioritizing identification of key sources of 
phosphorus in its anthropogenic cycle for nutrient recovery. A review of 
phosphorus flow analyses published between 2005 and 2012 identified 
key outflows of P in cities and regions/nations as wastewater discharge, 
landfills, and soil losses through erosion, runoff, and leaching 
(Chowdhury et al., 2014). Wastewater in particular has been identified 
as a potential opportunity for recovery of phosphorus as humans excrete 
nearly all of the phosphorus they consume (Jönsson et al., 2004). In fact, 
research has suggested enormous potential: if 100 % of the phosphorus 
available in human waste and animal manure in the U.S. were recov-
ered, 130 % of U.S. fertilizer demand would be met (Jarvie et al., 2015). 
The environmental impact of phosphorus has been addressed by prior-
itizing mitigation of eutrophication potential (EP) in aquatic ecosys-
tems. Although N, P, and other constituents can contribute to 
eutrophication, P is typically the limiting nutrient in temperate fresh-
water systems (Chorus and Spijkerman, 2021; Wurtsbaugh et al., 2019), 
though N certainly plays a role (Dodds and Smith, 2016). Location is 
vital for both resource recovery and ecosystem damage perspectives. EP 
is heavily influenced by locations of point-source loading, non-point 
source loading, local and upstream hydrological characteristics, and 
existing water quality conditions. There are also temporal variations in P 
contributions to eutrophication. Temperature fluctuation, lake stratifi-
cation, and changing flow regimes contribute to such variations 
(Henderson, 2015). Large-scale quantification of these variations is still 
limited. For example, an evaluation of phosphorus fate in Brazil sug-
gested that seasonal, rather than monthly, variations are important in 
modeling (de Andrade et al., 2021).

Modeling tools such as the SPAtially Referenced Regression On 
Watershed attributes (SPARROW) model have focused on assessing 
watershed quality through quantification of nutrient loading to U.S. 
lakes and rivers (Preston et al., 2011b). The SPARROW model has been 
used to simulate phosphorus fate in several regions in the U.S., and in 
some studies, identified municipal and industrial wastewaters as key 
sources of nutrients in the Northeast and upper Midwest (Moore et al., 
2011; Robertson and Saad, 2019). While there has been notable work 
over large scales using regression models, such as SPARROW (e.g., 
Preston et al., 2011a), mechanistic phosphorus models are typically 
applied over limited spatial scales. There are other examples of mech-
anistic models over large regions, e.g., a 1 × 1 km eutrophication model 
for nitrogen in the Guangzhou, China region, though this model used 
population density as a proxy for wastewater emissions (Dong et al., 
2023).

These perspectives (resource recovery and ecosystem damage) 
coincide at water resource recovery facilities (WRRFs), as WRRF 
discharge is one of the largest sources of P into some freshwater systems 
as well as one of the primary sources from which we can recover 
phosphorus (Rahman et al., 2019). In recent decades, nutrient recovery 
technologies have been developed to effectively recover P-containing 
products from urine/liquid phase streams, sludge, or sludge ash, in both 
centralized and decentralized wastewater treatment (WWT) (Corominas 
et al., 2013; Lam et al., 2020; Sena and Hicks, 2018). Life cycle assess-
ment (LCA) and life cycle impact assessment (LCIA) has been used to 
quantify environmental impacts, including EP, from implementing both 
emerging and mature nutrient recovery technologies, primarily at the 
facility level (Amann et al., 2018; Egle et al., 2016; Johansson et al., 
2008; Linderholm et al., 2012; Morrissey et al., 2022; Remy and Jossa, 
2015; Rodriguez-Garcia et al., 2014; Sena et al., 2021). One study 
calculated reductions of bioavailable N and P in WRRF discharge for 10 
different WWT configurations to identify the treatment schemes that 
remove the most bioavailable N and P, but did not estimate actual EP 
impacts (Preisner et al., 2021). Another study estimated changes to the 
N and P cycles from varying levels of WWT at the global scale (Wang 
et al., 2019). Although local evaluations of EP from WRRF discharge and 
national estimates of EP from WRRF discharge have been performed, the 
former are typically restricted in their spatial coverage, and the latter 
have been restricted in their spatial resolution. As mentioned previously, 

