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Green infrastructure solutions can improve in-stream water quality in lieu of building electricity-
consuming gray infrastructure. Permitted under the United States Clean Water Act, these programs
allow regulated utilities to trade point-source water quality obligations with non-point source
mitigation efforts in thewatershed. Carbon financing canprovide an incentive forwater quality trading.
Here we combine data on impaired waters, treatment technologies, and life cycle greenhouse gas
emissions in the Contiguous United States, and compare traditional treatment technologies to
alternative green infrastructure. We find green infrastructure could save $15.6 billion dollars, 21.2
terawatt-hours of electricity, and 29.8 million tonnes of carbon dioxide equivalent emissions per year
while sequestering over 4.2 million tonnes CO2e per year over a 40 year time horizon. Green
infrastructure solutions may have the potential to generate $679 million annually in carbon credit
revenue (at $20 per credit), which represents a unique opportunity to help accelerate water quality
trading.

Half of America’s rivers are impaired and today do notmeet CleanWater
Act standards1. Point-source river discharges (i.e. Wastewater Treatment
Facilities) are regulated by the United States Environmental Protection
Agency (EPA) and state agencies under the Clean Water Act, while non-
point sources are largely unregulated. These environmental and reg-
ulatory realities are subsequently putting increasing pressure onwater and
wastewater utilities to address riverine water quality. However, a sub-
stantial source of freshwater contamination in the United States is attri-
butable to non-point source pollution from land-use change, agricultural
and forestry practices, soil erosion, and urbanization as well as large-scale,
short-and-medium term shocks associated with wildfires and other
impacts of climate change. A dominant form of water quality impairment
is fertilizer application and subsequent runoff to streams2. The most
prominent water quality impacts of fertilizer are harmful algae blooms
and subsequent anoxic zones either in lakes or in near-coastal
environments3.

Wastewater Treatment Facilities must construct gray infrastructure to
reduce their pollutant loads under the National Pollutant Discharge Elim-
ination System (NPDES). Wasteload allocations in an individual NPDES
permit are often calculated in response to pollutant levels in a river via the
establishment of Total Maximum Daily Loads. Given the success of the
CleanWater Act since the 1970s, the percentage of instreampollutant loads

directly attributable to NPDES permittees has become proportionately low
in many watersheds4,5.

Typically, water and wastewater utilities meet their NPDES water
quality regulatory obligations by constructing gray infrastructure, such as
secondary, tertiary and reverse osmosis treatment plants, requiring sub-
stantial capital and operational costs as well as embodied emissions from
materials and indirect emissions from energy use throughout their opera-
tional lifetimes. Though point-source pollutant inputs from Wastewater
Treatment Facilities are often proportionately low, a high overall level of a
given pollutant in a river of concern often leads to substantially lower point-
source wasteload allocations that may force a utility to the limits of existing
wastewater treatment technology4. While there are other regulatory and
nonregulatory pathways and attempts to improve instream water quality
outside of Point Source permitting (such as conservation funding from the
United States Department of Agriculture), none have had the levels of
success over the last 50 years as the NPDES part of the Clean Water Act.
While improving the quality of an NPDES permittee’s discharge is not the
only means to improve instream water quality, it has long been the domi-
nantmechanism in theUnited States to drive public investments in regional
water quality6.

Water andwastewater treatment plants currently account for about 2%
of energy use and 45 million tonnes of carbon dioxide equivalent (CO2e)
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emissions per year in the United States7. Further gray infrastructure tech-
nology upgrades would continue to increase overall energy demand and
emissions. However, in many cases, further upgrades to gray infrastructure
driven by current regulatory pressures and impaired riverine water quality
could be substituted through regulator-approved water quality trading
programs with green infrastructure including riparian, floodplain, and
wetlands restoration; regenerative agricultural practices; improved forestry
management; and other efforts to reduce non-point source contamination.
Existing water quality trading (WQT) programs are governed by the EPA
toward compliance with a NPDES permit. The EPA allows for what is
known as Point Source to Non-Point Source water quality trading. This has
been practiced in the United States for over three decades. These water
quality trading programs enable point dischargers to meet regulated water
quality obligations and in the process restore and sustain freshwater
ecosystems8. These types of formal, market-based water quality trading
programs were established and recently strengthened by the EPA6,9 and
several state-level regulators, but have not achieved large scale, despite often
being much more cost effective10–12.

Two recent studies have analyzed factors that contribute to the exis-
tence of water quality trading programs. In one study, a negative association
between urban activity and the presence of WQT markets was observed,
aligning with the historical context ofWQT evolving as a tool to incentivize
reductions in agricultural runoff. Further, this study identifies a substantial
relationship between certain types of permit approaches taken by regulators
and the likelihood of WQT market activity. Interestingly, the presence of
impaired waterways does not consistently correlate with WQT markets,
leading the authors to suggest a potential policy lag in addressing water
quality issues13. In another recent analysis, insights on active and inactive
WQT programs were drawn from 19 reviews. Eighty-four factors were
identified in regulatory, institutional, environmental, economic, and social
categories. Regulatory barriers, encompassing official rules set by govern-
ment or regulatory agencies, were most frequently mentioned in 31% of
cases. Economic, institutional, and environmental factors were considered
relatively equally important in 19%, 19%, and 18% of cases, respectively.
Specifically, the ability to directly monitor the success ofWQT programs in
addressing water quality was highlighted as a major institutional barrier14.
Emerging technologies may support improved monitoring and manage-
ment of green infrastructure water quality solutions (e.g. refs. 15–20). These
studies emphasize the significance of regulatory support andutility technical
capacity to enable WQT programs.

Paired with increase technical capacity and regulator interest, we
propose that carbon markets may provide a private capital source to
motivate utilities and regulators using green infrastructure to take pre-
permit, early action. In this light, one way to view carbon market
mechanisms is that they offer the potential to redirect climate-damaging
capital toward water infrastructure and create a sustainable, performance-
based funding stream to move away from fossil-fuel dependent infra-
structure. For this to hold, the financing needs to occur in locations where
the transition to renewables is slow andwhere existing efforts to switch from
energy intensive infrastructure to nature based solutions is lacking. The
Voluntary Carbon Market (VCM) facilitates the reduction of greenhouse
gas emissions worldwide through economic incentives. A voluntary carbon
credit is afinancial commodity, currentlyworth about $10 formanynature-
based projects21, and over $1000 for some direct air capture projects22, that
represents the reduction or removal of one tonne of carbon dioxide. Many
corporations are interested in buying carbon credits through the VCM to
compensate for a proportion of their remaining emissions to achieve sus-
tainability targets. The VCM is designed to financially incentivize voluntary
action supporting climate change solutions. VCM projects include both
nature-based solutions, such as improved forest management and refor-
estation, and technology-based solutions, such as renewable energy instal-
lations and improved cookstoves. While there is a growing, multi-billion
dollar global market for carbon credits, water, as a local management
challenge, has not typically been fungible in the sameway. This local feature
of water has made it challenging to create effective financing and trading

mechanisms and has limited the value, transactability, and liquidity of
various forms of so-called water credits, such as those developed to
demonstrate compliance with the United States Clean Water Act23 or the
Gold Standard Water Benefit Certificates24. Alternatively, if the financial
instrument is a carbon credit that motivates improved water quality, that
credit accesses a liquid market and can be bought and sold and create
revenue, incentivizing water security actions.

