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ABSTRACT: Interconnected food, energy, water systems
(FEWS) require systems level understanding to design efficient
and effective management strategies and policies that address
potentially competing challenges of production and environmental
quality. Adoption of agricultural best management practices
(BMPs) can reduce nonpoint source phosphorus (P) loads, but
there are also opportunities to recover P from point sources, which
could also reduce demand for mineral P fertilizer derived from
declining geologic reserves. Here, we apply the Integrated
Technology-Environment-Economics Model to investigate the
consequences of watershed-scale portfolios of agricultural BMPs
and environmental and biological technologies (EBTs) for co-
benefits of FEWS in Corn Belt watersheds. Via a pilot study with a
representative agro-industrial watershed with high P and nitrogen discharge, we show achieving the nutrient reduction goals in the
watershed; BMP-only portfolios require extensive and costly land-use change (19% of agricultural land) to perennial energy grasses,
while portfolios combining BMPs and EBTs can improve water quality while recovering P from corn biorefineries and wastewater
streams with only 4% agricultural land-use change. The potential amount of P recovered from EBTs is estimated as 2 times as much
as the agronomic P requirement in the watershed, showing the promise of the P circular economy. These findings inform solution
development based on the combination of agricultural BMPs and EBTs for the cobenefits of FEWS in Corn Belt watersheds.
KEYWORDS: FEW nexus, Watershed approach, Trade-offs and synergies, Phosphorus recovery, Environmental benefit

■ INTRODUCTION
The food, energy, and water systems (FEWS) in Corn Belt
watersheds are multifunctional systems that jointly produce
crops (mainly corn and soybean), food products, animal feed,
ethanol, water (for both the environment and domestic use),
and other ecosystem services.1,2 These functions generate
socioeconomic benefits along with high energy consumption,
nutrient discharge,3,4 and interconnected risks to food, energy,
and water sectors.5,6 Specifically, crop production in the region
faces challenges from weather variability, pests, input price
fluctuations, nutrient loss, soil erosion, and calls to reduce
fertilizer usage.7,8 Intensive fertilizer use in crop production
and expansion of corn-based ethanol production have led to
high nutrient loading to water bodies and require increased
energy use and costs for drinking water and wastewater
treatment9 while accelerating aquatic vegetative growth and
ecosystem disruptions.10 Phosphorus (P), a key component of
fertilizers and a major contributor to the harmful algal
blooms11 in the Great Lakes and the “Dead Zone” in the

Gulf of Mexico, plays a complicated role within the FEWS.12,13

A particular concern for the region is the so-called P paradox�
too much P from agricultural production and food processing
polluting water bodies despite a decline of phosphate rock
reserves for P fertilizer.14,15 For example, the Sanitary District
of Decatur, which treats wastewater from ADM and other
major food companies, is one of the largest point sources of P
in Illinois, and it contributes to the increased P load to the
Illinois River.16 Other substances (e.g., N and sediment) that
affect water quality should be included in analyses and
discussions evaluating strategies for water quality improve-
ment. However, the opportunities for recovering P from point
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sources, which could reduce both riverine P loads and P
demand from declining geologic reserves, have not been well-
studied and deserve in-depth analysis to address potentially
competing challenges of food production and environmental
quality. In addition, in the case study watershed (where
Decatur is located), large quantities of P discharge from point
sources is a major issue of concern.
Recently, efforts have been dedicated to the development of

FEWS models at different scales (e.g., communities,5 cities,17

watersheds,3 regions,5 countries18) using different modeling
approaches (e.g., nexus accounting,17 system dynamics,19

system of systems3). A holistic systems framework is also
needed to address these issues of FEWS in the Corn Belt with
a unique problem�high P and N discharge affecting drinking
water locally20,21 and the hypoxic zone in the Gulf nationally.22

However, at present, disciplinary-specific efforts have resulted
in siloed solutions that ignore or do not fully consider the
impact of the FEWS nexus interactions.5 For example, for
water quality control, individual projects that focus on point or
nonpoint sources have been undertaken separately.23−28 At the
watershed scale, agricultural best management practices
(BMPs) are usually implemented to reduce the nonpoint
nutrient contribution to water bodies;23−26 however, those
efforts often leave out the impact of point-source discharges
from wastewater treatment plants and industry. Meanwhile,
environmental engineers and biological engineers have
investigated technologies on nutrient removal for point-source
reduction and nutrient recovery, such as struvite.27−31

Unfortunately, nutrient recovery is often studied in discipli-
nary-specific models (e.g., biorefinery, wastewater), without
considering the impact on other processes at the watershed
scale.28,30,31 For example, recovering P from a corn biorefinery
can result in lower P in animal diets, which reduces P
concentration in animal manure and reduces the probability of
nonpoint source pollution from livestock manure in water-
sheds where animals are fed with reduced P content rations.
Moreover, novel environmental and biological technologies
(EBTs) often come with relatively high engineering cost.30,31