eutrophication impacts are site-specific – an emission of an equal mass of 
phosphorus in one location may have significantly different EP effects 
compared to the same mass emitted at another location. Additionally, no 
known systematic, large-scale studies have disaggregated these EP es-
timates at a specific location to provide detailed information regarding 
the source of the phosphorus loading—whether it is emitted within the 
local geographic boundary or from an upstream region. Finally, sys-
tematic, large-scale potential reductions to spatially explicit EP in water 
bodies from WRRF discharge, especially nutrient impaired waters, have 
not been modeled. With a variety of effective P-recovery technologies 
available for WWT, including advanced treatment configurations, the 
focus must now turn to creating an effective P-recovery and EP reduction 
strategy in which the greatest reductions to site-specific EP can be 
realized while conserving this essential element, as well as other limited 
resources. An effective strategy will include 1) a current assessment of 
EP from WRRF discharge, 2) determination of EP “hotspots” and origins 
of P loadings (local vs. upstream contributions) with special attention 
given to nutrient impaired waters, and 3) modeling of potential re-
ductions in EP loading from implementation of nutrient recovery tech-
nology. The purpose of this study is to conduct these assessments 
focusing on EP from WRRF discharge in the United States with the aim of 
providing useful data that can help shape an effective strategy for 
conserving phosphorus and mitigating EP.

2. Methods

2.1. Goal and scope

The goals of this assessment were to 1) determine current spatially 
explicit EP impacts in the U.S. from WRRF discharge, 2) determine 
hotspots in EP and differentiate local vs. upstream P contributions to EP 
with an additional assessment of the EPA 303(d) listed nutrient impaired 
waters, and 3) model potential changes in spatially explicit EP from 
hypothetical P recovery in treatment plants to an impaired water in an 
example case study. The scope of this study includes freshwater EP 
calculated solely from WRRF discharge in the U.S., using public data for 
P emissions from WRRF, but the method is applicable more broadly, 
provided data are available. With a focus on evaluating benefits of hy-
pothetical P recovery at the national level, we perform the analysis 
based on annual emissions of P. This evaluation of P recovery uses 
impact assessment models from LCIA, but as it takes spatially distributed 
WRRF P emissions as the starting point, it does not constitute a classic 
LCA of e.g., WWT.

It is important to note that non-point sources including fertilizer 
runoff as well as P flows from land-applied sludge can significantly affect 
EP. In some cases, non-point sources can be the largest contributors to 
EP. However, state-level information for biosolids disposal in the U.S is 
site-generic, providing no geospatial information for land application of 
biosolids applied. Thus, P flows from land application of sludge were not 
included in the quantification of spatially explicit EP in this study. 
Additionally, nitrogen flows were not included in this analysis, nor were 
marine eutrophication impacts assessed. While these flows were not 
included, this work is relevant because we 1) establish the methodology 
to conduct a novel spatially-explicit analysis of freshwater eutrophica-
tion from WRRFs that can be further expanded to model additional P 
flows, provided that data is available, and 2) enable identification of key 
WRRFs that largely contribute to local and downstream eutrophication 
and thus could serve as ideal candidates for advanced nutrient recovery 
technology.

2.2. Definition of terms and calculations

In this section, we define several terms used in this study to provide 
clarification of concepts and calculations. Firstly, a distinction is made 
between “emissions” and “loading.” In this study, the term “emissions” 
refers to P flows directly from WRRFs within the geographic boundary of 
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a local compartment; that is, emissions refer to local discharges of 
phosphorus. “Loading” refers to all releases of phosphorus entering a 
defined geographic boundary, which includes both local discharge 
(emissions) as well as phosphorus flows from upstream sources entering 
the geographic compartment of interest (advective loadings). “Upstream 
sources” refer to P entering a receiving compartment that is exogenous 
of the geographic boundary of the receiving compartment.

Additionally, it is important to define spatially explicit EP and terms 
used to calculate EP from an LCIA perspective. In LCIA, EP is a midpoint 
impact relating a steady-state mass flow (P loading, i.e., emission) to a 
change in steady-state mass in receiving compartment (Henderson et al., 
2021; Jolliet et al., 2004). Spatially explicit EP is calculated by multi-
plying a P flow by a spatially explicit fate factor (FF). A spatially explicit 
FF for phosphorus estimates the persistence of P emissions, or residence 
time, in a compartment based on site-specific removal processes 
including losses via water use, retention in sediment, and removal 
downstream through advection (Helmes et al., 2012). FFs have units of 
time (mass in compartment/mass released. time− 1), and the unit chosen 
for this study is years. The effect factor is not included in the definition of 
spatially explicit EP at the midpoint level. An effect factor (EF) in EP 
relates the emission of P to its potential ecological damage to a 
compartment, and is more commonly applied to endpoint character-
ization (Bulle et al., 2019; Helmes et al., 2012). With the addition of 
spatially explicit effect factors for freshwater eutrophication, future 
studies can focus on calculating end-point impacts from WRRF 
discharge. However, this study focuses solely on spatially explicit EP 
midpoint impacts, with P flows multiplied by spatially explicit FFs 
(Helmes et al., 2012). Global spatially explicit FFs for P flows used in this 
study are provided by Helmes et al. for grid cells at 0.5◦ spatial resolu-
tion (~50 km × 50 km cells at mid-latitudes). Despite recent improve-
ments in eutrophication modeling at local and regional scales (Zhuang 
et al., 2024), there are no phosphorus fate models with higher spatial or 
temporal resolution available for areas as large as the U.S.

