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ABSTRACT

Increasingly, circularity indicators for material, energy, and water systems guide circular economy design. While
indicators for products made from recycled carbon-based materials are somewhat common, peer indicators for
waste nitrogen-derived products are limited. It is important, however, to develop such indicators to guide
emerging technologies that transform waste nitrogen into products. In this study, we summarize the nitrogen
circularity indicator literature, emphasizing the agricultural and wastewater sectors. Next, we use the Material
Circularity Indicator (MCI) developed by the Ellen MacArthur Foundation, to quantify the circularity of products
made from waste nitrogen in swine manure. We considered four test cases using different technologies to recover
nitrogen from the manure. Our analysis indicates that technologies that seem to increase circularity on the
surface may not yield a substantial increase in MCI results. Finally, we discuss the strengths and weaknesses of

using the MCI for product-level analysis and further developments.

1. Introduction

The linear take-make-waste model is the dominant but unsustainable
pathway for industrially developed products. The circular economy is a
potentially sustainable alternative that can better steward limited en-
ergy, water, and material resources. It entails system-level innovations
that design out waste, maximize resource value, minimize negative
environmental impacts, and build economic, environmental, and social
capital. To date, a consensus definition of a circular economy remains
evasive. A literature review by Kirchherr et al. (2017) tallied 114
different circular economy definitions. Overall, the general topic of the
circular economy is increasingly a focus of the academic community as
evidenced by a growing body of literature. The ISI Web of Science
database contains 2279 articles published on the topic of the circular
economy since 2001 with 90% of those articles being published between
2015 and 2019 (Goyal et al., 2021).

To measure societal progress toward a circular economy, researchers
and organizations have developed quantitative circularity indicators.
These indicators quantify circularity at scales from the product to the
national level. Corporations tend to favor product-level indicators that
allow them to monitor and communicate their transition to circularity.
Efforts to devise product-level circularity indicators have emphasized

carbon-based systems such as plastics. Lonca et al. (2020) examined the
environmental benefits and circularity effects of increasing the use of
recycled polyethylene terephthalate (PET) on the U.S. plastic bottle
market. Rossi et al. (2020) evaluated different indicators to assess the
circularity of a company called CIMFLEX, which develops products in
civil construction from recycled plastics. Given the immense challenge
of eliminating plastic waste, much of the circular economy dialog has
focused on the plastics industry and has led to the development of
various policies and commitments to promote plastics circularity at an
international (United Nations Environmental Program, 2022), national
(US Plastic Pact, 2020), and regional level (European Commission,
2018).

Compared to carbon-based products, development of circularity in-
dicators for nitrogen-based products is limited. Yet, it is important to
develop these types of indicators to identify pathways and practices that
improve the management of the nitrogen cycle. Currently, inefficient
agricultural practices, wastewater treatment processes that don’t
recover nutrients, and high-emitting industrial processes (e.g., nitric
acid production) produce nitrogen pollution in various forms. These
forms include N2O, NH3, NOy, and NOj3, each of which negatively affects
the environment and human health. NyO emissions have almost 300
times the global warming potential of CO3. NH3 and NO3 cause
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eutrophication, algal blooms, and dead zones in water systems. NOx
emissions increase ozone production which can lead to respiratory ail-
ments among other negative health effects. Recovering N from waste
will prevent emissions of these nitrogen compounds, and decrease the
dependence on the Haber-Bosch process, which is responsible for 1% of
global energy consumption and 1.4% of global CO, emissions annually
(Kyriakou et al.,, 2020). Circularity indicators can play a role in
rebuilding circularity into the nitrogen cycle.