Thus, understanding the interactions and complementarities
among multiple interconnected physical processes (e.g.,
nutrient loading from landscape runoff and point-source
discharges, reservoir trapping, and in-stream transport and
deposition) is critical for optimizing point and nonpoint source
nutrient management and efficiently achieving nutrient
reduction targets.1,4 Coordinated implementation of those
practices requires interdisciplinary collaboration and knowl-
edge transfer beyond the current status quo in silos.
As traditional watershed management studies lack the

integration of agricultural and engineering systems, the
importance of coordinating nonpoint source and point-source
nutrient recovery and management has not been addressed
with depth. To help decision-makers in Corn Belt watersheds
address interrelated challenges and identify opportunities, we
developed the Integrated Technology-Environment-Econom-
ics Model (ITEEM) tool3 that captures essential technology-
environment-economics relations and can be used to explore
insights on the FEWS nexus, which are not available from
single-discipline modeling efforts. To this end, we couple the
ITEEM with an optimization algorithm to systematically
investigate portfolios that can most efficiently achieve the
cobenefits (i.e., water quality, food production, economic
benefits, P recovery) of FEWS in Corn Belt watersheds. We
address the following key question: whether portfolios

consisting of BMPs and EBTs can be optimized to provide
environmentally acceptable and economically feasible solutions
for the sustainable management of nutrient pollution from
FEWS in Corn Belt watersheds. The core hypothesis of this
study is agricultural BMPs must be accompanied by cutting-
edge EBTs in watershed management portfolios to effectively
manage the FEWS in Corn Belt watersheds.

■ METHODS
In this study, we apply the ITEEM to investigate watershed-
scale portfolios of agricultural BMPs and EBTs via a case study
in a typical Corn Belt watershed. The physical, biophysical, and
chemical processes involved in the integrated model were
validated by historical data (see refs 27, 29, 30, 32 for more
details); the economic parameters and relations are validated
by Parthum and Ando.32 The ITEEM is coupled with a
multiple-objective optimization program to illustrate the trade-
offs and synergies among the food, energy, water, and
environment systems and to explore solutions based on
spatially explicit combinations of agricultural BMPs and EBTs.

An Integrated Modeling Tool for Identifying Holistic
Solutions at a Watershed Scale. This study applies the
Integrated Technology-Environment-Economics Model
(ITEEM) that incorporates the interdependencies among
food, energy, and water sectors in a typical Corn Belt
watershed. Specifically, five model components are included
in ITEEM: (1) the Soil and Water Assessment Tool (SWAT)
to simulate the impact of spatially distributed BMPs on
watershed water quality, water quantity, and crop production;
(2) wastewater treatment (WWT) models to evaluate
treatment alternatives that impact point-source nutrient
(both NO3−N and P) effluents at a monthly scale and P
recovery potential as struvite;28 (3) corn biorefinery (CB)
models developed using SuperPro Designer (Intelligen, Inc.)
to investigate the potential for P recovery and assess energy
consumption;30,31 (4) a drinking water treatment model
(DWT) that responds to nitrate and sediment inputs from
SWAT to simulate the impacts of upstream agriculture on
energy costs for nitrate and sediment removal; and (5) an
empirical economic model3 that evaluates system-level benefits
and the nonmarket value of water quality improvement based
on a survey of the public. The five individual component
models are integrated using surrogate models developed by
various data-based modeling techniques (e.g., a modified
response matrix method for SWAT,33 a machine learning
approach for surrogating plant-wide WWT models28). Detailed
information about the component models, their surrogates, the
interactions between the components, and the architecture of
the integrated model are provided in a previous article.3

For the agricultural BMPs, we designed different BMP
combinations consisting of P fertilizer application reduction
(15 or 30% reduction), cover crop (a winter cover after corn),
tillage practice (reduced tillage in fall), and edge-of-field/
riparian practices (filter strips, grassed waterways). Land-use
change converting cropland or marginal land to perennial
energy grasses has attracted attention under the cellulosic
biofuel mandate in the Renewable Fuel Standard Program.7,34