FFs can be further classified as either individual or cumulative. An 
individual FF describes the persistence of P in a single receiving cell. A 
cumulative FF is a combination of multiple, hydrologically connected 
cells, and thus depends on transfer fractions between those cells. A 
transfer fraction is dimensionless and defined as the percentage of a P 
flow that is transmitted from an upstream cell to a downstream cell via 
advection. An emission originating from cell i has a transfer fraction of 
1.0 to cell i (100 % of the emission within the cell is transferred to itself). 
We make a distinction between individual transfer fractions and cu-
mulative transfer fractions. If a cell has a downstream receiving cell, the 
individual, or cell-to-cell, transfer fraction defines the fraction of P that 
is transmitted from emitting cell i to receiving cell j (adjacent). A cu-
mulative transfer fraction calculates the fraction of P that is received in a 
cell not adjacent to the emitting cell by taking the product of the indi-
vidual transfer fractions of all cells connecting the emitting cell to the 
receiving cell. Then, a cumulative (downstream) FF for a given cell (FFi) 
is defined as the sum of the product of cumulative downstream transfer 
fractions and respective individual FFs, as shown in Equation (2)
(Helmes et al., 2012): 

FFi[years] =
∑n

j=i
fi,j[dimensionless]* τj[years] =

∑n

j=i
FFi,j[years] (1) 

where cell i is the index of the emitting, or upstream, cell, cell j is the 
index of receiving, or downstream, cells, fi,j is the cumulative transfer 
fraction of P from cell i to cell j, τj is the residence time of P in cell j, and 
FFi,j is the FF from emission in upstream cell i to receiving cell j (Helmes 
et al., 2012). The sum of j is over the emitting cell (i) and all downstream 
cells (i.e., up to and including the last cell, n).

Lastly, a distinction is made between EP from an emitting perspective, 
and EP from a receiving perspective. EP from an emitting perspective, 
hereby referenced as EPE, represents spatially explicit impacts from P 
emissions in an emitting cell multiplied by spatially explicit cumulative 

FFs (discussed further in Section 2.3), and as shown in Equation (1). This 
cumulative “emission” perspective is frequently, if not exclusively, used 
in characterization of eutrophication, as it combines the local and 
downstream EP of an emission (the EP in this framework is assigned to 
the cell where the emission occurs). EP from a receiving perspective, 
hereby referenced as EPR, calculates total EP in a receiving compart-
ment, including EP from local P emissions and upstream P sources 
(discussed further in Section 2.4). The EPR perspective is novel in the 
application of LCA-based FFs. We note that EPE and EPR are two distinct 
perspectives that are not meant to be added or otherwise quantitatively 
related; rather either perspective can be used depending on the focus of 
an analysis.

2.3. Spatially explicit EPE in the U.S. From WRRF discharge

For the first objective, U.S. WRRF data including latitude, longitude, 
and P emissions were obtained from the EPA Nutrient Modeling (Hyp-
oxia Task Force Search) Tool (US EPA, 2022b). The search criteria were 
set to include P loadings from ‘Publicly Owned Treatment Works 
(POTWs) Only’ with the exception of including industrial facilities that 
also treat domestic sewage. No other limiting parameters were defined. 
The tool exported 17,020 WRRFs in the U.S. These plants were mapped 
using the latitude and longitude reported for each plant. Next, these 
points were matched to cells in the 0.5 × 0.5◦ network of the FF model 
(Helmes et al., 2012). The number of treatment plants per cell (count), 
their cumulative local phosphorus emissions, and minimum and 
maximum emissions were calculated using the ‘Aggregate Points’ tool. 
These cells were joined with the global FFs (Helmes et al., 2012) to 
create a new table with 2255 cells, each with individual and cumulative 
FFs, transfer fractions and P emissions data if available. Of these cells, 
451 had null values for their cumulative FF; these factors show that 
these cells are arid and evapotranspiration potential exceeds precipita-
tion. Additionally, 71 cells had no local phosphorus emissions. A new 
“EP” field was created in the joined attribute table to represent spatially 
explicit EPE. The calculation for EPE in cell i is shown in Equation (1): 

EPE,i
[
lbs Peq

]
=Pi

[
lbs P
year

]

*FFi[years] (2) 

where Pi =
∑N

k=1 Pk, or the cumulative P emissions from sources, k, 
located within emitting cell i. FFi is the cumulative FF (i.e., accounting 
for FF in cell i and downstream) for P emitted in cell i.