Current and emerging pathways can transform waste nitrogen into
usable precursors for multiple products. The realization of nitrogen re-
covery and incorporation into these products would enhance nitrogen
circularity. One current example of such circularity is the application of
animal manure or biosolids to crops as a nitrogen fertilizer. U.S. state
nutrient management plans and best management practices that regu-
late the use of N-containing wastes on farm fields are growing increas-
ingly stringent, however, over concerns related to the excessive nutrient
loads, foul odors, and emissions these wastes contain (Centner, 2012).
These guidelines and regulations therefore may limit increasing circular
N use in this way. On the other hand, it is possible to use various tech-
nologies to extract nitrogen from waste streams so that it can re-enter a
circular system in a chemical form that is identical to synthetic fertil-
izers. Examples of these technologies include gas-permeable mem-
branes, struvite precipitation, air stripping, and ion exchange. Each of
these technologies can produce synthetic fertilizers such as ammonium
sulfate (Pandey and Chen, 2021). It is possible to create other products
from waste N besides fertilizers. For example, the coupled
aerobic-anoxic nitrous decomposition operation (CANDO) can convert
ammonia in wastewater into N,O, which, at a wastewater treatment
plant, can be co-combusted with biogas to produce energy in a combined
heat and power plant, for example (Scherson et al., 2013). In this case,
the N2O forms Ny upon combustion. Ammonia can be “food” for mi-
crobes that produce proteins used in animal feed (Matassa et al., 2015).
Other sources of waste nitrogen, such as NOy, can also be transformed
into ammonia to then used as an input for further chemical processing
(Xue et al., 2021). These technologies could be used to recover nitrogen
from animal manure, wastewater, food waste, and the chemical industry
and displace much of the demanded nitrogen in the United States
(Fig. 1).

Developing technologies that recover and convert waste nitrogen to
products that are not immediately consumed (e.g., through combustion)
improves nitrogen circularity, reduces reliance on nitrogen produced

Chemical
industry
38 kt

Haber-Bosch
Nitrogen
13,100 kt
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from the Haber-Bosch process, and has the potential to reduce the
environmental burden of both the waste nitrogen and the product.
However, to direct the development of these technologies it is important
to quantify the circularity of nitrogen in the resulting products. A need
therefore exists for an appropriate indicator to monitor the imple-
mentation of the circular economy to waste nitrogen-derived products.

Accordingly, we explore potential existing circularity indicators that
could be used to quantify the circularity of products made from nitrogen.
We then begin the exploration of circularity indicators applied to waste
nitrogen-based products using the production of swine feed from waste
nitrogen in manure as a case study. We conclude with a discussion of
ongoing research and analysis needs to build robust waste nitrogen-
based product circularity indicators.

2. Circularity indicators for nitrogen systems

Increasing the circularity of nitrogen systems could reduce their
environmental and human health impacts and aid progress toward
restoring the nitrogen cycle. Cataloging circularity indicators for quan-
tifying nitrogen circularity in agriculture, wastewater treatment, and
chemicals production is an important first step in broadening the use of
these indicators to guide the development of a circular nitrogen
economy.

Analysts have developed circularity indicators for agriculture sys-
tems for nitrogen, phosphorous, and other nutrients. Velasco-Munoz
et al. (2021) published a review analyzing existing agricultural circu-
larity indicators. The authors selected indicators that were developed to
communicate improved process efficiencies, extended material life-
spans, and production from waste. Indicators were also separated into
four groups from a sustainability standpoint: technical (i.e., energy or
material efficiencies), social (i.e., human welfare), environmental (e.g.,
climate change), and economic (e.g., cost-effectiveness). Within these
different categories, 41 different circularity indicators were identified,
with 7 being directly applicable to nitrogen or other nutrient flows
(Table 1). The remaining 34 indicators reviewed concern other topics
such as water quality, greenhouse gas emissions, farm income levels, or
changes in unpaid time individuals spend collecting biomass.

For wastewater treatment systems, many different indicators and
frameworks have been developed to quantify the progress of the circular
economy. While there are many indicators existing to quantify the
circularity of water use in these systems, the number of indicators

Fig. 1. Estimated U.S. total annual nitrogen produced from the Haber-Bosch process that enters the “nitrogen economy” (purple arrow) (Apodaca 2018) versus
nitrogen generated from waste nitrogen sources (orange arrows) (Bian et al., 2020; EPA 2023; Liu et al., 2016).
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Table 1
Existing nitrogen and phosphorus indicators for agricultural systems.
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Table 2
Existing nitrogen and phosphorus indicators for wastewater treatment systems.