In this study, we consider land-use change consistent with an
expansion of perennial grass crops as one additional BMP.
Details regarding the simulation of those BMPs are provided in
Section 1 and Table S1 of the Supporting Information (SI).
EBTs include five wastewater treatment technology alter-
natives for removing and potentially recovering P: (1)
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activated sludge (AS) as the status quo, (2) AS with chemical
precipitation (ASCP), (3) modified Bardenpho enhanced
biological phosphorus removal (EBPR), (4) EBPR with
acetate addition (EBPR-A), and (5) EBPR with struvite
recovery (EBPR-S). The EBTs also include two biological
engineering technologies: wet-milling and dry-grind corn
biorefinery models, each of these models including two
options: no P recovery and P recovery. Lists of BMPs and
EBTs used in ITEEM optimization are provided in SI Table
S2.
The interaction of SWAT with WWT and CBs are simulated

by (1) using manure as land-applied fertilizer with reduced P
for a dedicated subwatershed that receives manure from a
nearby animal feedlot; (2) using sludge as land-applied
fertilizer based on different WWT alternative technologies
deployed in the subwatershed where the WWT is located.
More details on simulations of BMPs, manure, and biosolid
applications are provided in SI Section 1. Overall, the ITEEM
allows the identification of watershed management portfolios
to manage FEWS.
Multiple-Objective Optimization Framework. A multi-

ple-objective optimization framework is usually employed to
assess trade-offs and synergies. According to Pareto optimality,
trade-offs exist among the set of noninferior solutions that
form a frontier, such that a gain in one objective leads to a loss
of some other(s). In this work, we hypothesize that a collection
of noninferior solutions consisting of only BMPs can be
improved by combined solutions consisting of BMPs
(including land-use change) and engineering technology
innovations and thus provide positive synergy (i.e., win-win
for some objectives) to the FEWS in Corn Belt watersheds.
Objective Function. Four objectives represent the multi-

dimensional functions of the FEWS: (1) system benefit, (2)
water quality, (3) crop production, and (4) P recovery. The
first objective, system benefit, quantifies the net economic
benefits, which is the difference between the revenue from
product sales, nonmarket valuation of associated water quality
improvements, and costs of BMPs and the engineering systems

(WWT, DWT, CB). Because different systems have different
lifespans, we use equivalent annual cost (EAC) to combine
one-time and ongoing costs and benefits into an annual cost
stream to quantify the annualized monetary net benefits for the
entire system. The second objective, water quality, is quantified
using nitrate and TP mass discharge. The third objective, crop
production, accounts for corn and soybean mass production.
Furthermore, we include the amount of P recovery (including
the mass amount of P recovered from WWT and CB) as one
objective, given the role of P recycling to address P paradox.29

Although energy demand can be an objective in managing
FEWS, we do not include it as an objective because the change
in energy demand associated with the three engineering
systems (WWT, CB, and DWT) in different watershed
solution portfolios is negligible (less than 1% change). All
objectives are assigned equal weight and are normalized
between 0 and 1 to facilitate efficient solution convergence.
Detailed objective formulations are provided in Appendix SI,
Section 2.

Decision Variables. The decision variables include agricul-
tural BMPs and EBTs. We initially considered a total of 55
candidate agricultural management practice combinations that
include adding a winter cover crop, P fertilizer reduction, or
expanding land area in filter strips or grassed waterways, from
which the five most cost-effective were selected based on
performance of TP and NO3−N reduction. Perennial energy
grasses were also selected as an option because of their large
nutrient reduction potential. Details on selecting the five most
cost-effective BMP combinations are provided in SI, Section 3.
We further cluster the spatially distributed BMP combinations
from subwatershed scale to subwatershed clusters using k-
means clustering to reduce the number of decision variables at
spatial scale (see details in SI, Section 4). An integer decision
variable (0−4) is used for the selection of the dominant
wastewater treatment plant from five treatment alternatives
that remove and recover P by chemical or biological processes.
Three binary variables are defined with three corn biorefineries

Figure 1. Map of Upper Sangamon River Watershed (USRW) with plant locations for engineering systems and a dairy cattle feedlot.
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(two wet-mill facilities and one dry-grind facility) for selection
between status quo (no P recovery) and P recovery.
Constraints. The maximum allowable area for application of

BMP combination is constrained by the total agricultural land
available in each subwatershed. We impose a minimum 15%
reduction in the annual average NO3−N and TP loads at the
outlet because water quality improvement is particularly
important in the study area due to its contribution to nutrient
pollution in the Gulf of Mexico. This constraint is the
intermediate reduction target for NO3−N is 15%, while the
intermediate reduction target for P is 25% by 2025 in Illinois.35

A 15% reduction constraint was applied to both N and P at the
outlet because a 25% P reduction is not feasible under the
“BMP-only” solutions. In practice, this means that solutions
exist when only considering agricultural BMP adoption
without EBTs during the optimization process.
Algorithm. We applied a fast and elitist multiobjective

genetic algorithm with reference directions (NSGA-3)36 using
the Pymoo package37 in Python. Evolutionary algorithm
iterations were stopped upon the maximum evaluations
(25 000 runs) or/and when objective values are improved
less than 0.5% for the last 20 generations. To evaluate the roles

of BMPs and EBTs on FEWS performance, we run the
optimization model under two settings: (1) “BMP-only”,
considering the spatially distributed BMPs (60 decision
variables in total) only, with existing engineering technologies.
(2) “BMPs + EBTs”: considering spatially distributed BMPs
plus EBTs (one variable for WWT and three variables for three
CBs).

