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ARTICLE INFO ABSTRACT

Keywords: Bionutrient circularity can increase food system sustainability. Global food production currently depends sub-
Cereal residues stantially on synthetic fertilizers, while massive volumes of crop residues, food scraps, and excreta are under-
Food waste valued and mismanaged, contributing to environmental degradation and climate change. Transforming these
Excreta . o1s . . . . . . .

Biochar organic underutilized resources through combinations of physiochemical, biological, and thermochemical pro-
Compost cesses can improve public hygiene while keeping carbon and nutrients within the food system. By redirecting

both organic matter and nutrients to soils, bionutrient circularity can offset fertilizer and energy costs. Mean-
while, circular feeds can enable livestock sectors to grow without increasing land demands for crop production,
much of which is currently fed to livestock. Synergistic integration of transformation processes and resource
recovery pathways will unlock substantial economic and environmental benefits. Realizing the potential of a
circular bionutrient economy, however, will require robust management of contaminants, navigation of context-
dependent tradeoffs, and integration of sociocultural, technical, operational and regulatory innovation processes.

1. Introduction

The circular bionutrient economy (CBE), defined as the circular
economy of nutrients in managed organic residues (Lehmann et al.,
2025), is a critical feature of a circular food system, which is in turn a
key component of a broader circular economy. A circular economy aims
to “design out waste, keep materials in circulation at their highest use,
and regenerate nature” (Ellen MacArthur Foundation, 2013); here we
explore several important pathways for applying these principles to the
agrifood system through the concept of CBE, which reduces dependency
on and conserves non-renewable resources by increasing the recycling of
nutrients within the food system.

We consider physiochemical, biological, and thermochemical pro-
cesses that can be used to transform three of the food system’s major
organic by-products: crop residues, food scraps, and excreta. The path-
ways for circular utilization of the nutrients contained in these resources
can form complex and synergistic webs of material flows that reduce
polluting wastage, keep nutrients and carbon in the food system, and
reduce pressure on natural systems through greater resource use
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efficiency in the food system. Significant efficiencies can be attained
through synergies between carbon and nutrients in soils; between bio-
logical processes and biochar; among activities that produce and utilize
organic materials; and among sectors.

The “modern” food system, often characterized as flowing from in-
puts to production to intermediation and finally to consumption, is both
extraordinarily productive and extremely wasteful. This linear food
system has been enabled, for the past century, by mined and manufac-
tured nutrients that are applied to soils as fertilizer. This approach has
led to enormous increases in cereal yields, but it has come with sus-
tainability challenges (Tilman et al., 2002) in terms of both resource use
and pollution. Synthetic nitrogen (N) supply chains (from production
through use) account for an estimated 10.6 % of agricultural greenhouse
gas (GHG) emissions, and 2.1 % of global GHG emissions (Menegat
et al., 2022). Phosphorus (P) is a finite resource mined in only a few
places in the world (Cordell et al., 2009), and concerns around dimin-
ishing P availability (and thus a rising cost of P fertilizer) have been
widely noted (e.g., Nedelciu et al., 2020). While access to crop nutrients
is a current challenge for many smallholder farmers in low-resource
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settings, the global levels of nutrient pollution produced by the pre-
vailing food system (we include sanitation as part of a circular food
system; Almaraz et al., 2022) exceed the safe planetary boundaries
(Rosemarin et al., 2020).

We use the term “waste” to refer to materials that are un- or under-
utilized, and “resource” or “by-product” to refer to recyclable materials
more neutrally, and “organic underutilized resources” (OURS) to refer to
the specific resources of interest in this paper. Fig. 1 contrasts, in
simplified fashion, aspects of linear and circular food systems. Fig. 1a
identifies the selected wastes and harms of a linear food system that can
be addressed through CBE. It would be desirable to reduce the use of
synthetic fertilizer inputs where their use is adequate or excessive
(replacing them with recycled nutrients to the extent possible), and to
complement their use where nutrient inputs are currently inadequate.
There is a need to reduce food wastage and to diminish the extent to
which human-edible crops and fish are fed to livestock (van Zanten
etal., 2019). Food scraps, food processing by-products, and the nutrients
in excreta are deemed “waste” and treated as a disposal problem. The
current nutrient paradigm is unsustainable for many reasons, including
aquatic pollution, atmospheric GHG pollution, and other issues associ-
ated with synthetic fertilizers, the costs and embedded resources asso-
ciated with food that is wasted (nutrients, labor, energy, land) and the
problems in disposing of excreta and other wastes.