Nutrient Evaluated system Name of Definition of Nutrient Evaluated system Name of indicator Definition of
(s) indicator indicator (s) indicator
N Regional agro-food Nitrogen balance Difference between N N&P Wastewater Nutrient removal Percent of total N
network in France ( content of fertilizer Treatment Plant ( efficiency indicator or P load reduced
Fernandez-Mena et al., inputs and crop European
2020) outputs Commission, 1991)
N&P Organic farm waste Circularity Amount of N and P N&P Wastewater Nutrient recovery N or P recovered
management in indicator of that is reused and Treatment Plant ( indicator annually
Cantabria, Spain (Cobo components taken up by crop with Shaddel et al., 2019)
et al., 2018) respect to total N and P Wastewater Biological P recovery
P present in organic Treatment Plant ( dephosphatation potential from
farm waste Miksch and Sikora, potential indicator sludge dewatering
N Crop-Livestock farms in Nitrogen Proportion of input N 2012) liquors
Ethiopia (Tadesse et al., recycling index that is recycled back N&P Wastewater Effluent inorganic Total mass of
2019) into system Treatment Plant (Li content indicator inorganic N or P in
N Nitrogen use The ratio between and Brett, 2012) WWTP effluent
efficiency harvested N output
and managed N
inputs the literature does not address existing circularity indicators within the
N Crop-livestock The relative chemical industry relating to nitrogen. Wang and Hellweg (2021)
ratio allocation of N to . . . s .
crop and livestock completed a study to advance the idea of circularity within the chemical
production and sector. The authors suggest that the absence of existing indicators is
consumption attributable to a lack of a clear definition of sustainable circularity
P Food system in Brussels Food Circularity P potentially reused within the chemicals industry.
Capital Region ( or r,eusable forA . In each of these sectors, indicators exist to quantify the nitrogen
Papangelou et al., 2020) agriculture, within . . . .
and outside of a city circularity of a system. However, these circularity indicators do not take
boundary the perspective of evaluating the circularity of products made from
N&P Agro-food-waste Input Circularity ~ The fraction of total recovered waste nitrogen. Yet, this perspective will be increasingly
systems (Harder et al., nutrient inputs that important as competing technologies and pathways evolve that make
2021) are supplied from . . .
waste streams fuels, chemicals, and other products from waste that contains nitrogen.
N&P Output The fraction of Therefore, there is a need to develop new indicators or develop meth-
Circularity nutrients in waste odological frameworks for the application of existing indicators for
streams that are evaluation of the circularity of products made from waste nitrogen.
:;?;CCS’SI:Z] Given its wide use for many applications in the circular economy, we
production began our exploration of these indicators with the Material Circularity
N&P Agriculture and food FinnCI The proportion of Indicator (MCI).
systems in Broadbalk, flow (i.e. nitrogen)
UK, Flanders, Belgium that cycles through 3. Material circularity indicator
and Hengelo, components (i.e.
Netherlands (Van Loon crops, animal feed) of . X .
et al., 2023) the system Developed by the Ellen MacArthur Foundation, the MCI is a promi-
N&P FiggeCl The number of times nent, product-centric circularity metric that uses material flow analysis
aresource or nutrient as the basis of its calculations (Ellen MacArthur Foundation and Granta
1s uls‘f_ mn f’tsftim’ Design, 2015; de Oliveira et al., 2021). MCIs for a component or product
including its firsi L. .
time use range between zero and one. Zero indicates a fully linear product; one
N&P CyCt The number of full indicates a completely circular product. There are three main parame-
cycles completed on ters needed to calculate a product’s MCI: the amount of virgin material
_a"erage}‘:ya;“fmem utilized, the amount of unrecoverable waste generated, and a utility
input cohort betore . . . ~
put « factor that accounts for lifespan and use intensity of the product (Ellen
the entire cohort has : i X R
vanished through all MacArthur Foundation and Granta Design, 2015). The MCI is considered
exports and losses to be one of the more complete product-level circularity frameworks
N&P CyCtR The number of full available (Garza-Reyes et al., 2019) and reflects many important aspects

cycles that would be
completed on
average by an input
cohort if no products
were exported

devoted to resource recovery is limited. Preisner et al. (2022) completed
a literature review analyzing existing circularity indicators related to
resource recovery in the wastewater treatment sector. 97 references
were used to identify sixteen existing indicators, covering various as-
pects of resource recovery, such as nutrient removal, sludge treatment,
and biogas production. However, only four of the indicators quantify the
circularity of systems that recover nitrogen or other nutrients from
wastewater systems (Table 2).