A Typical Agro-industrial Watershed. The Upper
Sangamon River Watershed (USRW) located in Central
Illinois, with a size of 3732 km2, is used as the case study
area (Figure 1). The USRW, a watershed with about 90% of
land cover being cultivated agricultural land, faces issues
related to both agricultural runoff and municipal and industrial
nutrient discharges. The combination of subsurface (tile)
drainage with continuous annual row cropping (generally corn
and soybeans), high organic matter soils, and high fertilization
rates commonly lead to nutrient pollution and nitrite
concentrations that periodically exceed the maximum con-
taminant level (10 NO3−N mg L−1) based on US National
Primary Drinking Water Regulations.38 As a result, energy
consumption and cost of public drinking water supplies for
reducing nitrate concentrations in the USRW are increased,

Figure 2. Phosphorus (P) flow at the watershed scale under two scenarios during 2012−2018: baseline (a) and alternative scenario (b) (adoption
of BMPs + engineering technology upgrade). All values presented are in metric ton per year (MT yr−1). Detailed P flows related to point and
nonpoint source pollution in (a) and (b) are provided in (c) and (d), respectively. All forms of P inputs and outputs are expressed as mass of
elemental P regardless of specific forms. Specifically, the elemental P content of P recovery products from a corn biorefinery is 26.4% based on the
experimental findings. The elemental P content of diammonium phosphate as fertilizer is 20%. The organic and inorganic P from nonpoint sources
were simulated by SWAT and accounted as TP. The point-source P was simulated as TP in the form of elemental P by GPS-X software. Imported
corn was calculated based on the plant capacity of biorefineries, while the production of local corn and soybean was obtained from the SWAT
simulation, which has been validated based on the historical corn and soybean production;42 P content in corn and soybean on a dry basis is
assumed to be 0.33% and 0.63%, respectively, based on a survey of more than 2000 corn and soybean grain samples in Illinois.43 Other P flows were
simulated in the integrated model based on their elementary P in each process.3
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like many other flat, tile-drained, and intensively cultivated
watersheds in the Corn Belt.20,39,40 Lake Decatur in the
watershed serves as the source for industrial and municipal
water supply in City of Decatur. Sediment deposited in Lake
Decatur affects both active storage and water quality and
requires costly sediment dredging. The City recently
completed a $92 million lake dredging program to increase
storage in the lake, as over one-third of the storage capacity
was lost due to sedimentation, which is equivalent to around
$23 per metric ton of sediment dredged based on an internal
report from City of Decatur, IL. Along with sediment, a
portion of riverine P from the watershed upstream of the Lake
is also deposited in the Lake. Consequently, BMPs for
reducing sediment and P loss implemented upstream of the
Lake provide benefit to the Lake and water treatment cost, but
the impact of these BMPs on P and sediment loads at the
watershed outlet will limited by deposition in the Lake.
Furthermore, the uncertainties in BMP performance and P
deposition in the Lake complicate schemes for nutrient
reduction trading between point and nonpoint sources.
Additionally, the USRW has one of the largest point-source

total P dischargers in Illinois. The Sanitary District of Decatur
(a wastewater treatment plant) treats the municipal and
industrial wastewaters with P concentration averaging about 15
mg P L−1 from biorefineries that process corn and soybean.8

The Sanitary District of Decatur discharges into Sangamon
River downstream from Lake Decatur. Point-source TP
contributes about 70% of the TP loads at the watershed
outlet. Technology upgrades are needed to comply with a
monthly average effluent concentration P limit of 1 mg P L−1,
effective in 2030. Three corn biorefineries (CBs), including
two wet-milling plants and one dry-grind plant located in the
USRW, produce corn gluten feed and distillers dried grains
with solubles as coproducts, respectively. Both coproducts can
be sold as an ingredient for animal diets. P recovery
opportunities exist in aqueous streams of both wet-milling

and dry-grind biorefineries and therefore reduce the P content
in byproducts.30,31 The P loss from manure will further be
reduced if animal is fed with reduced P content as diets.