As illustrated in Fig. 1b, circular food systems reduce waste and keep
nutrients and carbon in circulation through production of animal feeds,
fertilizers, and soil amendments from food system byproducts. Addi-
tionally, CBE can contribute to regenerating nature in several ways.
Averting methane production from landfilled organic materials and
avoiding the GHG emissions associated with inorganic fertilizer pro-
duction and use can reduce the food system’s contributions to climate
change. Reducing water pollution from human and animal excreta and
from fertilizer runoff can reduce the eutrophication of aquatic resources.
The greatest benefit from CBE can be achieved in regions where soil
organic matter and nutrient content critically limit food production, and
where farmed area expansion occurs at the expense of natural areas to
compensate for low land productivity, such as in much of Africa. As
reflected in the adoption of container-based sanitation (World Bank
Group, 2019), low-resource settings may also be the most readily able to
achieve CBE because of the limited access to synthetic fertilizers and
advanced sewage treatment, in addition to the lower costs of labor.

Here, we explore pathways through which three abundant OURs can
be better exploited in circular food systems, focusing on selected pro-
cesses that can lead to improved soil health and reduced dependency on
synthetic fertilizers, and highlighting notable examples that could sup-
port increased food system circularity. We explore the concept of
“highest use” for OURs, or how value can be maximally recovered as
nutrients flow through the food system. We note potential hazards and
synergies among the pathways and highlight the important role of
thermochemical transformation in facilitating biological processes
involved in various material transformations that yield food, feed, soil
amendments and energy. We touch on some of the governance, policy
and institutional factors that contribute to the ways in which CBE
pathways are implemented or obstructed.

2. Transitions to bionutrient circularity in agrifood system

In conceptualizing pathways toward circular food systems, we
consider major organic materials that are currently wasted or underu-
tilized. Crop residues, food scraps, and excreta are of interest, firstly,
because of their quantitative dominance as food system by-products, and
secondly, because of their qualitative complementarity. Crop residues
are produced on enormous scales and are not always put to their highest
use. Nearly one third of the world’s food produced for human con-
sumption is wasted, with a lost value of nearly a trillion USD each year
(UN Environment Programme, 2021). Nearly all human excreta and a
substantial proportion of animal excreta are wasted or underutilized
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(Devault et al., 2025). Crop residues are high in carbon while excreta
and food scraps are high in nitrogen and other nutrients, such that these
resources have synergistic potential for use in composting and other
transformations (Tables 1 and 2). CBE pathways that recover and reuse
the nutrients in these underutilized resources can benefit both the food
system and the environment.

2.1. Crop residues

The residues (stalks, leaves, pods, etc.) that remain when crops are
harvested may or may not be wasted, but they are not necessarily put to
their highest (most beneficial, least harmful) use. Crop residues have
many possible uses, serving as animal feed, fuel and energy production,
ground cover, sources of soil organic matter, and other uses. While they
can be contested resources, around 5-11 % of crop residues globally are
burned (FAO, 2023; Smerald et al., 2023) when farmers prepare to plant
the subsequent crop. This practice is particularly common in parts of
Africa and South Asia, with negative impacts on air quality and public
health, and substantial release of GHGs (Bhuvaneshwari et al., 2019).
While crop residues contain significant amounts of nutrients, their
principal elemental constituent is carbon in the forms of cellulose,
hemicellulose and lignin. Crop residue management has important im-
plications for soil health (Fu et al., 2021), and the quantity of crop
residues available for novel circularity strategies is context specific. It
may be possible to utilize crop residues for energy recovery and/or
pyrolysis, followed by return of carbon and/or nutrients to soils, as
discussed below.

Because much of human food and livestock feed comes from cereal
crops, cereal residues are produced in vast quantities worldwide; 70 % of
the world’s crop residues are from cereals, and an estimated 3.9 trillion
metric tons of cereal residues were produced globally in 2020 (Smerald
et al., 2023). Globally, 44 % of cereal residues are left on fields to
contribute to the maintenance of soil organic matter, while 33 % of
residues are used for animal feed and bedding. Table 1 shows the
quantities of major cereal residues produced in selected countries and
the carbon and nutrients they contain.

Prior analyses have explored the global potential for energy recovery
from anaerobic digestion and thermochemical conversion of crop resi-
dues (Feng and Rosa, 2024; Paudel et al., 2024). The recycling of nu-
trients from anaerobic digestate following energy extraction from crop
residues and animal manure offers significant potential for crop nutri-
tion and GHG reduction (Marconi and Rosa, 2024). Some estimates
suggest that 30 % of crop residues could be exported from a field without
harm to soil health (e.g., Scarlat et al., 2010), while others point to more
complex dynamics (e.g., Moebius-Clune et al., 2008; Mouratiadou et al.,
2020). A general trend linking residue removal and decrease in soil
organic carbon is both expected and often observed, with reductions of
soil organic matter being more likely with higher rates of removal and
longer periods of removal (Smith et al., 2012). However, as discussed
below, returning the products of composting, pyrolysis or anaerobic
digestion of cereal residues to fields would better support soil health
goals than leaving unprocessed residues in place. For all of these,
farmers and other stakeholders need support to understand their options
for producing and using CBE products (compost, digestate, biochar), and
to enable and incentivize their production and use (supportive regula-
tions; carbon credits, subsidies for infrastructural investments). Certifi-
cation infrastructure (including standards and testing capacity) may be
as important as production infrastructure.