Market research conducted in 2022 projected a 20-fold increase in the
demand for carbon credits by 2035, with prices rising to an estimated
$80–$150 per tonne from the current $2525.However, theVCMhas recently
faced several challenges, calling into question the additionality, permanence,
and volume of credits issued, primarily those associated with REDD+
programs. Yet, there are also clear signals that the VCM may recover,
including the strengthening of activities led by the Voluntary Carbon
Markets Initiative and the Integrity Council for Voluntary CarbonMarkets.
Further, recent research suggested that corporations purchasing carbon
credits decarbonize twice as fast as companiesnot participating in theVCM,
belying suggestions that carbon credits enable greenwashing26.

TheVCM represents a fraction of overall climate finance, at about $2
billion per year. In 2022, more than $60 billion dollars in climate finance
was provided by multilateral development banks to low- and middle-
income economies, including loans (61 percent), policy-based financing
(14 percent), and grants (10 percent). Of this, 15 percent of global climate
adaptation finance, more than $3.3 billion, was directed to the water and
wastewater sector, preceded only by energy, transport, and other built
environment and infrastructure (30 percent), and by cross-cutting
operations (17 percent), suggesting large existing commitments27.
Among high-income economies, the investment is evenmore substantial,
with 29 percent of adaptation funds applied toward energy, transport, and
other built environment and infrastructure, and 28 percent toward water
and wastewater systems. In least-developed countries, 14 percent of
adaptation funds are applied to the water and wastewater sector, ahead of
crop and food production at 13 percent. Total climate adaptation finance
allocations for water and wastewater in least-developed countries totaled
nearly $900 million in 2023, with nearly 89 percent allocated to Sub-
Saharan Africa27.

In this research,we evaluate the economic andenvironmental potential
of water quality trading programs. The economic and life-cycle greenhouse
gas (GHG)emissions savings byusing green infrastructuremethods inplace
of gray wastewater treatment methods is evaluated. The primary analysis
evaluates the benefits seen by nutrient (nitrogen and phosphorus) reduc-
tion. The United States EPA defines five target effluent nutrient con-
centration levels for wastewater treatment technologies. Nutrient removal
requirements vary state-by-state but have generally trended toward
increased stringency, requiring water treatment plant technology upgrades
and corresponding increases in energy demand28–30. Given this trend, we
consider nutrient concentration limits ranging from Level 2 (removal of
nitrogen to 8mg L−1 and phosphorus to 1mg L−1) to Level 5 (removal of
nitrogen to 2mg L−1 and phosphorus to 0.02mg L−1)28. Geospatially
resolved nutrient impaired water data is combined with the performance of
various gray and green infrastructure alternatives to determine the total cost
and environmental impact (GHG emissions) associated with various
solutions to water quality targets. The discussion focuses on the potential
impact of carbonmarkets (carbon credits) to support the development and
deployment of green infrastructure.

Results
The outcomes of the work are presented in three subsections: 1. nutrient
treatment potential of green infrastructure, 2. global warming potential
(GWP) of gray compared to green treatment technologies, and 3. total costs
and carbon markets potential for gray and green treatment technologies. A
summary table of key results from this analysis are shown in Table 1. All
results are presented for the minimum cost technology for both green and
gray technologies. The minimum costs gray technologies were Anaerobic/
Anoxic/Oxic for Level 2, 4-Stage Bardenpho Membrane Bioreactor for

https://doi.org/10.1038/s43247-024-01359-x Article

Communications Earth & Environment |           (2024) 5:185 2



Levels 3 and 4, and 5-Stage Bardenpho Membrane Bioreactor with Side-
stream Reverse Osmosis for Level 5 treatment scenarios.

Nutrient remediation potential of green infrastructure
In total, we find that 31.7% (530,255 tonnes N yr−1) and 20.8% (54,110
tonnes P yr−1) of the desired nitrogen and phosphorus treatment could be
achieved using green infrastructure, for the Level 5 scenario (Fig. 1). For the
Level 2 scenario, Level 3 scenario, and Level 4 senario; results show that
36.8% (403,913 tonnes N yr−1) and 22.5% (39,453 tonnes P yr−1), 35.3%
(447,888 tonnes N yr−1) and 21.1% (50,147 tonnes P yr−1), and 32.4%
(505,953 tonnes N yr−1) and 21.0% (52,457 tonnes P yr−1) of the desired
nitrogen and phosphorus treatment could be achieved using green infra-
structure, respectively (Supplementary Discussion 1 and Supplementary

Figs. 1–3). The primary reason why green treatment methods cannot
achieve higher nutrient treatment loads is due to limited agricultural land in
the waterbasins and limitations on geographic deployment. For example,
saturated buffers and woodchip bioreactors can only be used in locations
with tile drainage, but are also twoof the treatmentmethodswith thehighest
nutrient reduction effectiveness. These agricultural land limitations are seen
in the desert southwest where limited agriculture land exists, in Missouri
where high wastewater flow rates exist, and in the northeast where land
availability is limited due to high population densities. While green treat-
ment methods can only treat less than 40% of nitrogen and 25% of phos-
phorusneeded in theUnitedStates, thiswould still represent a largedecrease
in infrastructure compared to the scenario where green treatment methods
are not used. This is particularly true at the higher treatment levels where
more advanced gray water treatment technologies are required. According
to the EPA report, the only treatment technologies which can reach Level 5
concentration levels are those that use sidestream reverse osmosis filtration
systems that suffer from issues of frequent fouling which both decreases
treatment efficiency and increases operation expenses28,31,32. Therefore,
reducing the need for any gray wastewater treatment infrastructure would
be of benefit. Supplementary Fig. 4 illustrates the effectiveness of each of the
green treatment methods (and combinations of methods) at meeting
desired nutrient treatment goals.