In the chemical industry, the development of circularity indicators to
quantify circularity for a product’s life cycle has been limited. To date,

of the circular economy (Elia et al., 2017).
Eq. (1) defines the MCI.

MCI =1 — LFI * F(x) @

where LFI is the linear flow index and F(x) is the utility factor.
The LFI (Eq. (2)) reflects the linearity of a product.

LFI =

2
M (2)
where V is the mass of virgin raw material consumed to make the
product, M is the mass of the finished product, and W is the mass of
unrecoverable waste generated at the end of the product’s life.

Eq. (3) defines V.

V= M(1—Fz—Fy—Fs) (€))
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Where Fg, Fy, and Fg are the fraction of material that is recycled, reused,
or derives from sustainable biological sources respectively.
Eq. (4) defines unrecoverable waste.

W= M(1-Cgr—Cy—Cs—Cg) 4

Where Cg, Cy, Cs, and Cg are the mass fraction of the product at its end-
of-life that is recycled, reused, composted (in the case of biological
waste), or incinerated for energy recovery, respectively.

Overall, in Eq. (2), when V is large and W is small, LFI will approach
one. On the other hand, products made from reused or recycled raw
materials and are recycled or reused at end of life have an LFI of zero.
When LFI is zero, the MCI is 1, which would indicate the product is fully
circular.

The utility factor, F(x), (Eq. (5)) considers the length and intensity of
the product’s use.

Flx) = 0.9 )

~

Where L is the average lifetime of the product, Laye is the industry
average lifetime of the product, U is the number of functional units
achieved during the use phase of the product, and U,y is the average
functional units achieved for an industry average product. The concept
of functional unit arises from life cycle assessment frameworks, in which
the functional unit captures the service performed by the system under
study. It is the basis of comparison when multiple products or systems
are evaluated.

Multiple studies have adapted the MCI to quantify circularity within
a specific industry. For example, Verberne (2016) developed the
building circularity indicator from the core concept of the MCI. This
indicator introduces a weighting factor into the MCI that adjusts it to
reflect the difficulty encountered in disassembling each component of a
building. Additionally, Kakwani et al. (2022) adapted the MCI to create
the Water Circularity Indicator, which removes the utility factor and
introduces additional terms for reducing, restoring, and reclaiming the
used water. Another example is Rocchi et al. (2021)’s modification of
the MCI for application in the poultry industry to assess the circularity of
broiler farming. The MCI, however, has yet to be used to quantify the
circularity of products made from waste nitrogen.

Therefore, we assess its applicability to evaluate circular nitrogen
products with a unique case study analyzing the production of swine
feed from waste nitrogen. We illustrate how the different elements of the
MCI affect perceptions of nitrogen product circularity. Finally, we pre-
sent a framework for further development of the MCI to circular nitrogen
products.

3.1. Applying the MCI to evaluate approaches to N circularity in swine
feed production

Animal production gives rise to many negative environmental effects
including greenhouse gas emissions. Raising and growing feed for
increasing heads of pigs, cows, poultry, and other animals accounts for
almost 60% of all food production-related greenhouse gas emissions,
accounting for almost 10,000 TgCOzeq/yr (Xu et al., 2021). Addition-
ally, animal feed production is also prone to heavy nitrogen losses. Only
around 17% of nitrogen in fertilizer ends up in animal protein (Matassa
et al., 2015). Increasing the nitrogen circularity of animal feed pro-
duction would reduce greenhouse gas emissions and nitrogen runoff.
Accordingly, we chose animal feed as our case study for applying the
MCI.

Corn and meal from soybeans are major components of animal feed.
Corn agriculture is more nitrogen-consuming than soybean farming. Of
feed for cattle, swine, and poultry, swine feed has the greatest propor-
tion of corn and therefore the greatest potential to benefit from
increased nitrogen circularity in agriculture systems. Additionally,
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swine feed is a major agricultural product that at 61.6 M tons annual
consumption constitutes about one third of all animal feed produced in
the US (IFEEDER, 2020). For these two reasons, we selected swine feed
as the specific feed type for analysis.