2.2. Food scraps

Over a third of food produced is lost or wasted globally (is not
consumed by humans or animals), with nearly 20 % of food wasted at
the retail, household, or food service levels (UNEP, 2024). Wastage
amounted to around 2.5 billion tons in 2022, at an economic value of
nearly a trillion USD. There are many ways that waste can be avoided
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Fig. 1. Simplified schematic representations of carbon and nutrient flows in linear (1a) and circular (1b) food systems. 1a. The linear food system (in the blue box)
produces three major by-products (in the green box) that, when wasted, contribute to greenhouse gas production, water pollution and other harms (in the red box).
1b. Selected carbon and nutrient flows in a circular bionutrient economy, highlighting the networked nature of the selected flows depicted. The focus here is on
excreta, food scraps and crop residues, transformed through biological, physical and thermochemical processes in a circular food system. Processors, practicing at
context-dependent scales and technical levels, process foodstuffs and transform by-products into fertilizers and other valuable products. Diets emphasize plant-based
foods. Solid excreta are composted or thermochemically processed through pyrolysis to produce biochar; nutrients from urine and compost are captured on biochar.
Food scraps are fed to animals (livestock or insects). Soils are enriched by return of excreta-derived nutrients and carbon from people, livestocks and insects, compost,
and biochar in varying combinations.
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Table 1

Quantities of crop residues as of 2022 (in millions of tons or Tg), and their
content of elemental carbon (C), nitrogen (N), phosphorus (P) and potassium
(K). Cereal residue production statistics are from Smerald et al. (2023). Data on
carbon and nutrient composition are from Fu et al. (2021).

Geography ~ OURs Dry biomass C (Tg) N(Tg) P K (Tg)
(Tg) (Tg)

World Rice 1343.6 54685 1061 2647 23379
straw
Wheat 1431.8 60279 36167 644 33576
straw
Maize 2914.5 127830 2915 2769 51674
stover

China Rice 204.9 8339 162 404 3565
straw
Wheat 138.8 5843 83 62 3255
straw
Maize 383.6 16825 384 364 6801
stover

India Rice 320.2 13032 253 631 5571
straw
Wheat 179.7 7565 108 81 4214
straw
Maize 88.6 3886 89 84 1571
stover

USA Rice 6.1 248 5 12 106
straw
Wheat 84.7 3566 2140 963 1986
straw
Maize 285.3 12513 285 271 5058
stover

Brazil Rice 11.2 456 9 22 195
straw
Wheat 18.7 787 11 8 439
straw
Maize 187.2 8211 187 178 3319
stover

Kenya Rice 0.2 8 0 0 3
straw
Wheat 0.7 29 0 0 16
straw
Maize 19.2 842 19 18 340
stover

Table 2

Elemental quantities (tons) of poorly utilized nitrogen (N), phosphorus (P), and
potassium (K), in livestock and human excreta, as of 2010, in selected countries
and globally. Data on N, P and K are from Devault et al., 2025. Quantities of
carbon (C) are estimated based on the estimated human and animal fecal pro-
duction provided by Berendes et al. (2018), with the estimate of 5 % carbon for
human feces taken from Snyder et al. (1975). No credible estimate of the percent
carbon was found for livestock in general, so the 5 % was used as a rough es-
timate to calculate the amount of carbon in global livestock manure.

Geography  Excreta C (Tg. N (Tg, P (Tg, K (Tg,
source 2014) 2010) 2010) 2010)
World Human 40.5 20.63 2.82 6.10
Livestock 156 16.17 1.29 24.77
China Human 7.70 5.59 0.76 1.48
Livestock n.d. 2.28 0.11 2.59
India Human 4.46 3.05 0.47 1.02
Livestock n.d. 4.75 0.24 8.54
USA Human 2.47 1.34 0.15 0.37
Livestock n.d. 1.64 0.27 1.76
Brazil Human 2.92 0.62 0.78 0.18
Livestock n.d. 0.92 0.11 1.31
Kenya Human n.d. 0.11 0.16 0.03
Livestock n.d. 0.04 0.00 0.08

(Moraes et al., 2021), but there are limits to this, and food systems
produce a great deal of inedible by-products. Making use of inedible and
wasted food is an obvious target for action toward circular food systems.
This is not an easy challenge, however, and success has varied across
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contexts. Japan has been relatively successful in reducing food waste,
with most municipalities providing financial support for household
composting (Morais and Ishida, 2025). In contrast, food waste policies
are inconsistent across the USA, often lacking enforcement or incentives
(Ryen and Babbitt, 2022). For example, landfill bans for food waste have
been ineffective at reducing landfilling of food waste in most states
where they have been implemented (Anglou et al., 2024).