■ RESULTS AND DISCUSSION
Phosphorus Flow in Agricultural and Engineering

Systems at Watershed Scale. As mentioned earlier, the P
paradox is one of the key issues interconnected with FEWS in
Corn Belt watersheds. To illustrate the potential of P recovery
from the engineering systems and the impact on riverine P
loads, we compare the business as usual (BAU) to an
alternative scenario of nutrient loss reduction control
measures. The BAU scenario includes the status quo of
agricultural management practices and existing EBTs, while the
alternative scenario simulates the BMP combination (cover
crop, 30% fertilizer reduction, and 50% of filter strip
implementation), EBPR-S for wastewater treatment, and P
recovery in three CBs (Figure 2). The majority (14 137 MT
yr‑1) of P is embedded with imported corn as the raw materials
for corn biorefinery, while the P fertilizer requirement is 6962
MT yr‑1 (Figure 2a). P in manure (68 MT yr‑1) and human
waste (67 MT yr‑1) is relatively much smaller compared to P in
fertilizer and imported corn (Figure 2a).
The BAU nonpoint source P and point-source P contribute

34 and 66%, respectively, to the riverine loading (Figure 2c).
Note that contribution of point-source P to total riverine
loading is 66% while its contribution to the outlet is about 70%
(mentioned the previous section) because of the trapping
impact on nonpoint source P from an upstream reservoir. By
upgrading WWT technologies, point-source P is reduced from
582 to 20 MT yr−1 in the alternative scenario (Figure 2d); the
nonpoint source P is reduced by 123 MT yr−1 as a result of a
30% reduction in P fertilizer application and the adoption of
filter strips and cover crops. The alternative scenario recovers P
from CBs and WWT facilities. The CB plants recover 14 143
MT P yr−1, which can be exported as P product, and is about

Figure 3. Impact on nonpoint P and crop production under “BMP-only” and “BMPs + EBTs”: BMPallocation (a,b), spatial nonpoint source
phosphorus (P) reduction (c,d), and crop reduction (e,f). BMP combinations 1−6 are provided in Table S2. BMP combinations 1−3 are less
comprehensive compared to BMP combinations 4−5. BMP combination 6 is a land-use change to perennial grasses. Values in pie charts (a,b)
represent the averaged % of agricultural land that adopts a specific BMP combination from optimal solutions.
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twice the BAU demand of P fertilizer in the USRW. Applying
the P recovery technology in CB plants not only reduces the
demand for P mining, it also reduces the probability of P in
runoff from manure excreted by cattle feed (e.g., corn gluten
feed, distillers dried grains with solubles). It is noted that CBs
have no impact on point-source P discharge, because there is
little wastewater P from the CBs. The alternative scenario
demonstrates that, if recovered efficiently, 14 629 MT yr‑1 of
the P contained in corn can supply the entire 6962 MT yr‑1 P
fertilizer requirement for the USRW. (Figure 2a,b). Compared
to P recovery in CB plants, the potential of P recovery from
WWT plants is much lower (450 MT yr−1). But this recovery
can reduce the P discharged to the Sangamon River by more
than half. By coupling WWT technologies with the agricultural
BMPs, riverine TP loads in the Sangamon River can be
reduced from 776 to 152 Mt yr−1. It is noted that P in corn
imports dominates the P flow in the testbed watershed, given
the fact there are three major corn biorefineries. We
demonstrate that the potential of P recovery and how it
would change the P flow at the watershed scale via the
simulations of integrated model, which offers insights into
coordinated agricultural and industrial management of P. A
major emphasis in our research has been on exploring
opportunities and consequences of recovering P from waste-
water and grain processing and thereby reducing riverine P
loads and the potential for harmful algal blooms (HABs) and
other impairments downstream. However, understanding the
multiple factors, including P, that cause the occurrence of
HABs requires additional research41 that is beyond the scope
of our study.
Critical Role of Land-Use Change for BMP-Only

Portfolios. It is noted that a 45% reduction of riverine
nutrient pollution has been proposed for many Corn Belt
watersheds to address local water quality problems and hypoxia
in the Gulf of Mexico.5 However, the results with USRW show
that implementing agricultural BMPs alone will not be
sufficient for the testbed watershed to meet the 45% reduction
in TP loads. Overall, Figure 3 demonstrates that a large
investment in engineering technologies is needed to meet
nutrient pollution reduction goals while avoiding a large land-
use change to perennial grass, thus mitigating trade-offs
between water quality and crop production.
To evaluate the roles of BMPs and EBTs regarding the

FEWS performance measured by the multidimensional
metrics, we compare the portfolios obtained from optimization
results under two settings: (1) BMP-only and (2) BMPs +
EBTs. The results show that portfolios with siloed “BMP-only”
require more comprehensive BMP adoption to reach nutrient
discharge targets (Figure 3a) than BMPs + EBTs (Figure 3b).
As shown in Table 1, BMP combinations 1−3 are considered
as less comprehensive practices because they do not include a
comprehensive list of BMP choices that can reduce nutrient
loss from the various sources; BMP combinations 4 and 5 have
a higher potential on removing nutrients because they apply all
three individual BMP choices, including cover crop, fertilizer
rate reduction, grassed waterways, or filter strips. BMP6
represents a substantive land-use change (LUC) to perennial
energy grasses. However, BMPs 4−6 are less cost-effective in
terms of dollar per kg nutrient removed than BMP
combinations 1−3 (SI, Table S3). The land-use change of
BMP6 is particularly important to meet the nutrient reduction
target without EBTs. As a result, drastic LUC (19%) is needed
for the BMP-only portfolios; while only a moderate LUC (4%)