A classification map was generated in ArcGIS Pro to show the 
spatially explicit EPE in the U.S. calculated from Equation (1) specif-
ically from WRRF discharge. The population in each grid cell was also 
determined to aid interpretation. A raster file for global population was 
obtained from the Global Human Settlement Layer (GHSL), clipped to U. 
S. boundaries, and converted to a point feature layer (Florczyk et al., 
2019; Freire et al., 2019). Similar to the treatment plant point feature 
layer, this layer was aggregated to the grid cells from Helmes et al. and 
the total population was calculated for each cell. A table ranking the top 
10 cells by total EP is provided. A table with all 1733 cells ranked by EPE 
is included in the supplementary material (Table S1).

2.4. Determination of local and upstream contributions to EPR

For the second objective, a “receiving” perspective is particularly 
useful for our current application, as it disaggregates the total EPR in 
each cell into local and upstream contributions. Mathematically, a 
receiving FF can be calculated as in Equation (2), above, but this 
calculation is of limited use, as it implicitly uses a unit emission in all 
upstream cells. However, total EPR in a receiving cell j can be calculated 
by including exogenous P loading arriving from upstream cells, i, as 
shown in Equation (3): 
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EPR,j
[
lbs Peq

]
=

∑

cell j and all cells

upstream of j

i=j
FFi,j*Pi (3) 

where i are all cells upstream of a receiving cell j, FFi,j is as in 
Equation (1), the FF from emission in upstream cell i to receiving cell j. 
Thus, FFi,j *Pi is the loading-adjusted phosphorus emission in cell i 
reaching cell j. In contrast to the emission (downstream) perspective, 
where each cell discharges to one cell only, there may be branches up-
stream of a receiving cell. The fraction of local and upstream emissions 
may be calculated relative to EPR. A map was generated to show local vs. 
total EPR for all 1733 cells in the U.S. that have both P loading and FF 
data.

2.5. EPA 303(d) listed nutrient impaired waters

This study also includes a closer analysis of nutrient impaired waters 
in the U.S. to assess current EPR and their sources. A list of EPA 303(d) 
listed impaired waters was obtained from the NHDPlus Indexed Dataset 
with Program Attributes (US EPA, 2015b). A total of 49,876 listings 
were obtained with information including Total Maximum Daily Load 
(TMDL) ID, cycle year, listed water ID, ‘Parent_Pollutant’ group, and 
TMDL ‘Pollutant_Name.’ This list was reduced to include listings with 1) 
“Point source” or combined “Point source/nonpoint Source” listings, 2) 
a TMDL Parent_Pollutant of “Nutrients,” and 3) a TMDL Pollutant_Name 
of “Phosphorus.” In order to map this reduced list of 303(d) listed wa-
ters, hydrologic unit code (HUC) data was obtained. To our knowledge, 
there is no current database that allows for automatic matching between 
303(d) listed impaired waters with HUC data. To match listings to 
HUC-12 data, we used python-based scripts (Zimmerman, 2021). A map 
of 303(d) listed impaired waters meeting our criteria (444 listings) were 
mapped as points, lines, or polygons based on their reported geographic 
attributes. The intersection of 303(d) listings with the gridded FF cells 
provided a list of all grid cells containing impaired waters. Local vs. 
upstream contributions to EPR were mapped separately to provide 
additional insight into the potential interventions that may be relevant 
for specific impaired locations.

2.6. Case study: nutrient recovery in WRRFs upstream of the Wabash 
River in Indiana

With knowledge of the relative contribution of total EP from local vs. 
upstream sources, we can make more informed decisions in determining 
the most relevant WRRFs for phosphorus-reducing intervention such as 
implementation of nutrient recovery technologies. Here we describe a 
case study to demonstrate how these data can be used to mitigate EP 
most effectively for a 303 (d) nutrient impaired river. A portion of the 
Wabash River in Indiana was chosen for the case study in this analysis as 
it contains cells with a wide range of local to total EP contributions 
(described further in Section 3.4). Choosing a point just downstream of 
Indianapolis, IN as the downstream boundary of the watershed (the 
outlet of the study area), a list of all upstream contributing cells was 
determined using the Helmes et al. flow data (Helmes et al., 2012). Total 
spatially explicit EPR was calculated for the cell encompassing the 
mouth of the river using Equation (3) with FFs and transfer fractions for 
all contributing cells. Once total EPR was calculated, disaggregation of 
EPR by contributing cell was estimated. Percent contributions to the 
total EPR at the outlet of the Wabash River case study area from each 
upstream cell were calculated and compared to determine key contrib-
uting cells. Once these cells were identified, theoretical nutrient re-
ductions were modeled to determine potential EPR changes to the 
receiving cell based on assumed nutrient reduction in each contributing 
cell.