The two main sources of waste nitrogen associated with agriculture
are farm field run off and waste manure. Because nitrogen from manure
is more straightforward to capture and use than nitrogen in farm field
runoff, we tap manure as the source of waste nitrogen in the case studies.
In the United States, most manure goes unused and emits NH3 and NoO
as it degrades in lagoons. It is a largely untapped resource for N circu-
larity that can reduce demand for virgin nitrogen in fertilizers used to
grow crops (corn, soy) used in feed and can be used to produce feed
directly. We explore both of these options in four cases.

In the first case (baseline), swine feed (corn, soy) is produced
conventionally with the use of traditional synthetic nitrogen fertilizer
produced from the Haber-Bosch process. The second case introduces
unprocessed animal manure as an additional source of nitrogen fertilizer
for the production of corn and soybeans used as swine feed. Case three
uses a gas-permeable membrane to increase nitrogen recovery from
animal manure, producing ammonium sulfate, which can be used as a
fertilizer. Finally, case four uses some of the nitrogen recovered with the
membrane to produce microbial protein, which is used to substitute for
the soybean meal in the swine feed formulation. The remaining recov-
ered nitrogen from the gas permeable membrane is applied as a fertilizer
for corn production. Fig. 2 shows the nitrogen flows in each of the four
cases.

3.2. Adapting MCI for products made from waste nitrogen

Importantly, in our case studies, nitrogen is the material that we use
the MCI to track. Accordingly, we begin by calculating the total mass of
input nitrogen for a given product. For that product, which in our case
studies is swine feed, any nitrogen that originates from the Haber-Bosch
process is considered virgin (V in Eqgs. (2) and 3). Unrecoverable waste
(W in Egs. (2) and 4) is any nitrogen that is lost to the environment at
any point during the production of the product. Waste nitrogen can have
different forms such as NHsz, N3O, NO3, NOy, and Ny. In our analysis, we
assess different technologies to recover waste nitrogen from sources like
wastewater or manure. The recovery efficiency of these systems de-
termines how much waste nitrogen they produce. The MCI also includes
a utility factor (Eq. (5)) that considers how long and to what intensity (as
reflected in the number of functional units achieved over the product’s
lifetime) the product is being used compared to industry standards.
Currently, it is unknown how the use of waste nitrogen will impact the
lifespan or intensity of the use of products developed from waste ni-
trogen. Therefore, we used the default utility factor of 0.9.

3.3. Parameter selection

To calculate the impact of introducing more circular nitrogen sys-
tems into animal feed, it is essential to understand swine feed formu-
lations. While many formulations are possible, we used the standard
swine feed contained in the Greenhouse gases, Regulated Emissions, and
Energy Use in Technologies (GREET) model (Argonne National Labo-
ratory 2021), which is about 88% corn and 12% soybean meal by mass.
Producing one kilogram of corn requires 16 g of nitrogen and producing
one kilogram of soybean meal requires two grams of nitrogen, resulting
in about 14.3 g of nitrogen required for every kilogram of swine feed
(Argonne National Laboratory, 2022). Although there are other com-
ponents of swine feed, they are not included in our calculations as they
do not contain nitrogen.

We used Intergovernmental Panel on Climate Change (IPCC) emis-
sion factors to estimate the amount of direct and indirect waste nitrogen
generated from organic fertilizers (i.e., animal manure) and synthetic
fertilizer (e.g., urea, ammonium sulfate) (IPCC, 2006). In the case of
synthetic fertilizers, 1 wt% of applied nitrogen is emitted directly as NoO
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Fig. 2. Nitrogen flows in the four cases we considered: traditional use of synthetic nitrogen fertilizer to produce swine feed, use of swine manure fertilizer to produce
swine feed, recovery of ammonium sulfate from manure as fertilizer for swine feed, and production of microbial protein from manure for animal feed.

via nitrification and denitrification. 40 wt% of applied nitrogen is lost
indirectly through volatilization, leaching, and runoff. Comparatively,
organic fertilizer has the same level of direct nitrogen emissions as
synthetic fertilizer, but has higher (50 wt%) indirect nitrogen loss.