Global warming potential of gray vs green infrastructure
Annually, we find that gray treatment technologies would emit 29.8
MtCO2e while green treatment technologies would sequester 4.2 MtCO2e
for the Level 5 scenario (Fig. 2). This results in a annual carbon credit
potential of 33.9 MtCO2e. Our results also show that green treatment
technologies can reduce emissions compared to gray treatment technologies
in every waterbasin.

Depending on the optimal green treatment technologies used (Sup-
plementaryDiscussion 2 and Supplementary Fig. 5), waterbasin greenhouse
gas emissions can be either positive or negative. When optimized for both
minimum cost andmaximum nutrient treatment, our results show that the
primary green treatment technology to use in the Corn Belt is saturated
buffers which has a positive GWP. Conversely, the primary treatment
technologies to use in the western United States are constructed wetlands,
nutrient rate reduction, and no-till farming which all have a negative GWP
and therefore allow the waterbasin to also have negative nutrient treatment
GWPcompared to conventional practices. Similar results were observed for
the Level 2 scenario, Level 3 scenario, and Level 4 scenario (Supplementary
Discussion 3 and Supplementary Figs. 6, 7, and 8). In the Level 2 scenario,

Fig. 1 | Percent of nutrient treatment possible for green treatment technologies in
each waterbasin for the Level 5 scenario of reducing mean nutrient concentra-
tions to 2mgN L−1 and 0.02 mgP L−1. a Nitrogen treatment. b Phosphorus

treatment. Red indicates no treatment, blue indicates full treatment. White space
designates waterbasins which didn't have wastewater treatment facilities or didn't
require nutrient treatment.

Table 1 | Aggregated results for the national deployment of
gray or green technologies to meet regulated water quality
obligations (Levels 2 thru 5 for gray infrastructure, compared
to water quality trading based green infrastructure
alternatives)

Level 2 Level 3 Level 4 Level 5

Treatment Target mgN L−1 8 6 3 2

Treatment Target Limits mgP L−1 1 0.2 0.1 0.02

Gray Electricity Use (Tera Wh Year−1) 8.1 8.9 10.1 21.2

Gray Emissions (MtCO2e Year−1) 11.9 17.4 18.5 29.8

Gray Cost ($B Year−1) $14.9 $18.3 $19.5 $28.5

Green Emissions (MtCO2e Year−1) −3.4 −3.8 −3.9 −4.2

Green Cost ($B Year−1) $10.0 $12.4 $13.2 $13.6

Net Emissions (MtCO2e Year−1) 15.3 21.2 22.4 33.9

Carbon Revenue

Total ($M Year−1) $307 $424 $449 $679

Green Net Savings w/ Carbon Revenue
($B Year−1)

$5.2 $6.3 $6.8 $15.6

Mean Carbon Revenue vs Green Water-
basin Costs

5.4% 6.0% 5.8% 8.6%

StDev of Carbon Revenue vs Green
Waterbasin Costs

5.7% 6.8% 6.7% 10.5%

Max Carbon Revenue vs Green Water-
basin Costs

20.9% 26.2% 26.5% 43.7%
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gray treatment technologies emit 11.9 MtCO2e while green treatment
technologies sequester 3.4 MtCO2e annually which results in a annual
carbon credit potential of 15.3 MtCO2e. In the Level 3 scenario, gray
treatment technologies emit 17.4 MtCO2e while green treatment technol-
ogies sequester 3.8MtCO2e annuallywhich results in a annual carbon credit
potential of 21.2 MtCO2e. In the Level 4 scenario, gray treatment tech-
nologies emit 18.5 MtCO2e while green treatment technologies sequester
3.9 MtCO2e annually which results in a annual carbon credit potential of
22.4 MtCO2e. Overall, GWP values are reduced in the Level 2–4 scenarios
compared to the Level 5 scenario due to the reduction in nutrient treatment
required.

Carbon financing potential of green infrastructure
Nutrient treatment costs for the Level 5 scenario were found to be $28.5B
year−1 and $13.6B year−1 for gray and green technologies, respectively, when
costs are normalized over the life of the technology. Additionally, we found
the carbon financing potential is $679M year−1 assuming a carbon credit
price of $20 tonne-CO2eq−1 which results in the total savings of green
treatment technologies when compared to gray treatment and including
carbon financing potential of $15.6B year−1 (Fig. 3). Contrary to the GWP
results, green treatment technologies are not cheaper than gray treatment
technologies in all waterbasins. Of the 316 waterbasins in the Contiguous
United States (CONUS) which required nutrient treatment, 222 (70%) had
green treatment costs cheaper than the gray treatment technologies when
excluding carbon financing revenues. If carbon financing revenue is added,
232 (73%) of waterbasins had green treatment costs cheaper than gray
treatment technologies. However, when evaluated as a percent of total
nutrients treated in the CONUS, 93.4% of nitrogen and 90.2% of phos-
phorus is treated in waterbasins where green treatment costs are cheaper
than gray treatment technologies when carbon financing revenues are
excluded. These values increase to 94.6% of nitrogen and 91.9% of phos-
phorus treated in the CONUS in waterbasins which green technologies are
cheaper when carbon financing revenues are included. The primary driver
for increased green treatment costs compared to gray technologies in some
waterbasins is farmer incentive payments. These waterbasins are those
where the optimum green treatment technology is land based (nutrient rate
reduction, split nutrient application, cover crops, andno-till farming)which
incurs annual farmer incentive payments, compared to the one-time farmer
incentive payments for other green treatment methods. On a national level,
farmer incentive payments make up 49% ($6.7B year−1) of the total green
treatment costs in the Level 5 scenario.

Nutrient treatment costs for the Level 2 scenario were found to be
$14.9B year−1 and $10.0B year−1 for gray and green technologies, respec-
tively, when costs are normalized over the life of the technology.

Additionally, we found the carbon financing potential is $307M year−1

assuming a carbon credit price of $20 tonne-CO2eq−1 and a 40 year lifespan.
This results in the total savings of green treatment technologies when
compared to gray treatment and including carbon financing potential of
$5.2B year−1 (Supplementary Fig. 9). Of the 314 waterbasins in the CONUS
which required nutrient treatment, 166 (53%) had green treatment costs
cheaper than those of the gray treatment technologies when excluding
carbon financing revenues. If carbon financing revenue is added, 172 (55%)
of waterbasins had green treatment costs cheaper than gray treatment
technologies. However, when evaluated as a percent of total nutrients
treated in the CONUS, 80.9% of nitrogen and 66.2% of phosphorus is
treated in waterbasins where green treatment costs are cheaper than gray
treatment technologieswhencarbonfinancing revenues are excluded.These
values increase to 85.6% of nitrogen and 72.0%of phosphorus treated in the
CONUS in waterbasins which green technologies are cheaper when carbon
financing revenues are included. Similar to the Level 5 scenario, green
treatment costswere largely impactedby the farmer incentive payments.On
a national level, farmer incentive payments make up 53% ($5.3B year−1) of
the total green treatment costs.