A World Bank study found that “food and green waste” (kitchen and
landscape by-products) was the largest category of municipal solid
waste (MSW), making up 44 % of global MSW (Kaza et al., 2018). Over
two billion tons of MSW are produced annually, much of which goes to
landfill (UNEP, 2024a). Nearly half the weight of landfilled waste is
organic, with enormous production of methane and other GHGs (e.g.,
Wang et al., 2024). Indeed, 8-10 % of global anthropogenic GHG
emissions are associated with food waste (UNEP, 2024b). Once organic
materials are combined into a mixed-stream waste management process,
they are likely compromised for many uses. Combined materials can be
used for energy production through anaerobic digestion (e.g., Campu-
zano and Gonzalez-Martinez, 2016), and methane can even be recovered
as landfilled organic materials break down, but this is not a “highest use”
of those materials, and diverting organic matter from landfill is an ur-
gent policy priority to reduce GHG production (Lair et al., 2024) and to
increase bionutrient circularity.

Among the categories of food loss and waste, the highest levels are
for fruits and vegetables (F&V), both proportionally and in terms of the
overall mass and volume (FAO, 2021; UNEP, 2024b; Fabi et al., 2021).
This is because they are the most perishable and because much of F&V
mass is inherently inedible (peels, pits and similar). Food waste accounts
for around half of the mass of total household waste globally, with 40 %
of that being F&V waste (UNEP, 2024b). Such losses are higher in low-
and middle-income countries, where refrigeration is less accessible. The
relative wastage from each node of the food system varies across con-
texts (FAO, 2021), with implications for whether and how the organic
resources may be utilized, and by whom. Although a minority of wastage
occurs at food processing stages, processing by-products are most
consolidated and thus most readily available for efficient industrial
utilization. Most wastage occurs on small farms and in private kitchens
and thus is inherently diffuse and difficult to recover.

As with waste management more broadly, alternatives for reducing
food waste are considered as a hierarchy of options. In the food waste
hierarchy, the highest option is to redesign the system to avoid unnec-
essary production (Papargyropoulou et al., 2014). A circularity strategy
would ideally integrate reduction of surplus production, reduce losses
through improved handling, and strategically utilize damaged or
otherwise inedible products for producing feed, energy and soil
amendments. For example, training farmers on improved harvest
methods and enhancing access to storage and preservation technologies
could be complemented by training on converting unmarketable prod-
ucts to valuable ones through complementary biological trans-
formations as discussed below. Market development will also be
necessary, for example to establish demand for insect-based feed made
from food scraps. For inedible food wastes, industrial uses (reprocessing
to extract valuable compounds for pharmaceuticals or cosmetics, for
example) are the most valuable, followed by feeding animals, then by
composting. From a hierarchical perspective, feeding insect larvae on
vegetable peelings and spoiled fruit to produce animal feed would be a
higher use than composting. The “up-cycle” from potentially wasted
produce to insect-based feed may be more accessible in small-scale
production systems than in larger ones, due to the high cost of indus-
trial infrastructure. Similarly, regulatory innovation may be easier to
implement in small economies than in larger ones (Pender et al., 2024).

2.3. Human and animal excreta

Food consumption results in the production of excreta, which are
widely defined as wastes but were historically used for fertilizer. The
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human population exceeds 8 billion, and rears 1.7 billion cattle and
buffaloes, 1 billion pigs, 2.2 billion sheep and goats, and 25 billion birds
for food globally at a given time (Robinson et al., 2014; Dobermann
et al., 2022). The quantities of nutrients in underutilized human and
livestock excreta are significant; these resources could provide 16, 8 and
14 % of the N, P and K required by crops and grasslands worldwide,
respectively (Devault et al., 2025). Of the world’s fecal biomass asso-
ciated with the food system, most is produced by livestock (79 %;
Berendes et al., 2018). Both human and animal feces can carry disease,
and both are significant resources if managed safely (Berendes et al.,
2018). Nutrient recovery from manure and human excreta is a tradi-
tional practice that continues to varying extents around the world, and
contemporary studies have confirmed that urine is an excellent fertilizer
and a valuable source of plant nutrients (Larsen et al., 2021; Martin
et al., 2022). While feces have to be carefully managed for both path-
ogens and nutrient availability, the nutrients in urine are present in
plant-available form.

