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Abstract

Nature-based solutions have been used to improve in-stream water quality in lieu of building electricity-

consuming gray infrastructure. We propose that carbon financing can provide a potential novel incentive

to accelerate this transition. Combining data on impaired waters, treatment technologies, and life cycle

greenhouse gas emission accounting in the continental United States, we compare traditional gray treatment

technologies to green technologies which include constructed wetlands, saturated buffers, and agricultural

management practices. We show that across the contiguous United States, green alternatives are less ex-

pensive, less energy intensive, and less carbon intensive than gray infrastructure alternatives and could save

$15.6 billion USD, 21.7 terawatt-hours of electricity, and 29.8 million tonnes of CO2-equivalent emissions

per year while sequestering over 4.2 million CO2e per year over a 40 year time horizon. While incentivizing

adoption of green infrastructure remains challenging because of utility and regulator risk aversion, we find

that the green solutions may have the potential to generate $679 million annually in carbon credit revenue

(at $20/credit), which represents a unique opportunity to help institutionalize green solutions that meet the

same water quality standards as gray infrastructure.
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1 Introduction

Freshwater quality in the United States is impaired by 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 streams [1]. The most prominent water quality

impacts of fertilizer are harmful algae blooms and subsequent anoxic zones either in lakes or in near-coastal

environments [2]. 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 regulatory realities are subsequently

putting increasing pressure on water and wastewater utilities to address riverine water quality. Typically,

water and wastewater utilities meet these regulatory obligations by constructing ”gray infrastructure”, such

as secondary, tertiary and reverse osmosis treatment plants, requiring significant capital and operational

costs as well as embodied emissions from materials and indirect emissions from energy use throughout their

operational lifetimes. Water and wastewater treatment plants currently account for about 2% of energy

use and 45 million tonnes of carbon dioxide equivalent (CO2e) emissions per year in the United States

[3]. In many cases, gray infrastructure could be substituted with green infrastructure including riparian,

floodplain, and wetlands restoration; regenerative agricultural practices; improved forestry management;

and other efforts to reduce non-point source contamination to enable point dischargers to meet water quality

standards. These types of formal, market-based ’water quality trading’ programs were established and

recently strengthened by the EPA [4, 5] and several state-level regulators, but have not achieved significant

scale, despite often being much more cost effective [6, 7, 8], primarily because distributed, nature-based

or green solutions are not as readily monitored and performance is not easily verified as established, gray

infrastructure technology solutions.

This technology–capability barrier leads to risk adversity on the part of the regulator. In turn, utilities

are unwilling to burden tax- and rate-payers with green infrastructure project costs if a required regulator-

provided permit is not forthcoming. Emerging technologies may support improved monitoring and manage-

ment of nature-based or green water quality solutions (e.g.[9, 10, 11, 12, 13, 14]). Paired with these advances,

climate finance may provide a private capital source to motivate utilities and regulators using green infras-

tructure to take pre-permit, early action. In this light, one way to view climate finance 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 infrastructure. For

this to hold the financing needs to occur in locations where the transition to renewables is slow, and where
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existing efforts to switch from energy intensive infrastructure to nature based solutions is lacking.

In this research, we evaluate the economic and environmental potential of nutrient trading programs.

The economic and life-cycle greenhouse gas (GHG) emissions savings by using green wastewater treatment

methods in place of gray wastewater treatment methods is evaluated. The primary analysis evaluates the

benefits seen by nutrient (nitrogen and phosphorus) reduction. The US EPA defines five target effluent

nutrient concentration levels for wastewater treatment technologies. Nutrient removal requirements vary

state-by-state but have generally trended toward increased stringency, requiring water treatment plant tech-

nology upgrades and corresponding increases in energy demand [15, 16, 17]. Given this trend, we consider

both Level 2 (removal of nitrogen to 8 mg/L and phosphorus to 1 mg/L) and Level 5 (removal of nitrogen

to 2 mg/L and phosphorus to 0.02 mg/L) [15]. Geospatially resolved nutrient impaired water data is com-

bined 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 climate finance (carbon credits) to support the development

and deployment of green infrastructure.

2 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 climate finance potential for gray and green treatment technologies. A summary table of

key results from this analysis are shown in Table 1.

2.1 Nutrient Remediation Potential of Green Infrastructure

In total, we find that 31.7% (530,255 tonnes N/yr) and 20.8% (54,110 tonnes P/yr) of the desired nitrogen

and phosphorus treatment could be achieved using green infrastructure, for the Level 5 scenario (Figure

1). For the Level 2 scenario, 36.8% (403,913 tonnes N/yr) and 22.5% (39,453 tonnes P/yr) of the desired

nitrogen and phosphorus treatment could be achieved using green infrastructure, respectively (Supplemental

Figure 6). 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 two of the treatment methods with the highest nutrient reduction effectiveness. Supplemental Figure

5 illustrates the effectiveness of each of the green treatment methods (and combinations of methods) at

meeting desired nutrient treatment goals.
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Table 1: Aggregated results for the national deployment of gray or green technologies to treat water to two
different levels (Level 2 and Level 5)