3. Results and discussion

3.1. Spatially explicit EPE from WRRF discharge

Fig. 1 presents a map with graduated colors reflecting spatially 
explicit combination of phosphorus fate and loading, i.e. the EP (lb P- 
eq), from WRRF discharge in the U.S.

High EPE from plant discharge is shown by orange and red grid cells; 
these cells exhibit either 1) high phosphorus loading from discharge, 2) 
large cumulative FFs, or both. While high phosphorus loading may be 
influenced by a variety of factors (population density, high industrial 
activity/loading, etc.), a high cumulative FF indicates that P loading 
from a particular grid cell will have a higher overall residence time in 
receiving and downstream freshwater streams compared to grid cells 
with lower cumulative FFs. Some of the highest EP cells are in the Great 
lakes area (Chicago, Milwaukee, Detroit, Cleveland and Buffalo), but 
other metro areas (Jacksonville, Kansas City, Jefferson City, Tulsa, 
Memphis, Houston, and Dallas) are among the top cities. To the west, 
there are fewer grid cells shown as a) population density is lower, and 
there are regions with 0 WRRF loading, and b) this region of the U.S. is 
more arid (grid cells have a null FF) than the eastern U.S. Regarding the 
latter, a null cumulative FF signifies that evapotranspiration rates 
exceed precipitation; therefore, in the model, no phosphorus is trans-
ferred to a downstream cell (we recognize that seasonal flows may 
indeed transport P in these areas). Hotspots in the west include Salt Lake 
City, San Diego, and Seattle.

These results provide an overview of current site-specific EPE to U.S. 
water bodies specifically from WRRF discharge and highlight key areas 
where EPE are driven by either P flows and/or hydrologic conditions 
allowing for easy transfer of P to downstream cells. Table 1 shows the 
top 10 grid cells with the largest EPE from wastewater plant discharge 
along with the grid cell population, total P loading to the cell, and the 
cell’s cumulative FF.

The grid cell that includes the Chicago area (51015) has EPE an order 
of magnitude higher than the grid cell with the second highest EPE. High 
EPE in this cell results from both high P emissions to this cell as well as a 
cumulative FF that is higher than almost all other FFs shown in Table 1. 
Interestingly, grid cell 50404 (outside of St. Louis) has almost 25 times 
the amount of phosphorus emissions from WRRF discharge compared to 
the Chicago-area grid cell; however, the cumulative FF for this cell is two 
orders of magnitude smaller, providing only one-fourth of the EPE 
compared to cell 51015. Grid cells 51123 and 49019 have similar values 
for annual phosphorus emissions but vary in EPE by 8,000,000 lb P. 
These results highlight how EPE can change significantly when site- 
specific characterization factors are used instead of site generic fac-
tors. With the inclusion of site-specific FFs, EPE can be estimated and 
used to prioritize locations of WRRFs for which advanced nutrient 
removal/recovery may be most environmentally beneficial. Fig. 2 shows 
each grid cell’s EPE as bubble size, plotted against phosphorus emissions 
(x-axis) and cumulative FF (y-axis).

A wide range of sizes for EPE is shown in Fig. 2, with most data be-
tween P loading of 10,000 and 10 million lbs P per year. Cumulative FFs 
ranged between 0 and 10 years. Treatment plants with lower FFs typi-
cally showed smaller and similar values of EPE despite the P loading 
spanning two orders of magnitude, ranging between 10,000–1,000,000 
lb P loading/year. Some exceptions include the third largest EPE bubble 
with nearly 100,000,000 lb P loading per year (grid cell 50404 between 
St. Louis and Jefferson City, MO). Conversely, WRRFs with lower P 
loading values (1000–10,000 lb P/yr) had smaller values of EPE despite 
having cumulative FFs ranging between 1 and 10 years.

3.2. Spatially explicit EPR from WRRF P loading in the U.S

A map showing the ratio between local to total EPR in non-arid grid 
cells is shown in Fig. 3. This map only includes cells that are both non- 
arid and have a non-zero phosphorus loading (either all upstream, all 
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local emissions, or a mix of the two).
A total of 1767 cells are both non-arid and have non-zero loading. 