The nutrient treatment costs for both Level 3 and Level 4 scenario fall
between those of the Level 2 and Level 5 scenarios. In the Level 3 scenario,
treatment costs were found to be $18.3B year−1 and $12.4B year−1 for gray
and green technologies, respectively, with a carbon financing potential of
$424M year−1 assuming a carbon credit price of $20 tonne-CO2eq−1 and a
40 year lifespan. This results in the total savings of green treatment tech-
nologies when compared to gray treatment and including carbon financing
potential of $6.3B year−1 (Supplementary Fig. 10). In the Level 4 scenario,
treatment costs were found to be $19.5B year−1 and $13.2B year−1 for gray
and green technologies, respectively, with a carbon financing potential of
$449M year−1 assuming a carbon credit price of $20 tonne-CO2eq−1 and a
40 year lifespan. This results in the total savings of green treatment tech-
nologies when compared to gray treatment and including carbon financing
potential of $6.8B year−1 (Supplementary Fig. 11). Additional information
about the waterbasin-level economic feasibility of Level 3 and Level 4 sce-
narios is in the Supplementary Discussion 4 section in the Supplementary
Information. A costs and emissions comparison between all green and gray
treatment methods is discussed in Supplementary Discussion 5 and and
shown in Supplementary Fig. 12.

Discussion
River water quality improvements in the United States have been often
delayed because of cost, complexity and litigation, with alternative com-
pliance solutions, like nutrient trading, established but limited in scale.
Meanwhile, carbon credits are designed to use market mechanisms to

Fig. 2 | Global warming potential (GWP) in tonnes of CO2 equivalent emissions
per year for removal of removal of nitrogen (to 2 mg L−1) and phosphorus (to
0.02 mg L−1) for each treatment technology in the Contiguous United States.
a Nutrient removal using gray treatment technologies, blue indicates low and red
high emissions per water basin (29.8 MtCO2e year−1). b Nutrient removal using

green treatment technologies, blue indicates low and red high emissions per water
basin (−4.2 MtCO2e year−1). c Net GWP representing potential carbon credit
generation, increasingly dark blue indicates high generation per water basin (33.9
MtCO2e year−1). White space designates waterbasins which didn't have wastewater
treatment facilities or didn't require nutrient treatment.
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accelerate the energy transition. Combining this challenge and opportunity,
there is a window of opportunity now to accelerate the improvement of
America’s rivers using these market mechanisms, as we transition to a
renewable energy and restored watershed future.

Water andwastewater treatment in the United States already accounts
for 2% of energy use and 45million tonnes of CO2e emissions.We estimate
these values could almost double over the coming years as utilities are
obligated to increase treatment levels, even as states transition to renewable
energy sources. Our results also indicate potential feasibility, effectiveness,
and cost savings associated with green infrastructure alternatives to gray
infrastructure to meet water quality goals and obligations. The EPA has
recently re-vitalized their commitment to market-based water quality
trading, emphasizing the role of the private sector in enabling improved
river water quality in the United States, and encouraging regulators to
embrace these opportunities andmethodologies6. Yet, water quality trading
programs in the United States have been limited in part by a reliance on
regulator support, high transaction costs and a lack of pooled riskmitigation
potential between programs. Fundamentally, local water problems have
never benefited from a global, liquid economy. Carbon markets have been
usedextensively in thepastfifteenyears todelivermeasurable cleandrinking
water services in low-income countries globally and could be applied in the

United States to further motivate early, pre-permit green alternatives to
meet water quality obligations33.

International carbon credit markets are designed to financially
incentivize early, voluntary action toward climate change mitigation,
adaptation, and reduced emissions. Some estimates suggest that carbon
credit markets can, “double climate ambition relative to current Paris
pledges (NDCs) over 2020–2035, without increasing total costs,"34. In 2022,
some market research estimates that the volume of carbon credits in
demand will increase at least 20× by 2035, with credits increasing in value
from around $25 per tonne to a central estimate of $80–$150 per tonne by
203525. Toward this opportunity, new methodologies are needed which
enable the generation of carbon credits, salable for revenue, associated with
replacing gray infrastructure with green infrastructure to improve water-
shed health and river water quality. In this approach, the GHG emissions
envisioned are avoided, rather than sequestered or removed, through the
avoided construction of electricity consuming infrastructure. These avoided
emissions, when achieved early and voluntarily, can have substantial social
benefits35, while generating a potential $679 million annually in carbon
credit revenue (at $20 per credit), representing an opportunity to further
motivate green infrastructure solutions within water quality trading pro-
grams to meet regulated obligations in lieu of new gray infrastructure.

Fig. 3 | Annual costs for removal of removal of nitrogen (to 2 mg L−1) and
phosphorus (to 0.02 mg L−1) for each treatment technology in the Contiguous
United States.Dollar values ranging from low in yellow to high in blue for aNutrient
removal using gray treatment technologies ($28.5B year−1). b Nutrient removal
using green treatment technologies ($13.6B year−1). c Potential carbon markets
revenue ($679M year−1 at $20 per credit). d Net cost difference ranging from

negative in red to positive in blue between gray and green treatment technologies
when including carbon financing revenue ($15.6B year−1). Negative cost differences
show waterbasins where green technologies are more expensive than gray tech-
nologies. White space designates waterbasins which didn't have wastewater treat-
ment facilities or didn't require nutrient treatment.
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The results we’ve presented in this study are the best estimates possible
with currently available data, but we acknowledge that some limitations
exist with green nutrient technology research that should be addressed
through future studies. Importantly the results andmodel presented here is
not intended for top-down planning, it was developed to try and better
understand the scope of the problem and opportunity. Any green infra-
structure development must be done in a way that incorporates the local
communities considerations, opportunities, values, and rights.Additionally,
green infrastructure projects are notable for creating local jobs that do not
require advanced degrees, and that are inherently ‘local’. Disadvantaged
communities are also disproportionately impacted by water rate increases,
as well as emissions and the effects of accelerating climate change on
watersheds and the resulting wildfire risks. In contrast to expensive, high-
technology gray infrastructure construction, estimates suggest that
approximately 20 jobs are created for every $1M of public investment in
green infrastructure, and investment in forest and watershed restoration is
multiplied in local economic activity between 1.7 and 2.6 times36.