Level 2 Level 5

Treatment Target mg N/L 8 2
Treatment Target Limits mg P/L 1 0.02
Gray Electricity Use (Tera Wh/yr) 6.8 21.7
Gray Emissions (MtCO2e/Year) 11.9 29.8
Gray Cost ($B/Year) $14.9 $28.5
Green Emissions (MtCO2e/Year) -3.4 -4.2
Green Cost ($B/Year) $10.0 $13.6
Net Emissions (MtCO2e/Year) 15.3 33.9

Carbon Revenue

Total ($B/Year) $0.3 $0.7
Green Net Savings w/ Carbon Revenue ($B/Year) $5.2 $15.6
Mean Carbon Revenue vs Green Waterbasin Costs 5.4% 8.6%
StDev of Carbon Revenue vs Green Waterbasin Costs 5.7% 10.5%
Max Carbon Revenue vs Green Waterbasin Costs 20.9% 43.7%

A similar analysis was completed for the deployment of gray technologies. 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 technologies even though they are not limited by agricultural land constraints. If

these limitations were not placed gray treatment technologies, they would treat more nutrients which would

increase their treatment costs and emissions and exaggerate the benefit of green treatment methods. 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 and 5-Stage Bardenpho Membrane Bioreactor

with Sidestream Reverse Osmosis for Level 5 treatment scenarios.

2.2 Global Warming Potential of Gray vs Green Infrastructure

Annually, we find that gray treatment technologies would emit 29.7 MtCO2e while green treatment technolo-

gies would sequester 4.2 MtCO2e for the Level 5 scenario (Figure 2). This results in a annual carbon credit

potential of 33.9 MtCO2e. Our results also show that green treatment technologies have reduced emissions

compared to gray treatment technologies in every waterbasin.

Depending on the optimal green treatment technologies used (Supplemental Figure 7), waterbasin green

house gas emissions can be either positive or negative. When optimized for both minimum cost and maximum

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 US 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 GWP compared
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Figure 1: Percent of Nitrogen (A) and Phosphorus (B) treatment possible for green treatment technologies
in each waterbasin for the Level 5 scenario of reducing mean nutrient concentrations to 2 mgN/L and 0.02
mgP/L. White space designates waterbasins which didn’t have wastewater treatment facilities or didn’t
require nutrient treatment.

to conventional practices. Similar results were observed for the Level 2 scenario (Supplemental Figures 7

and 8). Gray treatment technologies emit 11.9 MtCO2e while green treatment technologies sequester 3.4

MtCO2e annually for the Level 2 scenario which results in a annual carbon credit potential of 15.3 MtCO2e.

Overall, GWP values are reduced in the Level 2 scenario due to the reduction in nutrient treatment required.

Figure 2: Continental United States global warming potential (GWP) in tonnes of CO2 equivalent emissions
per year for removal of nitrogen (to 2 mg/L) and phosphorus (to 0.02 mg/L) using (A) gray treatment tech-
nologies (29.7 MtCO2e/year) and (B) green treatment technologies (-4.2 MtCO2e/year), and (C) net GWP
representing potential carbon credit generation (33.9 MtCO2e/year). White space designates waterbasins
which didn’t have wastewater treatment facilities or didn’t require nutrient treatment.
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2.3 Carbon Financing Potential of Green Infrastructure

Nutrient treatment costs for the Level 5 scenario were found to be $28.4B/year and $13.6B/year for gray and

green technologies, respectively, when costs are normalized over the life of the technology. Additionally, we

found the carbon financing potential is $679 M/yr assuming a carbon credit price of $20/tonne-CO2eq which

results in the total savings of green treatment technologies when compared to gray treatment and including

carbon financing potential of $15.6B/year (Figure 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 CONUS which required nutrient treatment, 222 (70%) had green treatment

costs cheaper than the gray treatment technologies excluding carbon financing revenues. If carbon financing

revenue is added, 232 (73%) of waterbasins had green treatment costs cheaper than gray treatment tech-

nologies. However, when evaluated as a percent of total nutrients treated in the CONUS, 93.4% of nitrogen

and 90.2% of phosphorus is treated in waterbasins where green treatment costs are cheaper than gray treat-

ment technologies when carbon financing revenues are excluded. These values increase to 94.6% of nitrogen

and 98.3% of phosphorus 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, and no-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 46% ($6.2B/year) 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 and $10.0B/year for gray

and green technologies, respectively, when costs are normalized over the life of the technology. Additionally,

we found the carbon financing potential is $307 M/yr assuming a carbon credit price of $20/tonne-CO2eq

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 (Supplemental Figure 9). Of

the 316 waterbasins in the CONUS which required nutrient treatment, 168 (53%) had green treatment

costs cheaper than those of the gray treatment technologies excluding carbon financing revenues. If carbon

financing revenue is added, 174 (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 technologies when carbon financing revenues are excluded. These values increase to 85.6%

of nitrogen and 95.4% of phosphorus treated in the CONUS in waterbasins which green technologies are
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cheaper when carbon financing revenues are included. Similar to the Level 5 scenario, green treatment costs

were significantly impacted by the farmer incentive payments. On a national level, farmer incentive payments

make up 49% ($4.9B/year) of the total green treatment costs.