The purple and dark colors show cells that have a larger ratio of up-
stream contributions to EPR as opposed to EPR arising from local emis-
sions, with some of these cells (34, in black) receiving nearly all EPR 
from upstream cells (local:total ratio <0.01). Cells encompassing river 
segments tend to have these darker colors instead of lighter orange or 
yellow colors, showing that for some bodies of water, EPR is primarily 
driven from upstream P emissions, not local P emissions (that is, local 
WRRFs discharging to the river). Red, orange and yellow cells show a 
higher ratio of the total EPR is coming from P emissions within the cell 
(local) versus upstream contributions; cells with EPR stemming only 
from local P emissions and no upstream contributions are yellow and 
have a local:total ratio of 1.0. This map also shows that most non-arid 
cells (952) receive 87 % or more of their EPR from local emissions 
rather than upstream loading. Of these cells, 832 have a local to total 
EPR loading ratio of 1.0. Based on these estimates, we observe that 
nearly half of all non-arid cells in the U.S. with P loading have the 
majority of spatially explicit EPR from local WRRF discharge rather than 
upstream WRRFs. For these cells, efforts to reduce EPR loading from 

WRRF discharge can focus on local WRRF discharge contributions to 
total P loading. Key WRRFs that discharge a certain percent contribution 
(i.e. 10 % or higher, depending on the focus of investigation), can be 
targeted as ideal plants to implement advanced nutrient removal.

3.3. EPA 303(d) listed impaired waters

A total of 444,303(d) listed nutrient impaired waters were identified 
and mapped (see Fig. 4); these consist of a combination of point, line and 
area data points to represent water bodies from total maximum daily 
load (TMDL) data. Of these, 20 impaired waters were modeled as points 
(primarily creeks and ponds) and 285 waters were mapped as polygons 
(primarily lakes). Rivers and streams were modeled as a collection of 
line segments (2087 segments; multiple segments used to map one river 
or stream). When intersected with grid cells at 0.5◦ resolution, 155 cells 
were found to encompass these waters. Fig. 5 below shows a heat map 
representing local:total EPR contributions to these cells with nutrient 
impaired waters. These waters are impaired due to a wide range of 
upstream and local P sources.

Of the 155 cells, 131 cells were paired with received EP and local: 

Fig. 1. Spatially explicit EPE in the U.S. from WRRF discharge.

Table 1 
Top 10 grid cells with EPE from WRRF discharge.

Grid Cell (City, ST) Population 
(millions)

Number of 
WRRFs

Cumulative P Loading (million lbs/ 
yr)

Cumulative FF 
(yr)

EP (million lbs 
Peq)

51015 (Chicago, IL) 4.25 26 4.31 5.18 22.3
51123 (Evanston, IL-north of Chicago) 1.19 11 1.69 5.31 8.96
50404 (Between St. Louis and Jefferson City, 

MO)
0.0688 33 97.3 0.0613 5.97

50923 (Cleveland, OH) 1.34 42 0.971 1.81 1.76
51132 (Detroit, MI) 1.81 16 0.757 2.05 1.55
50,760 (Salt Lake City, UT) 1.00 8 1.03 1.18 1.21
48941 (Houston) 2.72 180 3.13 0.345 1.08
49019 (Jacksonville, FL) 0.996 23 1.59 0.629 0.998
50405 (St. Peters, MO-west of St. Louis) 0.586 55 16.1 0.0588 0.949
51122 (Crystal Lake, IL-northwest of Chicago) 1.13 38 7.37 1.80 0.941
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total EPR ratios. Fourteen cells with nutrient impaired waters had null 
cumulative FFs. These cells reflect a disconnect between the capabilities 
of a global model and local conditions: arid cells are not necessarily 
devoid of water, though the model treats them as such. The remaining 
10 cells had no received P loading from either local or upstream con-
tributions. Cells with no P loading from WRRF discharge that are 
nutrient impaired may be receiving P from non-point sources, such as 
fertilizer or biosolids application. Approximately half of the cells (66) 
had 84 % or greater of EPR from local sources rather than upstream 
contributions. Only 27 cells had less than or equal to 12 % of their EPR 
from local sources.

3.4. Case study: Wabash River in Indiana

A flow network is shown in Fig. 6 identifying all upstream sources of 
P loading to the grid cell that contains the outlet of the Wabash River 
case study region (cell 50607). All flows to cells that contain reaches of 
the river are mapped with a green star denoting there are no further 
upstream flows into that cell. Total EPR was calculated based on each 
upstream P contribution from WRRF discharge. A total of 383 WRRFs in 
the 19 cells contain or contribute to different reaches of the Wabash 
River. The total EPR at the mouth of the river was estimated at 4863 lb P- 
eq. Table 2 shows the lb of P-eq contributed to cell 50607 from each 
upstream emitting cell as a percent contribution to total EPR.

Fig. 2. Spatially explicit EPE vs. P loading and cumulative FF; bubble size indicates EP, with the largest (Chicago) EP = 22.3M lbs P.