Limited data exists on the current prevalence and effectiveness of green
technologies across the United States which represents the largest uncer-
tainty associated with this work. Existing research on these technologies is
focused in the Midwestern United States (i.e. Corn Belt) and have found
non-point source nutrient treatment methods to have a wide range of
nutrient reduction efficiencies based on geographic location, agricultural
techniques used, and local climate patterns. Studies need to be performedon
each of the green treatment methods to evaluate their effectiveness in more
geographically diverse regions across the United States. However, it should
benoted that regions in theUnitedStateswhich are currently studyinggreen
treatment technologies correlate with those found in this study to have the
largest economic incentive from implementing these technologies. There-
fore, regions that we find to have receive the largest benefit from green
treatment technologies are also those with the lowest uncertainties. Addi-
tionally, surveys need to be completed to provide better estimates of the
current prevalence of these technologies throughout the United States to
better estimate future potential. United States Department of Agriculture
(USDA) census data is available for cover cropping and no-till farming
across the United States, but limited data is available for saturated buffers,
woodchipbioreactors, constructedwetlands, and smart fertilizer application
strategies. Literature shows that green treatment methods can be used in
combination with each other, but it is unknown how the benefits of these
technologies compound. Research should be performed to evaluate the
effectiveness of these technologies when used in combination with each
other to ensure nutrient treatment isn’t saturated and to maximize the
nutrient reduction of the technologies being implemented. The LCA esti-
mates made for green technologies in this study should also be evaluated in
specific case studies to capture nuances of the local installations and per-
formance data should be used to accurately determine the GHG emissions.
Additionally, it is important to acknowledge the evolution of the grid in
terms of carbon emissions will impact the carbon financing potential of
green nutrient treatment technologies. As the grid evolves with less envir-
onmental impact, carbon credits generated by offsetting gray infrastructure
with green infrastructure will be reduced, which meanS that the window of
opportunity for leveraging carbonmarkets to incentivize a shift fromgray to
green infrastructure may be limited.

Extending this opportunity globally, there are many examples of
watershed and water quality trading programs in Canada, Australia, New
Zealand, the United Kingdom, the Netherlands, Honduras, India, China,
and Kenya. Extending the findings of the United States study globally and
assuming that an indicative 10 percent of irrigated croplands outside of the
United States could be used to generate instreamwater quality benefits and
thereby avoid facility-based treatment, the global potential for this approach
could be close to 80 million tonnes of CO2e reduced or removed per year.

Methods
This study evaluates the economics and emissions of water treatment
technologies in the CONUS. The CONUSwas divided into smaller sections

as designated by the United States Geological Survey’s Hydrological Unit
Code (HUC) regions. To maximize geographic resolution of this analysis,
HUC 12 sub-watersheds were used wherever possible. However, it was
assumed that nutrient trading could take place at the HUC 6 waterbasin
level and, therefore, all results were aggregated to the waterbasin level37.
Geodatabase files for various HUC regions were downloaded from the
United States Geological Survey’s Watershed Boundary Dataset38. Data
associated withHUC 12 sub-watersheds was aggregated fromUnited States
EPA’s EnviroAtlas database39. EnviroAtlas provides national data layers at
the HUC 12 sub-watershed level with many of these data layers being
derived from data with a resolution of 30m. Full details of which data was
required is discussed in each subsection. It was assumed that nutrient
trading could take place within each waterbasin (HUC 6), therefore stricter
requirements placed on existing facilities could only be satisfied by gray or
green treatment methods within the same waterbasin.

Wastewater nutrient data
Geographically resolved nutrient loading data compared to water quality
targets for point source dischargers in the CONUS motivates the water
treatment trade study. Therefore, 2022 data from the Nutrient Model
(Hypoxia Task Force Search) created by the EPA was used40. This data is
provided through the EPA’s Water Pollutant Loading Tool41. The Nutrient
Model was created by EPA to provide access to aggregated nitrogen and
phosphorus loads (including modeled loads) for facilities across the United
States. As such, data is provided for wastewater treatment facilities with
current EPA NPDES permits with facility information, total annual was-
tewater flow, total nutrient loads, andmaximumallowable nutrient loads (if
applicable). In total, 53,055 data entries were provided for 29,335 unique
facilities. Data consists of both discharge monitoring report (28,318) and
modeled (24,737) nutrient loads for both nitrogen (27,238) and phosphorus
(25,817). Additionally, each data point was associated with a HUC 12 sub-
watershed code so analysis could be evaluated on a geospatially resolved
level. An overview of the input data including number of facilities, mean
daily wastewater flow,mean nitrogen concentration, andmean phosphorus
all aggregated to the waterbasin level can be viewed in Fig. 4. For analysis of
all technologies in this study, a 40 year time horizon was assumed.

Gray treatment methods
Gray nutrient treatment technologies outlined in the EPA’s report title Life
Cycle andCostAssessments ofNutrientRemovalTechnologies inWastewater
Treatment Plantswere used in this analysis28. The EPA report estimated the
costs and GWP of 8 alternative wastewater treatment technologies to treat
excess nitrogen and phosphorus in wastewater streams. Costs and GWP
were also provided for a 9th ‘baseline’ technology, but it was excluded from
this analysis because its primarydesignwas not focusedonnutrient removal
and had low nutrient remediation potential. Details of the gray treatment
methods can be seen in Table 2. Each gray nutrient treatment technology
was assigned a treatment level in the EPA report. These levels range from
Level 2 to Level 5 based on their ability to achieve target effluent nutrient
concentrations. These concentration levels are 8mgNL−1 and 1mgPL−1 for
Level 2, 6mgN L−1 and 0.2mgP L−1 for Level 3, 3 mgN L−1 and 0.1mgP L−1

for Level 4, and 2mgN L−1 and 0.02mgP L−1 for Level 5. Level 1 designates
that no effluent concentration is specified and has been excluded from this
analysis accordingly.