We conducted a resource analysis for manure in the U.S. to under-
stand how much manure would be available as a source of recoverable

nitrogen. Of manure generated in the U.S. (240 wet tons/yr), 28% is
applied to crops as fertilizer. 83% of the applied manure is applied to
corn, meeting 16% of its nitrogen demand, while 7.5% of the applied
manure is applied to soybean farms, meeting about 3% of soybean ni-
trogen demand (Qin et al., 2015). Clearly, there is an opportunity to
recover and use more of the nitrogen in manure in agricultural systems.
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To explore a best-case circularity scenario, we assume that 100% of
manure is collected and either used directly for land application or used
as feedstock for N recovery technologies. Maintaining the same ratios for
manure application for corn and soybean, this means the manure would
account for 57% and 11% of the nitrogen needed for corn and soybean
agriculture, respectively. We see this scenario play out in case two, in
which manure is directly applied to farm fields and the remaining ni-
trogen demand is met with traditional synthetic fertilizer.

Literature-based data informed the recovery rates of the nitrogen in
cases three and four in which nitrogen is first recovered from manure,
then converted into fertilizer or animal feed. In case three, a gas-
permeable membrane removes 82% of nitrogen from manure and
transforms 96% of it into ammonium sulfate fertilizer (Filho et al.,
2018). Using the same nitrogen application ratios from case two, the
recovered nitrogen can meet 44% and 9% of nitrogen fertilizer re-
quirements for corn and soybean farming, respectively. We assume that
the 18% of nitrogen the membrane does not recover is recycled. Finally,
in case four, we assume that 99% of the nitrogen that the membrane
recovers is taken up into cell biomass to form animal-digestible micro-
bial protein. (Matassa et al., 2015) This microbial protein, which has a
similar nutritional profile to soybean meal, can completely replace itin a
standard swine feed formulation (Matassa et al., 2016). There is enough
additional nitrogen recovered to meet 44% of the demand for corn
agriculture as in case three.

4. Results and discussion

We report MCI results per kg swine feed for all four cases in Table 3.
For each case, the required mass of nitrogen used to fertilize corn and
soy is constant (M, 14 kg). However, the amounts of virgin nitrogen (V)
and unrecovered nitrogen waste generated (W) vary. V is higher in cases
three and four than in case 2 because the nitrogen recovery technologies
used in these cases incur some nitrogen losses. Different rates of nitrogen
volatilization for organic and synthetic fertilizers influence W values.
Organic fertilizers have a higher volatilization rate. W is highest in case
two in which the amount of organic fertilizer used is much higher than in
cases three and four. We assumed a constant F(x) of 0.9. As a result, it is
the interplay between V and M that most influences the MCI in Table 3.
Case one is the least circular of the options and therefore has the lowest
MCI. Despite a slight increase in generated waste nitrogen, case two’s
MCI is 62% higher than case one’s because of the large decrease in
consumed virgin nitrogen. If low-emission storage and application
manure technologies (Bittman et al., 2014) were used, case two’s MCI
score could increase. Going from case two to case three, the MCI drops
5% due to the increased amounts of virgin nitrogen required to produce
the animal feed. As nitrogen recovery technologies continue to become
more efficient and recover higher amounts of nitrogen, MCIs for fertil-
izer products that use this technology could become greater than MCIs
for manure-based systems.

The MCI score can also be used as a basis to compare the nitrogen
circularity potential of different nitrogen recovery technologies. The
MCI for case four is only 2% greater than case three’s MCI. Although the
introduction of microbial protein removes both the need for fertilizer for
soybean agriculture and the nitrogen emissions associated with fertilizer
use, because soybean meal makes up a small fraction of the swine feed

Table 3
MCI per kg swine feed results for the four case studies.
Case Case Case Case
1 2 3 4
Mass of nitrogen required for corn and soy 14 14 14 14
agriculture (M, g)
Virgin nitrogen used (V, g) 14 6.3 8.1 7.8
Waste nitrogen generated (W, g) 5.7 6.5 5.7 5.6
LFI 0.73 0.36 0.48 0.47
MCI 0.37 0.60 0.57 0.58
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formulation, replacing meal has a small effect on the MCI. As in case
three, increasing the efficiency of nitrogen recovery technologies would
increase the MCI. In all cases, further reduction of unrecoverable ni-
trogen from the use of fertilizers in corn agriculture could improve the
MCI score. The application of controlled-release fertilizers, which emit
less nitrogen compared to traditional synthetic fertilizers, is one possible
solution (Shoji et al., 2001). Although the approaches to circularity in
cases 2-4 are fairly different, their MCI scores for these cases are similar.
From a circularity perspective, not much advantage is gained by
extracting N from manure before using it. Claims that new or better
technology enhances circularity should therefore be evaluated with in-
dicators like the MCI.