Fig. 3. Heat map of local vs. total EPR for all cells in the U.S. (non-arid).
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Cells 50609, 50709, and 50714 contribute the most to spatially 
explicit EP in cell 50607. Cell 50609 contributes the largest percentage 
of EPR (32 %) to the Wabash River. This cell contains most of the city of 

Indianapolis and contains 29 WRRFs (Table S2). Total P emissions in this 
cell from WRRF discharge is estimated at approximately 356,500 lb P 
annually. Of these P emissions, approximately 70 % comes from two 

Fig. 4. 303(d) listed nutrient impaired waters in the U.S. intersected with grid cells.

Fig. 5. Heat map of EPR in 303(d) nutrient impaired waters.

K.G. Morrissey et al.                                                                                                                                                                                                                           Journal of Cleaner Production 509 (2025) 145536 

7 



WRRFs: Indianapolis Belmont WRRF (56 %) and Carmel WRRF (14 %). 
Indianapolis Belmont WRRF has the highest design flow (125 million 
gallons per day, MGD). Carmel WRRF has a design flow of 14 MGD and 
all other treatment plants in this cell have a design flow of less than 10 
MGD. Cells 50714 and 50709 are the second and third largest contrib-
uting cells to EP loading. Total annual phosphorus emissions in these 
cells from WRRF discharge is 142,955 and 92,062 lb, respectively. Cell 
50714, which includes the city of Piqua, OH, has 22 WRRFs (Table S3). 
Nearly 90 % of P emissions in this cell come from 4 WRRFs: Sidney, 
Troy, Piqua and Minster WRRFs. The two largest contributors together 
make up almost 70 % of the P emissions from the cell.

All four treatment plants report an average P effluent concentration 
>1 mg/L, with Sidney reporting the highest P concentration at 5.2 mg/ 

L. Sidney and Troy have the highest design flows (7 and 5 MGD, 
respectively) while the other WRRFs in this cell have design flows of less 
than 1 MGD. For Cell 50709, which includes Lafayette, IN, has 27 
WRRFs (Table S4). Similar to cell 50714, approximately 90 % of P 
emissions are released from 4 WRRFs: Lafayette, Crawfordsville, West 
Lafayette, and Frankfort). The two plants with the highest P emissions 
contribute nearly 2/3 of the P emissions released from this cell. Unlike 
the WRRFs in the Piqua area, only one of the four WRRFs in the Lafayette 
region (Crawfordsville) has an average reported P effluent concentration 
of greater than 1 mg/L (3.1 mg/L average P effluent concentration). The 
highest contributing plant, Lafayette, has an average P effluent con-
centration of 0.74 mg/L but a design flow that is three times bigger than 
the next largest WRRF (West Lafayette).

This information can also be presented after modeling changes in P 
emissions from individual cells resulting from theoretical implementa-
tion of nutrient recovery and/or advanced treatment technologies in 
WRRFs to determine changes in P loadings to the Wabash River water-
shed. Fig. 7 shows the estimated potential changes that could be ach-
ieved in steady-state EPR to the Wabash River watershed if P emissions 
from individual cells are uniformly reduced by 25 %.

Data points in this figure represent individual cells and are labeled 
based on the WRRF with the largest EPR contribution they contain 
within their geographic boundary. For cells clustered near the origin, a 
25 % change in their P emissions would change their annual P emissions 
by 20,000 lb P or less and result in changing overall watershed EPR by 
less than 1000 lb P-eq. Thus, cells with a lower P emission reduction but 
higher change in watershed EP are the key cells to analyze. In other 
words, the greatest EP reduction can be achieved with a smaller change 
in P emissions within these key cells.

Changes in P emissions in the Indianapolis cell would have the 
greatest impacts to EPR as this cell contributes nearly 1/3 of loading to 
the outlet of the Wabash River. However, based on our analysis, Piqua 
and Sidney achieve a EPR reduction close to that of Indianapolis (3600 lb 
P-eq to 4200 lb equivalent, respectively) but with a less than half of the 
required reduction in lb of P emitted. A 25 % reduction in P emissions in 

Fig. 6. Wabash River flow network with local to total EP contributions.

Table 2 
Percent Contribution to EPR to outlet of Wabash River case study region (cell 
50607).

Emitting Cell 
ID

EP Loading to Receiving Cell 
50607 (lb P-eq)

Percent Contribution to 
Total EPR

50607 35.1 1 %
50608 112 2 %
50609 1540 32 %
50610 279 6 %
50611 217 4 %
50707 141 3 %
50708 36.1 1 %
50709 484 10 %
50710 164 3 %
50711 352 7 %
50712 187 4 %
50713 109 2 %
50714 492 10 %
50808 284 6 %
50810 87.0 2 %
50811 170 3 %
50812 118 2 %
50813 62.3 1 %
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this cell could be achieved through advanced treatment/nutrient re-
covery processes implemented at one or more plants in this particular 
cell. For example, the Sidney WRRF has an average effluent P concen-
tration of 5.2 mg P/L and an average flow of 4.5 MGD, resulting in 
approximately 70,500 lb P emitted per year. To achieve a 25 % reduc-
tion in these emissions, the P effluent concentration would need to be 
reduced to under 4 mg/L to reduce P emissions from this cell from 
approximately 70,500 lb P/year to 52,900 lb P/year. As the plant 
currently uses conventional activated sludge processes to treat waste-
water, advanced treatment technologies, such as enhanced biological 
nutrient removal, could be used to lower the P concentration to below 4 
mg/L (US EPA, 2007).