Most of the nutrients in excreta are wasted, however, and only a
minority of excreta are safely managed. The global failure to produc-
tively manage excreta is catastrophic; billions of people lack access to
safe sanitation, and the nutrients released into the aquatic environment
fuel harmful algal blooms, anoxic conditions and other hazards. Inade-
quate sanitation and poor manure management harm food security
through the negative effects of nutrient pollution, nutrient wastage, and
by undermining gut health (Ngure et al., 2014). Fisheries are harmed
when excess nutrients cause algal blooms while soils are depleted of
those same nutrients. Diarrheal diseases that proliferate where sanita-
tion is poorly developed prevent bodily utilization of nutrients that are
consumed.

With rising interest in circularity, excreta are now increasingly seen
as resources (Harder et al., 2020; van den Broek et al., 2024). Arguments
in favor of recovering nutrients from excreta for agriculture include the
considerable nutrient value of excreta, the economic and environmental
costs of conventional wastewater treatment, and the harms associated
with unmanaged excreta where sanitation services are absent or poorly
developed (McKenna et al., 2023; Devault et al., 2025). Arguments
against resource recovery from excreta might include respect for the
pervasive distaste for the concept of linking food and excrement, the
pathogen hazards associated with feces, the transition costs entailed,
and the modest contribution that the nutrients in human excreta can
make to meeting global fertilizer demand. While there are sociocultural
barriers to the acceptance of fertilizers made from human excreta in
most cultures, attitudes vary among cultural contexts, and there is evi-
dence that perceptions can shift if the legitimate concerns about risks are
addressed and the benefits are effectively communicated (Gwara et al.,
2021; Pickering et al., 2024).

Resource-recovering sanitation provides an opportunity to recycle
more of the nutrients and carbon in excreta to support food production
while reducing nutrient pollution (Trimmer et al., 2017). A systems
perspective calls for linking sanitation and agriculture to address sus-
tainability of soil health and thus food production, as well as bodily food
utilization through public health. Recovering nutrients and carbon is
possible with conventional wastewater treatment (Achilleos et al., 2022;
Kumar et al., 2017), and is already practiced to some extent. For
example, the market for phosphorus recovery as struvite was valued at
USD 1.42 billion in 2024 and is projected to reach USD 3.11 billion by
2033 (Growth Market Reports, 2024). As discussed below, biosolids
from wastewater treatment are widely used for land application, but
issues of contamination of biosolids are an increasing concern (e.g.,
Pozzebon and Seifert, 2023), likely incentivizing thermochemical
transformations in the future.

Recovering nutrients and carbon from excreta would be easier, at
least conceptually, if excreta were not mixed, diluted and contaminated.
Container-based sanitation practices that allow separate collection of
feces and urine, combined with low-tech strategies for nutrient recovery,
can be viable as decentralized systems (Russel et al., 2019; World Bank
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Group, 2019). A global or even local transition from sewer-based sani-
tation to a source-separating, resource-recovering paradigm is
acknowledged to be challenging given the massive societal investment
in and acceptance of sewered sanitation. But only a minority of the
world’s population enjoys sewered sanitation, and globally, over 80 % of
human excreta enter the environment without safe treatment
(WHO/UNICEF, 2017; Baum et al., 2013). Practical non-sewered sani-
tation alternatives are emerging in some locations where sewered
sanitation is out of reach, as in parts of Africa (Canova et al., 2025; Exton
et al., 2025) and elsewhere, but also in locations where sewered sani-
tation is accessible, such as in Europe (Joveniaux et al., 2022; Simha
et al., 2020; Soderholm et al., 2023).

Considerable innovation is ongoing to identify safe ways to recover
nutrients and other valuable products from excreta (Harder et al., 2019;
Rosemarin et al., 2020; Saliu et al., 2024; Lehmann et al., 2025).
Methods for nutrient recovery from urine range from simple (“low--
tech”) options such as long-term storage (pH changes in stored urine
eliminate pathogens) and alkaline dehydration (e.g., Simha et al., 2020),
to more sophisticated (“high-tech™) processes such as electrochemical
stripping (Maurer et al., 2006) and membrane and filtration technolo-
gies. But the aspiration of nutrient recovery is far from mainstream, and
implementing nutrient recovery from excreta is currently extremely
limited. Below we note some of the materials and technical mechanisms
that can be used to transform excreta into valuable products.

Treating human excreta as a resource can ideally incentivize the
provision of sanitary services to the 3.5 billion people who lack access to
safely managed sanitation. Considering excreta nutrients as a resource
positions sanitation not as a societal burden, but as an opportunity to
meet fertilizer demands. Human urine and feces contain most of the N,
P, K and micronutrients in the foods people eat, in similar proportions to
the nutrients generally required by plants. While the total nutrient value
in human excreta represents only a modest proportion of the agricultural
nutrients applied in high-income countries (particularly those that
export large amounts of agricultural products, such as the USA), the
agricultural use of nutrients in human excreta in regions such as Sub-
Saharan Africa, where often insufficient quantities of nutrients are
applied, could significantly improve the soil nutrient balances and boost
yields (McKenna et al., 2023). Indeed, many African countries (and a
third of countries globally) have more nutrients in human excreta than
they import and use in fertilizers (Devault et al., 2025).