is needed for “BMPs + EBTs” portfolios (Figure 3a,b). In
reality, the 19% LUC may not be feasible in a short-term
planning period without a well-established infrastructure and
market for biomass and lignocellulosic biofuel.7 Thus, the
“BMPs + EBTs” plus a moderate LUC is more promising for
managing FEWS in the study watershed USRW and other
watersheds facing similar issues in the Corn Belt.
Figure 3c,d and e,f show the spatially distributed reduction

of nonpoint P and crop production (i.e., corn and soybean),
respectively. The nonpoint P reduction is 44.5%, and crop
reduction is 17.8% for “BMP-only”, compared to 31.2% P
reduction and 6.5% crop reduction for “BMPs + EBTs”
portfolios. Thus, with the contribution of engineering
technologies, the typical trade-offs between water quality and
crop production can be mitigated for the test watershed; that
is, nonpoint P reduction can be substituted by point P
reduction, and thus, crop reduction is mitigated due to less
land-use change to perennial grasses as well as a smaller
reduction of fertilizer.

Synergies and Trade-Offs for Watershed Portfolios
Combining BMPs and EBTs. When comparing portfolios
under two settings (“BMP-only” vs “BMPs + EBTs”), one
major finding from Figure 4a is that watershed portfolios
combining BMPs and engineering technologies synergistically
enhance water quality, crop production, system benefits, and P
recovery. This is because that innovation in engineering
technologies can make considerable contributions to achieve
nutrient pollution reduction targets without significant land-
use change to perennial grasses as discussed before (Figure 3).
When evaluating the noninferior solutions within each of the
two settings, the line gaps among different “BMPs + EBTs”
solutions are large with the objectives of water quality, system
benefit, and P recovery, compared to the line gaps among the
solutions of “BMP-only”. For example, the water quality
objective value ranges from 0.90 to 1.0 (line gap, Δ = 0.10) for
“BMP-only” and 0 to 0.79 (line gap, Δ = 0.79) for “BMPs +
EBTs”, which indicates larger opportunities for water quality
improvement with “BMPs + EBTs” than BMP-only. The same
finding applies to the objectives of crop production, system
benefit, and P recovery. For crop production, although the line
gaps with each setting are similar (around 0.5), all solutions
under “BMPs + EBTs” perform better than “BMP-only” in
terms of crop production.
When it comes to the different treatment technologies

applied within the setting of “BMPs + EBTs”, 63 out of 100
solutions select EBPR with struvite recovery (EBPR-S) as the

Table 1. Best Management Practice (BMP) Combinations
Evaluated in the Studya

BMP
combination

Cover crop
practice

Fertilizer
reduction (%)

Edge-of-field/riparian
practices

BMP1 none 30% FS
BMP2 none 30% GW
BMP3 CC 30% na
BMP4 CC 30% FS
BMP5 CC 30% GW
BMP6 Land-use change to switchgrass

aNote: Each BMP combination includes three individual practices:
(1) cover crop practice: none = no cover crop applied; CC = a winter
cover crop after corn; (2) fertilizer practice: 30% = fertilizer reduction
from baseline (207 kg diammonium phosphate per hectare); (3)
edge-of-field/riparian practices: filter strip (FS); grassed waterways
(GW).
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point-source treatment technology due to its cobenefit to water
quality improvement and P recovery. The remaining 37
solutions are distributed to the treatment technologies of AS-
CP (9 solutions, chemical P removal method), EBPR (14
solutions, basic biological P removal method), EBPR-A (14
solutions, biological P removal method with acetate addition).
It is also observed that solutions with BMPs + EBTs and
EPBR-S can achieve the greatest water quality improvement
while having lower crop production as a trade-off. This is
because in those solutions, the fraction of land-use change to
energy biomass is high in order to achieve the highest water
quality improvement, which reduces land for food and feed
crops, which will likely shift production to less productive land
in other watersheds. To provide more specific portfolios for
watershed management, we investigated the noninferior
portfolios of “BMPs + EBTs”. Specifically, the portfolio with
EBPR-S (a WWT technology), P recovery in the dry-grind
corn biorefineries, and BMP scenario (i.e., BMP1 − 32.3%,
BMP2 − 23.0%, BMP3 − 7.7%, BMP4 − 6.8%, BMP5 − 2.7%,
BMP6 (LUC) − 0.4% on the agricultural land) would have the
best performance in terms of the system benefit, crop
production, and decent P recovery potential (1156 tonne
yr−1). Compared to the averaged performance of “BMP-only”
portfolios, the system benefit, corn production, soybean
production of this specific “BMPs + EBTs” portfolio would
be 18.4, 32.8, and 33.9% higher, respectively, while the P load
would be 68.1% lower. In addition, the nitrate load of the
specific “BMPs + EBTs” portfolio would be 40.5% higher than
the averaged nitrate load of “BMP-only” portfolios due to the
intensive BMP application and large LUC (19.0%). Moreover,
as shown by the sensitivity analysis of the cost parameters,
reducing the cost of EBTs can better improve the system
performance than reducing the BMP cost (Table S8).
Figure 4b represents a more detailed multidimensional