Figure 3: Continental United States water treatment costs for removal of nitrogen (to 2 mg/L) and phospho-
rus (to 0.02 mg/L) using (A) gray treatment technologies ($28.4B/year) and (B) green treatment technologies
($13.6B/year), (C) Potential carbon finance revenue ($676 M/year at $20/credit), and (D) net cost differ-
ence between gray and green treatment technologies when including carbon financing revenue ($15.6B/year).
Negative cost differences show waterbasins where green technologies are more expensive than gray technolo-
gies. White space designates waterbasins which didn’t have wastewater treatment facilities or didn’t require
nutrient treatment.

3 Discussion

River water quality improvements in the United States have been often delayed because of cost, complexity

and litigation, with alternative compliance solutions, like nutrient trading, established but limited in scale.

Meanwhile, carbon credits are designed to use market mechanisms to accelerate the energy transition. Com-

bining 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
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watershed future.

Water and wastewater treatment in the United States already accounts for 2% of energy use and 45

million 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 and methodologies [5]. 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 risk mitigation

potential between programs. Fundamentally, local water problems have never benefited from a global, liquid

economy. Carbon finance has been used extensively in the past fifteen years to deliver measurable clean

drinking 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 obligations [18].

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,” [19]. In 2022, some market research estimates that the volume of carbon credits

in demand will increase at least 20x by 2035, with credits increasing in value from around $25 per tonne

to a central estimate of $80-$150 per tonne by 2035 [20]. 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 watershed 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 significant social benefits [21], while generating a potential $679 million annually

in carbon credit revenue (at $20/credit), representing an opportunity to further motivate green solutions

that meet the same water quality standards as gray infrastructure.

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 and model presented here is not intended for top-down plan-

ning, it was developed to try and better understand the scope of the problem and opportunity. Any green

infrastructure development must be done in a way that incorporates the local communities considerations,

opportunities, values and rights. Critically however, the business as usual gray infrastructure creates inequal-
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ities in clean water access in the United States, often failing to serve the most disadvantaged populations

without access to the best facilities. As such green infrastructure, if done right, offers a opportunity to ensure

clean water is offered to a much wider portion of the population.

Limited data exists on the current prevalence and effectiveness of green technologies across the US.

Existing research on these technologies is focused in the Midwestern US (i.e. Corn Belt) and non-point

source nutrient treatment methods have a wide range of nutrient reduction efficiencies based on geographic

location, agricultural techniques used, and local climate patterns. Studies need to be performed on each

of the green treatment methods to evaluate their effectiveness elsewhere in the US. Surveys should also be

completed to provide better estimates of the current prevalence of these technologies throughout the US

to better estimate future potential. USDA census data is available for cover cropping and no-till farming

across the US, but limited data is available for saturated buffers, woodchip bioreactors, constructed wetlands,

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 estimates made for green technologies in this study should also be evaluated

in specific case studies to capture nuances of the local installations and performance 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 environmental impact, carbon credits generated by offsetting gray

infrastructure with green infrastructure will be reduced, which mean that the window of opportunity for

leveraging carbon markets to incentivize a shift from gray to green infrastructure may be limited.

4 Methods

This study evaluates the economics and emissions of water treatment technologies in the CONUS. The

CONUS was divided into smaller sections as designated by the United States Geological Survey’s (USGS’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 level [22].

Geodatabase files for various HUC regions were downloaded from the USGS’s Watershed Boundary Dataset

(WBD) [23]. Data associated with HUC 12 sub-watersheds was aggregated from United States Environmental

Protection Agency’s (EPA’s) EnviroAtlas database [24]. EnviroAtlas provides national data layers at the
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HUC 12 sub-watershed level with many of these data layers being derived from data with a resolution of

30 m. 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.

4.1 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 used [25]. This data is provided through the EPA’s

Water Pollutant Loading Tool [26]. The Nutrient Model was created by EPA to provide access to aggre-

gated nitrogen and phosphorus loads (including modeled loads) for facilities across the US. As such, data

is provided for wastewater treatment facilities with current EPA National Pollutant Discharge Elimination

System (NPDES) permits with facility information, total annual wastewater flow, total nutrient loads, and

maximum allowable 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,

and mean phosphorus all aggregated to the waterbasin level can be viewed in Figure 4. For analysis of all

technologies in this study, a 40 year time horizon was assumed.

4.2 Gray Treatment Methods

Gray nutrient treatment technologies outlined in the EPA’s report title Life Cycle and Cost Assessments

of Nutrient Removal Technologies in Wastewater Treatment Plants were used in this analysis [15]. 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 primary design was not focused on nutrient

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 8mgN/L and 1mgP/L for Level 2, 4−8mgN/L and 0.1−0.3mgP/L for Level

3, 3mgN/L and 0.1mgP/L for Level 4, and < 2mgN/L and < 0.02mgP/L for Level 5. Level 1 designates
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Figure 4: Wastewater treatment facility data in the contiguous United States: (A) Number 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) in each waterbasin (D) Mean Phosphorus concentration
of the wastewater (mg/L) in each waterbasin.