4. Conclusion

This study extends the evaluation of EP from the standard LCIA 
perspective of assigning the impact to the emitting cell only and pro-
vides a mechanism to extend the understanding of EP to an upstream 
contribution perspective. This analysis provides an estimation of key 
point-source P emissions and sources of EP to grid cells in the U.S. from P 
flows in WRRF discharge. An analysis of current spatially explicit EPE 
estimates in the U.S. show EPE comes from grid cells that have either 
high P emissions or high cumulative FFs. Some key regions include the 
Great Lakes area, areas in the Midwest, as well as some areas closer to 
arid regions such as Houston, TX and Utah. Changes in P flows to these 
cells achieved through nutrient recovery or advanced treatment tech-
nologies will be able to reduce P emissions in these cells. Thus, imple-
mentation of nutrient recovery or advanced treatment technologies in 
these locations would be most environmentally beneficial from an 
emissions perspective. With regards to received EPR from WRRF 
discharge, most cells in the U.S. receive their P loading from local 
emissions, showing that local intervention may have the most significant 
impact to mitigating EPR in these cells. However, there are cells in which 
local loadings are not the highest contributing factor to EPR loadings, but 
rather P emissions from upstream cells. The case study shows how this 
data can be further disaggregated to identify key cells contributing to a 
receiving cell and thus identifying WRRFs that may be contributing most 
to P emissions and EPR from WRRF discharge. This study shows how this 
approach can be used to analyze a receiving cell, such as one containing 
303(d) nutrient impaired water, and determine upstream sources of P 

that can be further linked to specific WRRFs.
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5. Limitations

As shown in several figures, the approach used in this manuscript to 
identify sources of eutrophying emissions is based on a fate model 
suitable for large-scale assessments. Here, we apply it at the national 
level and demonstrate the analysis through a case study. The limitations 
of the underlying fate model are applicable here, including that model 
does not include a soil fate component; therefore, the irrigation effects 
are not captured. Furthermore, the model is limited to regions of the U.S. 
where there is a significant flow of water through the system. The 
approach is not yet well-suited to characterizing EP in much of the arid 
and semiarid western U.S. In such areas, it is likely that particulate- 
bound phosphorus will be slowly moved downstream by ephemeral 
flows. As large flows are necessary to mobilize particles, it’s difficult to 
assess the degree to which the model is underestimating P flows. The 
model operates with an annual timestamp, so sub year, seasonal, vari-
ability is not captured. The principles used in this work will be appli-
cable if the data and models are available at higher spatiotemporal 
resolution. Higher resolution modeling would, for example, allow the 
evaluation of recovery options and tradeoffs among nearby (< about 50 
km, in the current model) WRRFs. Lastly, the work does not include non- 
point source P flows, which limits our ability to paint a full picture of EP 
in the U.S. Within WWT, some nutrient recovery technologies have 
shown that P reductions are primarily realized in sludge rather than 
liquid effluent. Therefore, it is important to include P flows of land 
application of sludge to capture the full environmental benefits that can 
be achieved from nutrient recovery technology. Future studies should 
build on this work to include these P flows when this data is made 

Fig. 7. EPR reduction potential as a function of reduced P loading.
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Johansson, K., Perzon, M., Fröling, M., Mossakowska, A., Svanström, M., 2008. Sewage 
sludge handling with phosphorus utilization – life cycle assessment of four 
alternatives. J. Clean. Prod. 16, 135–151. https://doi.org/10.1016/j. 
jclepro.2006.12.004.

Jolliet, O., Müller-Wenk, R., Bare, J., Brent, A., Goedkoop, M., Heijungs, R., Itsubo, N., 
Peña, C., Pennington, D., Potting, J., Rebitzer, G., Stewart, M., de Haes, H.U., 
Weidema, B., 2004. The LCIA midpoint-damage framework of the UNEP/SETAC life 
cycle initiative. Int J LCA 9, 394–404. https://doi.org/10.1007/BF02979083.

Jönsson, H., Stintzing, A.R., Vinnerås, B., Salomon, E., 2004. Guidelines on the Use of 
Urine and Faeces in Crop Production. EcoSanRes Publications. Stockholm 
Environment Institute, Stockholm, Sweden. 
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