overall performance of solutions under “BMP-only” and
“BMPs + EBTs” scenarios. Compared to the performance of
the baseline (black dashed) that shows high trade-offs among

the metrics, both “BMP-only” + “BMPs + EBTs” can mitigate
trade-offs to some extent. However, poor performance still
exists with “BMP-only” in some metrics such as P loads, crop
production, total system benefit, and energy demand in WWT.
This is because the “BMP-only” portfolio requires intensive
BMP adoption and large land-use change (up to 25%), which
significantly reduces the nitrate load but does little help to the
P load at the outlet given that the majority of P comes from the
point source. It is also worth noting that several metrics in
BAU show better performance than “BMPs + ETBs” and
“BMP-only”, such as the system benefit and crop production.
However, BAU does not meet the water quality improvement,
which shows the nature of trade-offs. Overall, the “BMPs +
EBTs” averaged portfolio (green color) shows a more balanced
performance of the FEW systems as most dimensions are
improved from the “BMP-only”. For example, the P loads with
“BMPs + EBTs” portfolios are significantly lower than that
with the “BMP-only” portfolios, due to the significant point-
source P reduction from EBTs. Meanwhile, the energy
consumption of WWT with “BMPs + EBTs” portfolios is
also lower due to decreased airflow demand attributed to
denitrification in updated layouts (i.e., EBPR technology) than
the status quo layout (i.e., activated sludge).28 Crop
production (including corn and soybean) and economic
benefits (including the environment benefit) under “BMPs +
EBTs” portfolios are also improved because the LUC to
perennial grasses is much less, compared to “BMP-only”. It is
noted that some aspects with “BMPs + EBTs” portfolios
perform worse than those with “BMP-only”. For example, the
energy consumption of DWT and nitrate loads under “BMPs +
EBTs” are higher, because they do not apply intensive BMPs
so that nitrate concentration in the Decatur Lake (where raw
drinking water is taken) is higher.9 However, those aspects in
both portfolio groups perform better than the baseline.
It should be noted that there is no simple ranking of the

importance of metrics. When it comes to select a specific
watershed management portfolio, decisions should be made on

Figure 4. Parallel coordinates of noninferior solutions under “BMP-only” as shown by gray lines, while solutions under “BMPs + EBTs” are shown
in four different colors, indicating different wastewater treatment technologies. For example, “BMPs + EBTs_ASCP” represents the portfolio that
chooses ACSP as the wastewater treatment technology. Results are normalized between 0 and 1 with lower values indicating better performance;
the normalized values of these multi-dimensional outputs as well as their descriptions are provided in SI Section S5. Each line represents a
noninferior solution derived from the multiobjective optimization algorithm (Figure 4a). Averaged multi-dimensional outputs of FEWS are
presented under two groups of portfolios and baseline: (1) BMP-only; (2) BMPs + EBTs (Figure 4b). Note: BMPs = best management practices;
EBTs = environmental and biological technologies; ASCP = activated sludge with chemical precipitation, EBPR = modified Bardenpho enhanced
biological phosphorus removal, EBPR-A = EBPR with acetate addition, EBPR-S = EBPR with struvite recovery; CB = corn biorefinery; DWT =
drinking water treatment; WWT = wastewater treatment.
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agreed objective preferences in the context of multiple-
criterion decision making (MCDM). This is, however, beyond
the scope of this study. Another note is that nitrate
concentrations occasionally exceed the MCL in Lake Decatur
and raw drinking water, which is the most significant water
quality problem for water supply in City of Decatur. This
problem has been studied extensively and has been largely
addressed in Decatur and elsewhere (e.g., Des Moines) by
deploying nitrate removal technology in municipal water
treatment. The cost data used in ITEEM are from the
treatment plant provided by Sanitary District of Decatur
(SDD). In addition, it has been well-recognized that tile
drained watersheds are prone to “leak” nitrate, especially after a
drought event that reduces corn yields.44,45 This leakage can be
reduced by the adoption of agricultural BMPs, as shown in our
simulation results, which are basically consistent with previous
studies.
ITEEM, a surrogate-based model, adopts a large number of