The livestock sector is a major source of nutrient waste and GHG
emissions, and thus also provides opportunities for improving the bio-
nutrient circularity of the food system (e.g., Espinosa-Marron et al.,
2022). While livestock are currently fed more than a third of the world’s
cereal harvest and a quarter of all roots/tubers and legume grain
(Dobermann et al., 2022), livestock feed has the potential to transition to
food system by-products and forages (van Zanten et al., 2019). Global
livestock systems now produce a third of anthropogenic nitrogen
emissions (including potent GHGs and pollutants; Dobermann et al.,
2022). Livestock can be especially polluting in places like the United
States where animal and plant agriculture have been spatially decou-
pled, making it difficult to recover the nutrients from livestock excreta to
support crop nutrition.

While tremendous benefits could accrue from reconnecting livestock
and crop production in circular nutrient cycles (Spiegal et al., 2020),
feasibility is influenced by the transportation costs entailed. These costs
in turn depend on the spatial relationship between the sources of the
material (people, livestock) and the sinks that can receive it (agricul-
ture), and the form in which the material is transported (whether it has
been processed to reduce water content and enrich nutrients). Trimmer
and Guest (2018) conducted an analysis of 56 cities around the world,
looking at the distance between urban areas (sources of human bio-
nutrients) and agricultural production (sinks for nutrients). They found
that the three cities with the highest travel distances are in the USA,
while in India, Nigeria, Uganda, and China, substantial crop production
areas are located near densely populated areas. A more granular analysis
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supported the conclusion that the simplest approach to nutrient recov-
ery to support food production (e.g., direct application of aged urine) is
the most accessible approach in many of the places where nutrients are
most needed (Echevarria et al., 2021).

Using excreta for fertilizer is a traditional practice in many parts of
the world, but it has been eclipsed by synthetic fertilizers in recent de-
cades. Considering contemporary crises related to climate change,
conflict, fertilizer prices, sanitation and health, there is renewed interest
in resource recovery from sanitation, both in low-income and in high-
income settings (Joveniaux et al., 2022). While there is sociocultural
resistance to the idea of eating food that has been fertilized with excreta,
several studies have shown that food producers and consumers can
accept excreta-based fertilizers if they are aware of the many benefits
and their safety concerns are addressed (e.g., Gwara et al., 2021). Below,
we consider the ways in which excreta, together with other OURs, can be
utilized within a circular bionutrient economy. We acknowledge that
there are enormous socio-cultural, regulatory and operational barriers
to be overcome even if effective technical solutions emerge to support a
transition to greater circularity for excreta-derived nutrients.

3. Transformation processes

For carbon and nutrients to be returned to the food system, OURs
must be transformed in various ways. We consider three broad classes of
material transformation processes: biological, thermochemical and
physical. These three processes can be combined in sequence, and their
products can also be combined.

3.1. Biological transformations

Biological transformation processes include physical and biochem-
ical changes produced by diverse groups of organisms such as microbes,
fungi, microfauna, worms, insects, livestock, algae and plants. These
organisms transform otherwise inedible or discarded materials to pro-
duce food, feed, soil amendments and energy. Microbes play key roles in
several biological transformations that are critical to CBE, including
composting, anaerobic digestion and fermentation. Insects and livestock
are also important in biological transformations in the food system.
Algae can be grown on urine-based media to be used for energy, feed or
fertilizer (reviewed by Tao et al., 2022).

Aerobic composting (including vermicomposting) and anaerobic
digestion are the most common avenues to recovering nutrients from
OURs. They can be conducted effectively at a wide range of scales, from
household to farm and municipal scales. Composting technologies range
from extremely simple to highly sophisticated, varying in scale and
degree of process control. Composting is widely practiced on a com-
mercial basis (Saqib and Sadef, 2025). Composting inevitably produces
CO4 as microbes break down organic materials, and can also produce the
more powerful GHGs nitrous oxide (N20) and/or methane (CH4) under
certain conditions. The inclusion of biochar in the composting process
can reduce GHG production and improve process efficiency and product
quality, as discussed below. Process monitoring through sensor tech-
nologies can help avoid undesirable conditions, such as oxygen deficit.
Oxygen-reduced environments select for methanogenic microbes, which
is undesirable in most composting arrangements but deliberately ach-
ieved in anaerobic digestion, when the methane is captured as an energy
source. Following anaerobic digestion, the residual material can be used
as a soil amendment or further processed into compost and/or biochar
(Abdullahi et al., 2008).