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 technology were

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 presented in the EPA

report assumed the 2010 US average electrical grid mix was used for water treatment and all cost information

was presented 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

5 [27]. Electricity prices were updated using the mean state electricity prices as reported by the US Energy

Information Administration’s (EIA) 2021 Annual Energy Outlook, which is the most recent annual outlook

available [28]. To approximate the emissions associated with electricity use in various geographic regions in

the US, the US EPA’s Emissions & Generation Resource Integrated Database (eGRID) was used [29]. Since

EIA electricity prices and eGRID mixes are not aggregated to the sub-watershed level, the GeoPandas library
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Table 2: Costs and Emissions of Gray Treatment Methods. Treatment ”Level” refers to the EPA’s target
effluent nutrient concentration levels for wastewater treatment technologies.

Name Abbr. Level
N Cost

(2022$/kgN)
P Cost

(2022$/kgP)
N GWP

(kg-CO2eq/kgN)
P GWP

(kg-CO2eq/kgP)
N Removal
(mg/L)

P Removal
(mg/L)

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 Bioreactor with
Sidestream Reverse Osmosis

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

in Python was used to compare the shapefiles for US states and eGRID regions to HUC 12 sub-watersheds

[30]. 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 (CPI) data provided

by the US Bureau of Labor Statistics using the mean annual CPI values for all items and the US city average

was used [31, 32]. The electricity prices and GWP was updated for each gray treatment method in each

HUC region using the total electricity demand (kWh/m3) presented in the EPA report and 2021 electricity

values using Equation 1:

Xi,w = Xi,US − ElectricDemandi ∗ YUS + ElectricDemandi ∗ Yw (1)

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 geographic specific cost or

GWP of electricity.

4.3 Green Treatment Methods

Green non-point source nutrient treatment methods range from minimally invasive nutrient fertilizer reduc-

tion to land altering constructed wetlands [33, 34]. For this analysis, 7 green treatment methods were con-

sidered, 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 Illinois Nutrient Loss Reduction Strategy report [34]. All values used within this analysis fall

within the range of values reported in the literature [33, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46].
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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 perspective,

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-yr for land treated with green treatment methods, which is the mean value reportedly paid to

farmers in 2021 by the Soil and Water Outcomes Fund [47]. 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 wetland [33]. As a conservative estimate, it was

assumed that this land was productive farmland and the utility would need to rent the land from the farmer

at the mean land rental prices as reported by the United States Department of Agriculture’s (USDA’s)

2022 land cash rental prices in order to compensate farmers for reducing their farm size [48]. 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 covered land in multiple states, the land rental prices were

calculated using a weighted mean based on the number of 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 CPI data provided by the US Bureau of

Labor Statistics [31, 32]. 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 software openLCA 1.10.3

(https://openlca.org), and calculated using the Traci 2.1 impact assessment methodology [49, 50]. The GWP

estimate for constructed wetlands includes direct land use change effects which were calculated using IPCC

methodology [51]. Details of LCA calculations for each treatment method are provided in the Supplemental

Information.

Since each green nutrient treatment method requires different topology, infrastructure, or climate in order

to be implemented; not every green treatment method could be applied in every waterbasin. Therefore,
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Table 3: Costs and Emissions of Green Treatment Methods. Treatment ”Type” designates if the green
treatment method is applied at the edge of the field (Barrier) or applied across the entire farm (Land).

Name Abbr. Type
N Cost

(2022$/kgN)
P Cost

(2022$/kgP)
N GWP

(kg-CO2eq/kgN)
P GWP

(kg-CO2eq/kgP)
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%

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 drains were used on 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 Nakagaki et al. (2016) based on analysis from Sugg (2007) and

data for riparian buffers, wetlands, and fertilizer application were acquired from the EPA’s EnvironAtlas

[52, 53, 24]. Details of each green treatment method’s requirements is provided in Supplemental Information

Table 4 and maps of tile drainage, riparian buffers, wetlands, and fertilizer application availability in each

waterbasin is presented in Supplemental Information Figure 12.

One of the benefits of green nutrient treatment methods is that they can be used in combination with each

other [33]. This analysis considered all combinations of the 7 treatment methods proposed. Since each of the

barrier treatment methods 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, and nutrient removal efficiency were compounded. For example, if saturated

buffers were combined with cover crops, their nitrogen cost would be $1.95/kgN +$3.90/kgN = $5.85/kgN ,

nitrogen GWP would be 0.10kg − CO2eq/kgN + 0.55kg − CO2eq/kgN = 0.65kg − CO2eq/kgN , and their

nitrogen removal efficiency would be 90% + 30% ∗ (100%− 90%) = 93%.
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4.4 Calculation Methods and Assumptions