4.1. Developing nitrogen recovery technologies to improve nitrogen
circularity

As nitrogen recovery technologies evolve and improve, it will be
essential to quantify their impact on nitrogen circularity to help prior-
itize research and development efforts. As an example of these techno-
logical advances, Kogler et al. (2021) reviewed 133 different biological
and physiochemical technologies at various technology readiness levels
capable of removing or recovering nitrogen from wastewater treatment
systems. Some technologies like ion exchange columns have already
been proven to work at scale, while others like iron-based autotrophic
denitrification are at the experimental proof-of-concept stage. Scientists
and engineers continue to develop many of these technologies, a subset
of which will enter the market and increase opportunities to make
products from waste nitrogen. Eventually, many of these technologies
may be able to recover nitrogen animal manure or food waste in addi-
tion to wastewater. Other potential waste streams from which nitrogen
could be recovered are N,O and NOy emissions,

Improved nitrogen recovery technologies also present an opportu-
nity to expand the portfolio of products made from recovered waste
nitrogen beyond fertilizer. Recovered nitrogen in the form of ammonia
can be inputs for the production of other nitrogen containing chemicals
such as nitric acid. Moreover, recovered nitrogen can be used to produce
cell biomass that contains microbial protein suitable for animal feed (as
in case four), or into N,O which can be used as an oxidant for increased
energy production (Scherson et al., 2014). It could also be used as a
feedstock for chemical processes that convert benzene to phenol
(Uriarte et al., 1997). As technologies evolve to capture the valuable
nitrogen in a variety of waste streams, many combinations of source
nitrogen, recovery technology, and target product are possible. Applying
a circularity indicator like MCI to these combinations across industries
would highlight which combinations best advance the circular nitrogen
economy.

4.2. Combining MCI with life cycle assessment (LCA) and techno-
economic analyses (TEA)

One of the shortcomings of the MCI is that it struggles to provide a
complete view of a product’s sustainability. It centers on mass flows of
the material under study and omits economic viability of circular ni-
trogen products and their environmental effects beyond waste reduc-
tion. For example, waste nitrogen-based pathways may be less energy-
intensive than conventional pathways, which is an important benefit
to quantify and use in decision-making. For instance, Kar et al., (2023)
concluded that ammonium sulfate that is produced from ammonia air
stripping of wastewater produced six times less CO9 intensive compared
to the Haber-Bosch pathway. An isolated indicator like MCI doesn’t
capture this benefit.

However, pairing MCI with life cycle assessment (LCA) can lend
insight into how changes in circularity influence key environmental
metrics such as greenhouse gas emissions or water and energy intensity.
Glogic et al. (2021) completed a case study on alkaline batteries using
LCA and MCI, suggesting that improving circularity generally reduces
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the environmental burden of the product. However, Lonca et al. (2018)
completed a case study on tires using LCA and MCI and determine that
increasing the MCI through increasing the use of recycled material did
not always reduce environmental burdens. While indicators to advance
the circular economy are necessary, it is important to account for
increasing demand for products, which may drive increased production
and influence land use among other types of resource consumption.
Clearly, circular is not always better. For waste nitrogen recovery
pathways, pairing LCA and MCI could be particularly important so that
differences in energy and overall efficiency are evaluated alongside
circularity. In the event that similar MCI scores arise (e.g., cases three
and four in our analysis), LCA can serve as an important, nuanced
tie-breaker.