Energy is already widely produced from food waste, excreta, and
crop residues, and there is tremendous potential to make better use of
the nutrients in digestate. Marconi and Rosa (2024) contend that
substituting nitrogen from anaerobic digestion in place of synthetic ni-
trogen has the potential to feed 2.5 billion people and decrease annual
GHG emissions from the production and use of nitrogenous fertilizers by
70 %. Co-digestion of crop residues and livestock manure offers
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advantages in the production of renewable energy (Adnane et al., 2024),
as does co-digestion of sewage sludge with other organic materials such
as food waste (Li et al., 2024). Anaerobic digestion does not substan-
tially reduce the mass or volume of the material, so the spatial re-
lationships between digestate production sites and crops will determine
whether transport costs are prohibitive. As noted below, pyrolysis re-
duces weight and volume and can be combined in some processes to
concentrate nutrients from digestate.

It has also been argued that farm animals can play key roles in cir-
cular food systems as livestock can be fed on food scraps unfit for human
consumption and forages grown on land unfit for annual crops (van
Zanten et al., 2019). Indeed, the traditional role of pigs in Asia and
elsewhere has been to recycle inedible materials, including excreta. In-
sects have recently emerged in this niche at both small and large scales,
converting food waste and excreta into animal feed. Several insect
species have been used to upcycle organic wastes, most notably housefly
(Musca domestica; Cheng et al., 2021), mealworm (Tenebrio molitor;
Moruzzo et al., 2021), house cricket (Acheta domesticus; Lundy and
Parrella, 2015), and the black soldier fly (BSF, Hermetia illucens; Vilela
et al., 2021). Insect cultivation provides an opportunity to address the
increasing global demand for animal protein while reducing waste and
the pressures on both aquatic and terrestrial resources (Raman et al.,
2022). The insects’ frass and other residues can be used as a soil
amendment, significantly improving soil health, crop yield and nutri-
tional quality of crops (Anyega et al., 2021). BSF is the most widely
cultivated insect, efficiently transforming organic wastes such as food
scraps and excreta into larval biomass. The dry weight of BSF larvae can
contain up to 35 % lipids and 50 % protein (Caruso et al., 2014), with a
favorable amino acid profile for animal feeds (Elwert et al., 2010; van
Huis, 2015), though the nutritional quality of the output feed depends
upon the quality of the input feedstocks. As further discussed below,
contaminants are a concern for CBE; if feedstocks are contaminated with
heavy metals or other toxins, there is potential for bioaccumulation in
larvae and frass (Addeo et al., 2024). Even if technical hurdles can be
cleared, public perception and the absence of supportive regulatory
frameworks remain obstacles (Doughty et al., 2024).

3.2. Thermochemical transformation

A variety of methods utilize heat to transform materials for various
purposes, including the production of biofuels and soil amendments.
Several different thermal processes are used for managing biosolids, for
example (Werther and Ogada, 1999), including incineration and py-
rolysis, with the former currently used more widely. However, among
the processes and products of thermochemical transformation, pyrolysis
has received the most attention in recent literature (Paudel et al., 2024)
and will be the focus here. Pyrolysis, the high-temperature treatment of
organic materials in a low-oxygen environment, is used to transform
organic materials into biochar, a carbonaceous material that can persist
in soils for hundreds of years and can provide numerous benefits to soil
health (Lehmann and Joseph, 2024). Pyrolysis transforms about half of
the carbon in the feedstock into persistent carbon in biochar.

When used as a soil amendment, biochar generally improves crop
production, with an average yield increase of 20-26 % across published
studies, depending on soil-biochar interactions (Ye et al., 2020; Bek-
chanova et al., 2024). Biochar enhances water-holding capacity and
reduces soil acidification (Gao and Masiello, 2024; Lehmann et al.,
2011). Since it has a higher cation retention capacity than any other soil
amendment or soil organic matter (Liang et al., 2006), biochar can
adsorb cationic nutrients and release them slowly. Biochar enriched
with nutrients (e.g., from urine) can serve as a soil amendment that
increases soil fertility (Schmidt et al., 2017). Synergies with food waste
and excreta can be achieved by blending nutrients from these
nitrogen-rich materials with carbon-rich biochar. Composting with
biochar enhances composting speed and quality (Antonangelo et al.,
2021).
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Biochar can be produced from a wide variety of organic materials,
including OURs such as weeds and other landscape trimmings, crop
residues, manure or manure-byproducts, and biosolids. Pyrolysis of crop
residues can be beneficial by increasing the persistence of carbon
returned to soil. While crop residues are often left on fields to protect
soils and return carbon and nutrients to soil, maize stover, for example,
is rapidly broken down and metabolized, so its contribution to soil
organic matter is transient. Yang et al. (2017) showed that maize stover
biochar was superior to the incorporation of non-pyrolyzed stover or a
conventional fertilizer control in terms of GHG release (CO,, NoO and
CHj4) and benefits to soil health. Pyrolyzing a portion of crop residues
may be a higher use than microbial decomposition in the field. Addi-
tionally, pyrolizing biosolids has the potential to reduce bulk, mass and
organic pollutant content, with the possibility of using the biochar as a
soil amendment or other purpose (e.g., capturing contaminants in
landfill leachate or as building material). Bones are a major waste
product of the livestock industry (analogous to vegetable peels as a part
of “food waste”); bones can be pyrolyzed to produce bone char that can
be used as an alternative source of bioavailable phosphorus for crop
production (Ahmed et al., 2021), as is practiced on a modest scale in
Ethiopia (Simons et al., 2023).