In order to estimate the nutrient trading potential of green versus gray nutrient reduction technologies,

two scenarios were assumed. The first scenario assumed that each of the wastewater treatment facilities

evaluated were required to meet Level 2 nitrogen and phosphorus concentration limits of 8mgN/L and

1mgP/L, 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 to meet Level 5 nitrogen

and phosphorus concentration limits of 2mgN/L and 0.02mgP/L, 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. Each scenario was evaluated independently of each other. 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

maximum 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 con-

centration scenarios which would significantly exaggerate the gray treatment costs, facilities which required

a mean nutrient concentration reduction greater than 5X the Level 2 treatable concentration limit were ex-

cluded from analysis. Facilities located outside CONUS (i.e. Alaska, Hawaii, Puerto Rico, Guam, US Virgin

Islands, and American Samoa) were also excluded due to their lack of HUC 12 sub-watershed data provided

by the EPA’s EnviroAtlas [24]. After data filtration 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

(16,743 facilities treated for nitrogen, 14,499 facilities treated for phosphorus, and 12,708 facilities treated

for both) and 22,386 unique facilities remained for the Level 5 analysis (19,807 facilities treated for nitrogen,

20,829 facilities treated for phosphorus, and 18,250 facilities treated for both).

In addition to gray treatment facility limitations, green treatment methods were limited by agricultural

land availability within each waterbasin. 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-watershed [24].

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.
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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 methods [54]. The most recent non-census data coverage data is provided by the Iowa Department

of Agriculture and Land Stewardship in their Iowa Nutrient Reduction Strategy 2018-19 Annual Progress

Report [43]. 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 2,000 acres (0.35%) were treated with either saturated buffers or woodchip

bioreactors [43, 55]. To fill the gaps between the USDA census data and treatment methods considered,

these values were applied to their respective green treatment methods 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 maximum nutrient treatment potential of each green technology in each

waterbasin was calculated using Equation 2:

NTi,w = Aw ∗ (Pctcrop,w + Pctpast,w) ∗ (1− Pcttech,i) ∗Nmean−loss,w ∗ PctN−removal,i (2)

where NTi,w represents the possible nutrient treatment for each green technology (subscript i) in each water-

basin (subscript w), 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 (SPARROW) models were used to quantify nutrient loading from agricultural land in

each waterbasin [56, 57, 58, 59, 60, 61].

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 calculated and was used for nutrient treatment of all facilities

within the waterbasin. Total land area required for nutrient remediation was also recorded to calculate farmer
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incentive payments. After the nutrient treatment loads were calculated for each wastewater facility, the new

mean nutrient concentrations 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 required more infrastructure.

For example, if nitrogen required 500 ha of treatment to meet concentration limits and phosphorus required

1,000 ha, the phosphorus treatment costs and GWP were assumed for treatment of both nutrients at the

facility since both nutrients can be treated simultaneously for certain treatment methods. Comparison of the

nutrient treatment levels for each green treatment method are presented in the Supplemental Information.

After treatment costs and GWP were calculated for every wastewater treatment facility and each green

treatment method (including combinations), 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 and

minimum GWP scenario when the maximum amount of nutrients were treated. Results for the minimum cost

scenario are used for comparison to the gray treatment methods in the results section. The minimum GWP

was excluded from the primary results section because it has a breakeven carbon cost of $939/tonne−CO2eq

when compared to the minimum cost scenario which is more expensive than direct air carbon capture

technologies [62]. Detailed results for both optimization scenarios is shown in the Supplemental Information

section.

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 agricultural land constraints. If these limitations were not placed gray

treatment technologies, they would treat more nutrients than the green treatment methods which would

increase their treatment costs and emissions and exaggerate the benefit of green treatment methods. Costs

for all treatment methods 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.

5 Supplemental Information

Additional methods and results are presented in this Supplemental Information section. Six subsections are

included. The first subsection provides details on the total nutrient loads that green treatment technologies
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can achieve in the US. The second subsection details the optimum green infrastructure deployment across

the contiguous United States (CONUS). The third subsection provides the results for the global warming

potential (GWP) of gray and green treatment technologies across the CONUS. The fourth subsection details

the total costs for gray and green technologies across the CONUS along with maps for carbon financing

potential considering a $20/tonne − CO2eq carbon credit price and the net different between the costs of

each technology if carbon financing is included. The fifth nutrient subsection provides a comparison between

the minimum cost and minimum emission green treatment scenarios verses grey treatment technologies. The

sixth subsection provides additional details on the methods used for this analysis. The seventh subsection

provides additional details on the assumptions used for green treatment methods LCA estimates.

5.1 Nutrient Remediation Potential of Green Infrastructure

This analysis considers 7 primary green nutrient remediation methods, all of which are implemented on

agricultural farmland. 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). Additionally, combinations of the

green treatment methods were also considered which resulted in 63 unique combinations of green treatment

methods being evaluated. Each green nutrient treatment method had unique infrastructure requirements,

agricultural land limitations, and nutrient removal efficiencies. Therefore, each green treatment method

could treat different quantities of nitrogen and/or phosphorus. Maps of the nutrient treatment percentage

in each waterbasin can be seen in Supplemental Figure 6 for the Level 2 scenario and in Figure 1 for the

Level 5 scenario.