Different approaches to achieving nitrogen circularity will also vary
in cost. MCI on its own does not capture the economic impacts of
improving circularity. Completing a techno-economic analysis (TEA)
alongside MCI calculations can guide the development of technologies
that use wastes, including waste nitrogen, as feedstocks toward eco-
nomic competitiveness. Braakman et al. (2021) combined circularity
and life cycle cost to show that the circularity of a one-family home
could be doubled without increasing its cost. Specific circularity im-
provements included replacing virgin material with recycled materials
and using parts that could be easily disassembled. However, any further
increase in circularity resulted in a large increase in product cost.
Overall, understanding the changes in capital cost, operation cost, and
revenue for implementing technologies to improve nitrogen circularity
in a product can help provide clarity on what the overall economic
impact is per unit of nitrogen that is recovered and used. Using life cycle
assessment, techno-economic analysis and material circularity in-
dicators, a robust framework can be developed to guide technology
development to improve nitrogen circularity (Fig. 3).

As the number of nitrogen recovery technologies grows, many fac-
tors will influence which is the most appropriate to employ in a specific
scenario. Completing an LCA, TEA, and calculating an MCI might in-
crease the time and complexity analyses to guide decision making. Yet
these steps help provide a complete view of which combinations of
waste nitrogen sources, conversion technologies, and product options
have the largest potential to improve nitrogen circularity while reducing
environmental impact in the most cost-effective manner.

4.3. Limitations and further improvements

Adopting the MCI to evaluate products derived from waste nitrogen
can allow for a more detailed understanding of how different technol-
ogies and pathways can improve the nitrogen circular economy. Yet, the
MCI faces several limitations that curtail its utility.

First, the MCI could be expanded to address indirect sources of waste
nitrogen within a product’s life cycle. In cases three and four, for
example, electricity would be consumed to operate pumps that push the
manure through the gas-permeable membrane. If this electricity comes
from power plants that combust fossil fuels or even biomass, it may be
desirable to account for NoO emitted during electricity generation as a
component of unrecoverable waste.

Second, different forms of unrecoverable nitrogen pollution
(included in the term W) are treated equally despite differences in the
extent of environmental damage they cause. For example, unrecover-
able, benign Nj is treated in the same manner as nitrogen pollution,
including N»O, a potent greenhouse gas. Furthermore, as currently
applied, the MCI does not capture that Ny is ultimately recoverable
whereas reactive nitrogen is not. As a result, the MCI does not guide
engineers toward an emphasis on reducing specific types of unrecover-
able waste that pose the greatest environmental risks. Further devel-
opment of the MCI might include a framework that provides unique
weights for different forms of nitrogen pollution that reflect their degree
of recovery and their environmental effects. The latter factor could
potentially be based on the economic impacts of their emissions such as
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Fig. 3. Relationship between MCI, LCA, and TEA in the guidance of technology
development for improved nitrogen circularity.

the recently-proposed social cost of NoO (EPA 2022).

Next, the utility factor’s role in circular nitrogen systems needs to be
explored. It can capture differences in product lifetime, which is not
necessarily relevant in the case studies we considered. However, if there
were nutritional differences in animal feed from microbial sources in
case four as compared to animal feed, the utility factor could potentially
be used to capture that effect. If polymers or other materials that could
exhibit differences in key properties are made from waste nitrogen, the
utility factor would play a more important role.

Finally, we note that because we are emphasizing the assessment of
circular nitrogen systems, this manuscript does not address the co-
benefits of using manure as a soil amendment including, for example,
the potential to boost soil carbon levels (Qin et al., 2018).

5. Conclusion

Using MCI to quantify circularity of waste nitrogen utilization
pathways can allow for improved nitrogen management. Policymakers
can use the MCI to guide policies that target increased nitrogen circu-
larity. Different sectors that produce large quantities of reactive nitrogen
can monitor their progress towards nitrogen circularity with the MCL
Developing case studies combining MCI, LCA, and TEA for these
different nitrogen pathways should be completed to understand the
interrelationship between nitrogen circularity and other sustainability
metrics like life-cycle greenhouse gas emissions and water consumption.
Case studies should also be completed comparing the circularity of in-
dustrial nitrogen-containing products from using virgin nitrogen from
the Haber-Bosch process and recovered nitrogen from waste streams to
understand the potential impact of nitrogen circularity in these sectors.
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