To perform a geographically resolved analysis, costs and GWP of each
gray treatment technologywere adjusted based on the location of the facility
being evaluated. For gray treatment technologies, only the electricity grid
mix was assumed to vary geographically. Treatment costs and GWP pre-
sented in the EPA report assumed the 2010 United States average electrical
grid mix was used for water treatment and all cost information was pre-
sented in 2014 dollars. We assumed a linear increase in energy demand
between Level 2 and Level 5, which is likely conservative as some estimates
suggest an exponential increase in energy use approaching Level 542. Elec-
tricity prices were updated using themean state electricity prices as reported
by the United States Energy Information Administration’s 2021 Annual
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Fig. 4 | Wastewater treatment facility data in the Contiguous United States.
aNumber of wastewater facilities in each waterbasin. b Total mean flow in millions
of gallons per day in each waterbasin. c Mean Nitrogen concentration of the

wastewater (mg L−1) in each waterbasin. dMean Phosphorus concentration of the
wastewater (mg L−1) in each waterbasin.

Table 2 | Costs and emissions of gray treatment methods

Name Abbr. Level N Cost
(2022$ kgN−1)

P Cost
(2022$ kgP−1)

N GWP (kg-
CO2eq kgN−1)

P GWP (kg-
CO2eq kgP−1)

N Removal
(mg L−1)

P Removal
(mg L−1)

Anaerobic/Anoxic/Oxic A2O 2 $ 28.59 $ 194.64 24.06 163.83 32 4.7

Activated Sludge, 3-Sludge System AS3 2 $ 46.36 $ 370.86 28.75 230.00 32 4.0

5-Stage Bardenpho B5 3 $ 30.54 $ 216.34 29.41 208.33 34 4.8

Modified University of Cape Town
Process

MUCT 3 $ 31.27 $ 221.49 28.24 200.00 34 4.8

5-Stage Bardenpho with Denitrification
Filter

B5/Denit 4 $ 31.41 $ 237.15 29.73 224.49 37 4.9

4-Stage Bardenpho Membrane
Bioreactor

MBR 4 $ 29.74 $ 224.54 29.73 224.49 37 4.9

5-Stage Bardenpho with Sidestream
Reverse Osmosis

B5/RO 5 $ 44.38 $ 346.14 46.15 360.00 39 5.0

5-Stage Bardenpho Membrane Bior-
eactor with Sidestream Reverse
Osmosis

MBR/RO 5 $ 42.29 $ 321.41 47.37 360.00 38 5.0

Treatment “Level” refers to the EPA’s target effluent nutrient concentration levels for wastewater treatment technologies.
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Energy Outlook, which is the most recent annual outlook available43. To
approximate the emissions associated with electricity use in various geo-
graphic regions in the United States, the United States EPA’s Emissions &
GenerationResource IntegratedDatabase (eGRID)wasused44. SinceEnergy
Information Administration electricity prices and eGRID mixes are not
aggregated to the sub-watershed level, the GeoPandas library in Pythonwas
used to compare the shapefiles forUnited States states and eGRIDregions to
HUC12 sub-watersheds45. If two states or eGRID regions overlapped a sub-
watershed region, the state or eGRID region which overlapped a larger area
of the sub-watershed was assigned to the sub-watershed. All technology
costs and electricity prices were converted to 2022 dollars using historical
Consumer Price Index data provided by the United States Bureau of Labor
Statistics using the mean annual Consumer Price Index values for all items
and the United States city average was used46,47. The electricity prices and
GWP was updated for each gray treatment method in each HUC region
using the total electricity demand (kWh m−3) presented in the EPA report
and 2021 electricity values using Eq. (1):

Xi;w ¼ Xi;US � ElectricDemandi � YUS þ ElectricDemandi � Yw ð1Þ

where X represents the technology’s cost or GWP, i represents the gray
technology method, w represents the waterbasin value, US represents the
United States mean value, ElectricDemand represents electricity demand of
nutrient treatment for each gray technology, and Y represents the geo-
graphic specific cost or GWP of electricity.

Green treatment methods
Green non-point source nutrient treatmentmethods range fromminimally
invasive nutrient fertilizer reduction to land altering constructed
wetlands48,49. For this analysis, 7 green treatment methods were considered,
all of which are implemented on agricultural farmland (Table 3). These
include 3 barrier treatment methods which are applied at the edge of the
field (saturated buffers, woodchip bioreactors, and constructed wetlands)
and 4 land treatment methods (nutrient rate reduction, split nutrient
application, cover crops, and no-till farming). Some of these treatment
methods treat both nitrogen and phosphorus, while others only treat one of
the two nutrients considered. Mean nutrient removal percentages and
treatment costs came from the 2016 IllinoisNutrient LossReduction Strategy
report49. All values used within this analysis fall within the range of values
reported in the literature48,50–61.

One limitation to published values on green treatment methods is that
they are presented in terms of the cost for the farmer to implement the
technology, not the costs that would be incurred by a utility encouraging the
adoption of these technologies to avoid new gray infrastructure upgrades.
Therefore, some of the technology costs (i.e. applied nutrient reduction and
no-till farming) are negative because they are cheaper than conventional
farming practices. Since this analysis was performed from the utilities per-
spective, it was assumed that the utility would incur the costs of technology
adoption, but would not claim the benefits of cost saving practices.

Therefore, it was assumed that the technology costs of the negative cost
technologies would be zero.

Additionally, it was assumed that farmers would need to be financially
incentivized by the utility to implement green nutrient treatment methods.
Therefore, it was assumed that the utility would pay farmers $31 acre−1

year−1 for land treated with green treatment methods, which is the mean
value reportedly paid to farmers in 2021 by the Soil and Water Outcomes
Fund62. This incentive payment is in addition to the green technology costs
paid for by the utility. Barrier treatment methods which only need to be
installed once, were only assumed to pay incentive fees during the first year
of operation. Land treatment methods are applied yearly and, as such, the
incentive fees were paid out annually. Lastly, constructed wetlands require
up to 6% of the treated farmland acres to be converted to a wetland48. As a
conservative estimate, it was assumed that this land was productive farm-
land and the utilitywould need to rent the land from the farmer at themean
land rental prices as reported by the USDA’s 2022 land cash rental prices in
order to compensate farmers for reducing their farm size63. Farmland rental
prices were reported at a state level and were applied to each waterbasin
based on the states which the waterbasin resided in. If the waterbasin cov-
ered land in multiple states, the land rental prices were calculated using a
weightedmeanbased on the numberof agricultural acres in each state. Land
rental prices were assumed to stay constant over the life of the project.

Similar to the costs of gray treatment technologies, the costs of green
treatment technologies were received in 2016 dollars and were converted to
2022 dollars using historical Consumer Price Index data provided by the
United States Bureau of Labor Statistics46,47. The GWP of each green
treatment method were estimated using life-cycle inventory data from the
EcoInvent 3.71 database, using cut-off analysis, accessed through the soft-
ware openLCA 1.10.3 (https://openlca.org), and calculated using the Traci
2.1 impact assessmentmethodology64,65. TheGWP estimate for constructed
wetlands includes direct land use change effectswhichwere calculatedusing
IPCC methodology66. Details of LCA calculations for each treatment
method are discussed in the Supplementary Methods 2 section in the
Supplementary Information.