parameters from several process models (SWAT, GPS-X,
SuperPro). These models were well-calibrated before they
were converted into surrogates.28,30,33,42 Indeed, dealing with
uncertainty transform in surrogating modeling46 and un-
certainty analysis of an integrated model involving many
uncertain parameters from multiple process models3,47 is
challenging and presents a timely important research problem.
Given that the main purpose of this paper is to search for the
optimal choice of BMPs and EBTS at the watershed scale, we
recognize that the uncertainty of the economic parameters,
among all uncertain ITEEM variables, can have significant
impact on the modeling results. Thus, we conduct sensitivity
analysis on costs of BMPs and EBTs via four scenarios to
investigate the cost effect of BMPs and EBTs; especially how
the costs might impact synergies and trade-offs.
The sensitivity analysis sets ±20% cost parameter change

from the baseline, based on our previous analysis28,30,48 and
historical cost data from Illinois Crop budgets,49 which
represents a reasonable variation range of the cost for BMPs
and EBTs. As shown in Table S9, high BMP cost and low EBT
cost can enhance the system benefit by 5.7%, while a low BMP
cost and high EBT cost will reduce system benefit by 3.1%,
indicating that lowering costs of EBTs would result in more
system benefit. Lowering the costs of BMPs would encourage
more applications of BMPs, which reduce the crop production
by 12.5−23.3% and enhance the water quality by 10.0−11.7%.
Regarding the impact on the system net benefit, it is found that
BMPs and EBTs contribute 40 and 60% of system net benefit
for the baseline, ending a benefit-cost ratio of 0.30; increasing
BMP cost and reducing EBT cost will decrease the benefit-cost
ratio to 0.17. However, reducing the BMP cost and increasing
EBT cost will reduce the benefit-cost ratio to 0.21. Those
results suggest that reducing the cost of EBTs is more needed
than reducing the BMP cost.

■ IMPLICATIONS AND OUTLOOK
Integrated technology-environment-economics modeling dem-
onstrates the feasibility of resolving the P paradox in Corn Belt
watersheds via a pilot study of the USRW. The results show
that the amount of P recovered from corn biorefinery (14 629
metric ton (MT) yr−1) is more than 2 times the agronomic P
requirement (6962 MT yr−1) in the watershed. It is found that
portfolios combining BMPs and EBTs (e.g., WWT, CB) can
enhance the FEWS performance toward nutrient pollution
reduction targets for NO3−N and P, as compared to portfolios

with BMP-only solutions. Our study highlights that engineer-
ing systems (e.g., wastewater treatment, corn biorefineries)
along with agricultural BMPs not only have a critical role in
meeting aggressive nutrient reduction targets (e.g., 45%
nutrient load reduction) but also help enhance synergies and
mitigate trade-offs of multidimension FEWS, compared to
BMP-only solutions. In particular, it found that BMP-only
portfolios need to include intensive LUC (i.e., 19% of
agricultural land) to meet the P reduction goal in the agro-
industry watershed. However, by coordinating with engineer-
ing technologies, LUC will be reduced to only 4%.
Our study also suggests future work opportunities.

Importantly, the economic market of recovered P products
can be complex, involving multiple stakeholders (e.g., govern-
ment incentives, biorefineries, and farmers) and the impacts of
using recovered P as fertilizer and coproducts on cattle merit
further investigations.29 We have to note that there is an
institutional need for accommodating the real−real realization
of the solutions recommended by the integrated modeling tool
(ITEEM), which involves multiple stakeholders and multilevel
of government agencies.50 The key question is who is choosing
the portfolios and doing the coordinated implementation?
Experiences with urban−agricultural collaboration support the
well-noted attribution of the issue as a “wicked problem”.51

Our study site, the USRW, has a history of promoting
watershed-wide solution to maintain storage of the Decatur
Lake, which is the source of drinking water for City of Decatur
and food industrial water use. Sediment dredging has been
used as an option of the very expensive measure;52 City of
Decatur has devised a long-term watershed management plan
that includes stakeholder outreach and recommendations to
implement BMPs for soil erosion control.53 The issue
addressed in the current study is more complex, since it
brings in nutrient dischargers (i.e., food and ethanol processing
plants) as a new stakeholders (or players), and institutional
setting to coordinate the collaboration among farmers,
industries, rural community leaders, and city and country
agencies is needed to address the integrated solutions. The
trade-off and synergy analysis among different portfolios can
inform the collaboration. The modeling tool (ITEEM) and the
analysis with the pilot watershed can be extended other
watersheds in the Corn Belt and other regions to address the
nutrient pollution reduction goals while enhancing food
security by maintaining sufficient land for food crops and
avoiding P deficit in soil by using recovered P as fertilizers), via
cost-effective technologies and practices.
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