Supplemental Figure 5 illustrates the total nutrient treatment which each green treatment method,

or combination of methods, could achieve for the Level 2 scenario (A) and Level 5 scenario (B). Also

provided is the maximum treatment potential of green treatment methods if the most productive treatment

method is selected in each waterbasin and the percent of the required nutrient treatment necessary to

achieve desired nutrient concentration goals in the CONUS. In total, 31.7% (530,255 tonnes N/yr) and

20.8% (54,110 tonnes P/yr) of the desired nitrogen and phosphorus treatment could be achieved using green

infrastructure, respectively, for the Level 5 scenario. For the Level 2 scenario, 36.8% (403,913 tonnes N/yr)

and 22.5% (39,453 tonnes P/yr) of the desired nitrogen and phosphorus treatment could be achieved using

green infrastructure, respectively. The primary reason why green treatment methods cannot achieve higher

nutrient treatment loads is due to limited agricultural land in the watershed, low nutrient removal efficiencies

(which results in large land requirements), and limitations on geographic deployment (i.e., saturated buffers
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and woodchip bioreactors can only be used in locations with tile drainage which is predominately used in the

corn belt, but not elsewhere in the US). This can be seen in Supplemental Figure 5 because the treatment

methods with high nutrient removal efficiencies and limited geographic constraints tend to remove the most

nutrients (constructed wetland + cover crops for nitrogen and all land treatment methods for phosphorus).

(a) Level 2 Treatment (b) Level 5 Treatment

Figure 5: Maximum Nitrogen (1) and Phosphorus (2) treatment capacity of each green treatment technology
or combinations of green technologies for the Level 2 (A) and Level 5 (B) scenarios. Percentage represents
the percent of the total load needed to reduce mean concentration of all watersheds to 8 mgN/L and 1 mgP/L
for Level 2 and 2 mgN/L and 0.02 mgP/L for Level 5. Labels represent Saturated Buffer (BU), Woodchip
Bioreactor (BR), Constructed Wetland (W), Nitrogen Rate Reduction (NR), Split Nitrogen Application
(NS), Cover Crop (CC), No-Till farming (NT), and the maximum treatment possible when optimizing for
the most productive treatment method in each watershed (Max Treatment).

5.2 Optimal Green Infrastructure Deployment Across the US

One of the primary goals of this study was to capture the geospatial intricacies of green nutrient remediation

methods. As such, Supplemental Figure 7 illustrates the best green treatment methods to use in each

waterbasin when prioritizing maximum nutrient treatment and minimum costs for the Level 2 and Level

5 scenarios. The results between the two scenarios are similar. In both cases, saturated buffers, reduced

nitrogen application, and cover crops are used widely for both nitrogen and phosphorus remediation. Con-
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Figure 6: Percent of Nitrogen (A) and Phosphorus (B) treatment possible for green treatment technologies
in each waterbasin for the Level 2 scenario of reducing mean nutrient concentrations to 8 mgN/L and 1
mgP/L.

structed wetlands and split nutrient application are used for nitrogen treatment and no-till farming is used

widely for phosphorus treatment. In total, 35 of the modeled 63 green treatment combinations are used for

either nitrogen or phosphorus in either the Level 2 or Level 5 scenarios.

Figure 7: Geographic variability of treatment methods for the optimized green treatment scenario prioritizing
minimum cost for the Level 2 scenario (A) and the Level 5 scenario (B). Labels represent Saturated Buffer
(BU), Woodchip Bioreactor (BR), Constructed Wetland (W), Nitrogen Rate Reduction (NR), Split Nitrogen
Application (NS), Cover Crop (CC), and No-Till farming (NT).
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5.3 Global Warming Potential of Gray vs. Green Infrastructure

Similar results shown in the main article for the Level 5 scenario, Supplemental Figure 8 shows GWP of

green versus gray technologies across the CONUS for the Level 2 scenario. In this scenario, gray treatment

technologies emit 11.9 MtCO2e while green treatment technologies sequester 3.4 MtCO2e annually for the

Level 2 scenario which esults in a annual carbon credit potential of 15.3 MtCO2e.

Figure 8: Continental United States global warming potential (GWP) in tonnes of CO2 equivalent emissions
per year for removal of nitrogen (to 8 mg/L) and phosphorus (to 1 mg/L) using (A) gray treatment tech-
nologies (11.9 MtCO2e/year) and (B) green treatment technologies (-3.4 MtCO2e/year), and (C) net GWP
representing potential carbon credit generation (15.3 MtCO2e/year).