Since each green nutrient treatment method requires different topol-
ogy, infrastructure, or climate in order to be implemented; not every green
treatment method could be applied in every waterbasin. Therefore, land
limitations were added to green infrastructure on a waterbasin basis. These
land limitations included the availability of tile-drained soil (saturated
buffers and woodchip bioreactors), the availability of riparian buffer
between agricultural land and discharge waterways (saturated buffers), the
soil and climate to support wetlands (constructed wetlands), and the
requirement of supplemental fertilizer application (nutrient rate reduction
and split nutrient application). It was assumed that if the requirements were
met in one part of the waterbasin, the requirements could be implemented
in the rest of the waterbasin and the nutrient reduction strategy could be
applied. For example, if tile drainswere usedon agricultural land in one part
of the waterbasin, it was assumed that they could be added to all agricultural
land in the waterbasin. Data for tile drain locations was acquired from

Table 3 | Costs and emissions of green treatment methods

Name Abbr. Type N Cost
(2022$ kgN−1)

P Cost
(2022$ kgP−1)

N GWP (kg-
CO2eq kgN−1)

P GWP (kg-
CO2eq kgP−1)

N Removal (%) P Removal (%)

Saturated Buffers BU Barrier $ 1.95 $ 14.63 0.10 3.98 90% 50%

Woodchip Bioreactors BR Barrier $ 2.68 $ – 0.70 – 25% 0%

Constructed Wetland W Barrier $ 4.88 $ – (3.90) – 50% 0%

N Rate Reduction NR Land $ 0.00 $ 0.00 (9.21) (105.72) 10% 7%

Split N Application NS Land $ 7.56 $ – 11.10 – 10% 0%

Cover Crop CC Land $ 3.90 $ 158.52 0.55 8.10 30% 30%

No-till NT Land $ – $ 0.00 – (91.35) 0% 50%

Treatment “Type" designates if the green treatment method is applied at the edge of the field (Barrier) or applied across the entire farm (Land).
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Nakagaki et al. based on analysis from Sugg and data for riparian buffers,
wetlands, and fertilizer application were acquired from the EPA’s
EnvironAtlas39,67,68. Details of each green treatment method’s requirements
is provided in Supplementary Table 1 and maps of tile drainage, riparian
buffers, wetlands, and fertilizer application availability in each waterbasin is
presented in Supplementary Fig. 13.

One of the benefits of green nutrient treatmentmethods is that they can
be used in combination with each other48. This analysis considered all
combinations of the 7 treatmentmethods proposed. Since each of the barrier
treatmentmethods are applied at the edge of the field before discharge to the
waterway, it was assumed that only one barrier treatment method could be
used at a time. Conversely, no limitations were placed on the land treatment
methods. Therefore, 63 unique combinations of green treatment methods
were evaluated to find the best performing treatment methods in each
watershed. For combined green treatment methods, it was assumed that
costs,GWP,andnutrient removal efficiencywerecompounded.For example,
if saturatedbufferswerecombinedwithcover crops, theirnitrogencostwould
be $1.95 kgN−1+ $3.90 kgN−1 = $5.85 kgN−1, nitrogen GWP would be
0.10 kg−CO2eqkgN

−1+ 0.55 kg−CO2eqkgN
−1 = 0.65 kg−CO2eqkgN

−1,
and their nitrogen removal efficiency would be 90%+ 30%
∗ (100%− 90%) = 93%.

Calculation methods and assumptions
In order to estimate the nutrient trading potential of green versus gray
nutrient reduction technologies, multiple scenarios were assumed. The first
scenario assumed that each of the wastewater treatment facilities evaluated
were required tomeet Level 2nitrogen andphosphorus concentration limits
of 8 mgN L−1 and 1mgP L−1, respectively. These values were selected
because they are the conservative limit that all gray treatment technologies
can achieve based on their treatment level in the EPA report. The second
scenario assumed that each of the wastewater treatment facilities evaluated
were required tomeet Level 5nitrogen andphosphorus concentration limits
of 2mgN L−1 and 0.02mgP L−1, respectively. These values were selected
because they are the limit that the advanced reverse osmosis gray treatment
technologies can achieve based on their treatment level in the EPA report.
Two additional scenarios (Level 3 and Level 4) were also run to evaluate the
sensitivity of results between the conservative Level 2 and advanced Level
5 scenarios. Concentration limits for nitrogen and phosphorus were 6mgN
L−1 and 0.2 mgPL−1 for the Level 3 scenario and 3mgNL−1 and 0.1mgPL−1

for the Level 4 scenario. Each scenario was evaluated independently of the
other scenarios. For all treatment methods, analysis was performed on the
facility level and nutrient trading was assumed to occur within each
waterbasin.

For each scenario, all facilities where both nitrogen and phosphorus
concentrations were lower than the specified limits were excluded from
analysis. Additionally, each gray nutrient treatment technology had max-
imum concentration limits which they could decrease the effluent during
treatment. It was assumed that the wastewater could be treated multiple
times when the concentration was above this limit, but costs and GWP
would increase by the multiple of the number of treatments required. To
avoid the highest concentration scenarios which would exaggerate the gray
treatment costs, facilities which required a mean nutrient concentration
reduction greater than 5X the Level 2 treatable concentration limit were
excluded from analysis. Facilities located outside CONUS (i.e. Alaska,
Hawaii, Puerto Rico, Guam, United States Virgin Islands, and American
Samoa) were also excluded due to their lack of HUC 12 sub-watershed data
providedby theEPA’s EnviroAtlas39.After datafiltration to remove facilities
residing outside the CONUS or with nutrient concentrations lower than
treatable limits, 18,534 unique facilities remained for the Level 2 analysis
(16,686 facilities treated for nitrogen, 14,444 facilities treated for phos-
phorus, and 12,633 facilities treated for both); 20,989 unique facilities
remained for the Level 3 analysis (17,634 facilities treated for nitrogen,
19,369 facilities treated for phosphorus, and 16,045 facilities treated for
both); 21,828 unique facilities remained for the Level 4 analysis (19,207
facilities treated for nitrogen, 20,110 facilities treated for phosphorus, and

17,514 facilities treated for both); and 22,386 unique facilities remained for
the Level 5 analysis (19,769 facilities treated for nitrogen, 20,785 facilities
treated for phosphorus, and 18,192 facilities treated for both).