5.4 Carbon Financing Potential Green Infrastructure

Similar results shown in the main article for the Level 5 scenario, Supplemental Figure 9 shows costs of green

versus gray technologies across the CONUS for the Level 2 scenario. Nutrient treatment costs for the Level

2 scenario were $14.9B/year and $10.0B/year for gray and green technologies, respectively. Additionally, the

carbon financing potential is $307 M/yr assuming a carbon credit price of $20/tonne-CO2eq and the total

savings of green treatment technologies when compared to gray treatment and including carbon financing

potential is $5.2B/year. Of the 316 waterbasins in the CONUS which required nutrient treatment, 168 (53%)

had green treatment costs cheaper than those of the gray treatment technologies excluding carbon financing

revenues. If carbon financing revenue is added, 174 (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 technologies when carbon financing revenues are excluded. These values

increase to 85.6% of nitrogen and 95.4% 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 costs were significantly impacted by the farmer incentive payments. On a national level, farmer
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incentive payments make up 49% ($4.9B/year) of the total green treatment costs.

Figure 9: Continental United States water treatment costs for removal of nitrogen (to 8 mg/L) and phospho-
rus (to 1 mg/L) using (A) gray treatment technologies ($14.9B/year) and (B) green treatment technologies
($10.0B/year), (C) Potential carbon finance revenue ($307 M/year at $20/credit), and (D) net cost differ-
ence between gray and green treatment technologies when including carbon financing revenue ($5.2B/year).
Negative cost differences show waterbasins where green technologies are more expensive than gray technolo-
gies. White space designates waterbasins which didn’t have wastewater treatment facilities or didn’t require
nutrient treatment.

5.5 Cost and Emissions Comparison Between All Green and Gray Technologies

The primary goal of this work to was to evaluate the costs and GWP of nutrient remediation by building

additional traditional wastewater treatment facilities (gray infrastructure) compared to green infrastructure.

Supplemental Figure 10 shows the costs and GWP required to treat the maximum amount of nitrogen

and phosphorus treatment possible with green treatment technologies and all gray treatment technologies

considered for the Level 2 and Level 5 treatment scenarios.

Results show that green treatment technologies have the potential to have both less costs and less GWP

than gray infrastructure in both scenarios. This result correlates with existing literature on the subject

[6, 7, 8]. In the Level 2 scenario, the minimum cost green treatment method has total costs of $10.0 billion/yr

and total GWP of -3.4 MtCO2/yr and the minimum emissions green treatment method has total costs of $13.8

billion/yr and total GWP of -7.6 MtCO2/yr. In order to make the minimum emissions scenario financially
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competitive with the minimum cost scenario, a carbon price of $927 would be required. Comparatively,

the cheapest and least environmentally damaging gray treatment method was Anaerobic/Anoxic/Oxic with

total costs of $14.9 billion/yr and total GWP of 11.9 MtCO2/yr.

In the Level 5 scenario, the minimum cost green treatment method has total costs of $13.6 billion/yr and

total GWP of -4.2 MtCO2/yr and the minimum emissions green treatment method has total costs of $18.2

billion/yr and total GWP of -9.1 MtCO2/yr. In order to make the minimum emissions scenario financially

competitive with the minimum cost scenario, a carbon price of $939 would be required. Comparatively,

the cheapest gray treatment method was 5-Stage Bardenpho Membrane Bioreactor with Sidestream Reverse

Osmosis Treatment with total costs of $28.4 billion/yr and total GWP of 29.8 MtCO2/yr. The least en-

vironmentally damaging gray treatment method was 5-Stage Bardenpho with Sidestream Reverse Osmosis

Treatment with total costs of $30.2 billion/yr and total GWP of 29.1 MtCO2/yr.

(a) Level 2 Treatment (b) Level 5 Treatment

Figure 10: Total Cost and Global Warming Potential (GWP) of the optimum Green treatment methods
and each Gray treatment method to meet desired nutrient concentration limits for the Level 2 scenario (a
- 8 mgN/L and 1 mgP/L) and Level 5 scenario (b - 2 mgN/L and 0.02 mgP/L). Gray treatment methods
include Anaerobic/Anoxic/Oxic (A2O), Activated 3-Sludge System (AS3), 5-Stage Bardenpho (B5), Modified
University of Cape Town Process (MUCT), Denitrification Filter (Denit), 4-Stage Bardenpho Membrane
Bioreactor (MBR), and Reverse Osmosis Treatment (RO).

5.6 Methods Framework

The following visualizations provide additional information about the methods used to complete this study.

Supplemental Figure 11 provides a diagram of the analysis process. Supplemental Table 4 outlines which

green technologies require what base technologies in order to be used within the waterbasin. Supplemental

Figure 12 provides maps of the required technologies for the green treatment methods shown in Supplemental

Table 4.
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Table 4: Land limitations placed on green treatment technologies.

Name Abbr. Type Tile Drain Buffer Wetlands Fertilizer Current Land Use (%) Farmer Incentive Scaling

Buffers BU Barrier Yes Yes No No 0.01% 1/15
Bioreactors BR Barrier Yes No No No 0.01% 1/10
Wetland W Barrier No No Yes No 0.4% 1/40
N Rate Reduction NR Land No No No Yes 18.6% 1
Split N Application NS Land No No No Yes 18.6% 1
Cover Crop CC Land No No No No Varies 1
No-till NT Land No No No No Varies 1
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Figure 11: Diagram of the methods used for this study.

Figure 12: Green water treatment availability by waterbasin for technologies needing tile drainage (A), ripar-
ian buffers (B), wetlands (C), and supplemental fertilizer application (D). Data for waterbasin characteristics
provided by the US EPA’s EnviroAtlas [24].

24



5.7 Life Cycle Emissions of Green Treatment Methods

Because of limited literature on life cycle emissions of green nutrient treatment scenarios, the GWP of

each was estimated using life-cycle inventory data from the EcoInvent 3.71 database, using cut-off analysis,

accessed through the software openLCA 1.10.3 (https://openlca.org), and calculated using the Traci 2.1

impact assessment methodology [49, 50]. The GWP estimate for constructed wetlands includes direct land

use change effects which were calculated using IPCC methodology [51]. Detailed assumptions for each of

the treatment methods are presented in the following sections. The descriptions in the following sections

are meant to be used in unison with the supplemental spreadsheet with LCA calculations. For all LCA

estimates, calculations were performed for a 50 acre square farm with mean annual nutrient loss of 9.5 kg

N/acre and 0.65 kg P/acre [37, 63]. Costs and emissions for green nutrient treatment technologies were

assumed to scale linearly based on the number of acres treated, so the 50 acre farm was used to calculate

per acre treatment emissions of all treated farmland. Additionally, all green treatment methods that needed

a water control device were assumed to use one that was 9 feet tall, 1 foot wide, and 1 foot deep [64] per 50

acres treated.

5.7.1 Saturated Buffer

A saturated buffer is an alternative method to drain the excess water from a farm that uses tile drainage

systems. Instead of releasing the runoff directly to a stream, the runoff is released through a riparian buffer

using perforated tubing running parallel to the stream. This allows the soil to trap some of the excess

nutrients in the runoff before reaching the waterway. Therefore, the environmental impact associated with

saturated buffers included the perforated drainage pipe, the water control device, and the excavator needed

to install the system. Buffers were assumed to have a 15 year life [65].

5.7.2 Woodchip Bioreactor

A woodchip bioreactor is a large filtration system that uses woodchips to denitrify agricultural runoff.

Assumptions used for the LCA of a woodchip bioreactor were gathered from Christianson et al. [37]. It was

assumed that a 10 yard long, 5 yard wide, and 3 yard deep bioreactor would be required to treat 50 acres of

farmland. This results in 150 cubic yards of woodchips and 165 cubic yards of excavation needed for both

the bioreactor and the water control device. Additionally, it was assumed that 6 mil thick plastic would line

the bioreactor and it would be covered on top with landscaping fabric. Life cycle emissions were included

for all of these components and a 10 year lifetime was assumed.
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5.7.3 Constructed Wetland

A constructed wetland consists of building a wetland on part of the farm and running the agricultural runoff

through the wetland to trap some of the nutrients. For this, part of farm needs to be converted to a wetland.

It was assumed that the wetland size requirement was 2% of treated land plus 2X the wetland size for a

buffer [33]. Therefore 6% of the treated land was required for wetland construction. Emissions were included

for the wetland’s excavation, straw required to help establish the buffer, and seed to start wetland growth.

Additionally, direct land use change emissions were also included for constructed wetlands and calculations

were performed using IPCC methodology [51]. For these calculations, it was assumed that the farm resided

in a cold temperate and dry location and that high activity clay soil existed at the farm location. It was

assumed that all above ground biomass was removed and burned prior to creating the wetland. A 40 year

wetland life was assumed.

5.7.4 Nutrient Rate Reduction

Nutrient rate reduction consists of farmers applying the proper amount of fertilizer to their field, instead

of over fertilizing which eventually leads to extra nutrients running off farms and into streams. A 26.3%

percent fertilizer reduction was assumed based on information provided by the University of Nebraska Board

of Regents [66]. Reduced fertilizer use results in a net emissions savings compared to traditional nutrient

applications because less fertilizer is required.

5.7.5 Split Nutrient Application

Split nutrient application consists of farmers applying part of their fertilizer in the fall and part in the spring.

This results in more fertilizer being absorbed by the plants and soils which results in less nutrient runoff.

Therefore, the only emissions associated with treatment method were assumed to be that a second fertilizer

application.

5.7.6 Cover Crop

Cover cropping is a method to plant a crop of fallow soil to prevent excess nutrient runoff. In this case, it was

assumed that ryegrass would be used as the cover crop and emissions associated with ryegrass production

were calculated using the EcoInvent inventory and an assumed yield of 700 lbs of ryegrass per acre [67].
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5.7.7 No-Till Farming

Conventional tilled farming involves turning over the first 6 - 12 inches of soil before crops are planted.

This makes the soil easier to work with, but also removes plant matter from the soil surface and increases

erosion risk. Conversely, no-till farming involves not tilling the soil before planting. Therefore, the emissions

associated with no-till farming were assumed to be the avoided emissions from not tilling the farmland. Due

to the various methods for no-till farming, emissions associated with other no-till practices such as additional

weed killer application were not included.
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