In addition to gray treatment facility limitations, green treatment
methods were limited by agricultural land availability within each water-
basin. Total area within each sub-watershed was calculated using the
GeoPanda’s area function in Python. The percentage of crop land and
pasture land in each sub-watershed as reported by EnviroAtlas were used to
approximate the total agricultural land in each sub-watershed39. Since
nutrient trading was performed at the waterbasin level, sub-watershed
values were aggregated to the waterbasin level to determine the maximum
nutrient treatment of the waterbasin as a whole.

Additionally, some of the green treatment methods considered are
already in use on farms throughout the CONUS, but limited information
exists on their prevalence. The USDA’s 2017 agricultural census provides
state-level tillage and cover crop data, but geographically resolved data is
unavailable for the other green treatment methods69. The most recent non-
census data coverage data is provided by the Iowa Department of Agri-
culture and Land Stewardship in their Iowa Nutrient Reduction Strategy
2018-19 Annual Progress Report58. The report states that of the total
30,600,000 acres of farm land in Iowa, 8,200,000 acres (26.8%) were no-till
farmed, 5,700,000 acres (18.6%) were treated with nutrient management
strategies (nitrogen rate reduction and split nitrogen applications), 973,000
acres (3.2%) used cover cropping, 107,000 acres (0.35%) were treated with
wetlands, and 2000 acres (0.35%) were treated with either saturated buffers
or woodchip bioreactors58,70. To fill the gaps between the USDA census data
and treatment methods considered, these values were applied to their
respective green treatmentmethods across all waterbasins in the CONUS to
provide a conservative estimate of land availability for additional green
treatment applications. While accounting for land limitations, the max-
imum nutrient treatment potential of each green technology in each
waterbasin was calculated using Eq. (2):

NTi;w ¼ Aw � ðPctcrop;w þ Pctpast;wÞ � ð1� Pcttech;iÞ � Nmean�loss;w � PctN�removal;i

ð2Þ
where NTi,w represents the possible nutrient treatment for each green
technology (subscript i) in each waterbasin (subscriptw),Aw represents the
waterbasin total area, Pctcrop,w represents the percent of waterbasin area
which is crop land, Pctpasture,w represents the percent of waterbasin area
which is pasture land, Pcttech,i represents the percent of agricultural land
currently treated with each green treatment method, Nmean−loss represents
the mean nutrient loss per land area of agricultural land in the waterbasin,
and PctN−removal,i represents the percent of nutrient removal for each green
technology. The state-level nutrient runoff values as predicted by the 2012
regional United States Geological Survey’s Spatially Referenced Regression
On Watershed attributes models were used to quantify nutrient loading
from agricultural land in each waterbasin71–76.

Analysis was performed first for all green treatment methods and
combinations. The required nutrient treatment and the possible nutrient
treatment were calculated on a waterbasin level as described in the previous
paragraphs. If the available agricultural land in a waterbasin could not
support the removal of the required nutrient load to meet the desired
concentration limits, it was assumed that the maximum possible treatment
would be applied based on the land available. The percentage of maximum
nutrient treatment compared to the desired nutrient treatment was calcu-
lated and was used for nutrient treatment of all facilities within the water-
basin. Total land area required for nutrient remediationwas also recorded to
calculate farmer incentive payments.After thenutrient treatment loadswere
calculated for each wastewater facility, the new mean nutrient concentra-
tions were calculated based on annual wastewater discharge. After final
nutrient treatment loads were determined, the treatment costs (including
farmer incentive and wetland costs) and GWP were calculated for both
nutrients. Lastly, if both nitrogen and phosphorus were being treated, the
total treatment costs and GWP of the facility were set by the nutrient which

https://doi.org/10.1038/s43247-024-01359-x Article

Communications Earth & Environment |           (2024) 5:185 9



required more infrastructure. For example, if nitrogen required 500 ha of
treatment to meet concentration limits and phosphorus required 1000 ha,
the phosphorus treatment costs and GWP were assumed for treatment of
both nutrients at the facility since both nutrients can be treated simulta-
neously for certain treatment methods. Comparison of the nutrient treat-
ment levels for each green treatment method are presented in
Supplementary Fig. 4.

After treatment costs and GWP were calculated for every wastewater
treatment facility and each green treatment method (including combina-
tions), an optimization was run to determine the maximum amount of
nutrients that could be treated using green treatment methods in each
waterbasin. In many waterbasins, multiple green treatment methods could
treat the required nutrient load to reach the desired concentration limits.
Therefore, a secondary optimization was performed to determine the
minimum cost scenario andminimumGWP scenario when the maximum
amount of nutrientswere treated.Results for theminimumcost scenario are
used for comparison to the gray treatment methods in the results section.
TheminimumGWPscenariowas excluded fromtheprimary results section
because it has a breakeven carbon cost of $939 per tonne-CO2e when
compared to the minimum cost scenario which is more expensive than
direct air carbon capture technologies77. Detailed results for both optimi-
zation scenarios is discussed in the Supplementary Discussion 5 section in
the Supplementary Information.

Once costs and GWP were determined for each green treatment
method, costs and GWP were calculated for each of the gray treatment
methods. In order to ensure green and gray treatments were compared
evenly, the gray nutrient treatment levels were set equal to those of the green
maximum treatment scenarios even though they are not limited by agri-
cultural land constraints. If these limitations were not placed on gray
treatment technologies, they would treat more nutrients than the green
treatment methods which would increase their treatment costs and emis-
sions and exaggerate the benefit of green treatment methods. Costs for all
treatmentmethods were originally calculated at the wastewater facility level
using sub-watershed characteristics. For analysis purposes, results were
aggregated from the facility level to the waterbasin level. Supplementary
Fig. 14 provides a diagram of the analysis process.

Data availability
The primary data used in this study consisted of geographically resolved
nutrient loading data a from the Nutrient Model (Hypoxia Task Force
Search) created by the EPA40 which was acquired through the EPA’sWater
Pollutant Loading Tool41. Using the data analysis techniques described in
this paper and thePython code available in theCodeAvailability section, the
results were generated for this study. All results data presented in this study
is available on Zenodo78: https://doi.org/10.5281/zenodo.10456151.

Code availability
All code used in this analysis is available on Zenodo79: https://doi.org/10.
5281/zenodo.10790349. Any updates to the code will be publicly available
onGitHub: https://github.com/bradenlimb/Green-Wastewater-Treatment.
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