Biochar can be produced at a range of scales, using technologies that
range from a pit or trench in the ground to systems based on sophisti-
cated process engineering. Even simple flame-curtain kilns (e.g., “Kon-
Tiki” kilns) can be used to produce high quality biochar with low
emissions (e.g., Cornelissen et al., 2016). Because biochar can serve as a
long-term carbon sink (as established by IPCC; Woolf et al., 2021), there
is potential for carbon markets to catalyze large-scale production of
biochar and its use to capture carbon and improve the health and
water-holding capacity of agricultural soils (Lehmann et al., 2021). The
carbon market has started to function in Africa and southeast Asia (e.g.,
George, 2024), enabling smallholder farmers to access funding and
technical support for in-field pyrolysis of crop residues, although the
scale is limited to date (Solidaridad Network, 2023). The simple tech-
nology needed to produce biochar, combined with its growing market
potential as a soil amendment and within carbon markets, makes it an
increasingly accessible and profitable way for smallholders to improve
their soil health and food security. Profitable production at larger scales
generally entails ready access to large-scale inputs (e.g., through
co-localization with a processing plant generating agroindustrial
by-products), the use of pyrolysis by-products (syngas, bio-oil, and/or
heat), and carbon credits.

3.3. Physical and physiochemical transformations

The challenge of valorizing OURs can be addressed by a wide range
of physical and chemical processes that convert low-value (or negatively
valued) materials to higher value products. For example, with industrial
processing and formulation, excreta-based fertilizers can be light, uni-
form, with defined or even bespoke nutrient profiles and without un-
desirable sensory characteristics (Lehmann et al., 2025). Relevant
physical processes include chopping, drying, and pelleting. Physi-
ochemical transformations include stripping, adsorption, electro-
chemical treatments and precipitation.

Chopping enhances drying, and drying can increase shelf life and
enable subsequent operations such as pyrolysis. Thermal processes can
be used to pasteurize or sterilize. Extruding and pellating biomass can
enhance biomass uniformity, with benefits for downstream processes
such as pyrolysis. The field of food science may be a source of relevant
physical and physiochemical technologies, as it employs a powerful
toolkit for physical transformation of foodstuffs that can be applied to
OURs in various ways to improve their quality, safety, stability,
appearance and utility. While these processes are already being used to
reduce food waste, there is scope to increase their applications in a
circular food system.
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4. Interconnected pathways to circularity

The three transformation mechanisms discussed above (physico-
chemical, biological and thermochemical) can be applied to various
OURs, leading to complex, interacting pathways that can fruitfully
connect in various ways that do not resemble simple circles (Fig. 1b).
Approximately 40 % of the world’s arable land is dedicated to producing
livestock feed (Mottet et al., 2017), and 35 % of crop calories are fed to
livestock (Berners-Lee et al., 2018). Insect-based feeds produced from
food scraps offer a way to reduce that burden on nature. Another option
for designing out the waste associated with livestock is dietary change
toward reducing excessive meat consumption. Reducing beef con-
sumption in particular could reduce many of the harms associated with
contemporary food systems, including GHGs and land use/deforestation
(Godfray et al., 2018; Xu et al., 2021), as well as providing health
benefits. This has implications for crop production and thus crop resi-
dues, since direct consumption of plant-based foods is more efficient
than consumption of meat: reducing meat consumption would reduce
production of feed grains, altering availability of crop residues and the
dynamics of circularity pathways. Reducing the flow of plant-based
materials from the food system to biofuels will likewise influence res-
idue availability.

All three of the resources discussed above (crop residues, food scraps
and excreta) can be digested to produce energy or composted to produce
valuable soil amendments. Indeed, these OURs are best co-digested or
co-composted, with their residues used to improve soils. Cereal residues
are high in carbon, so combining them with food waste and/or excreta
(higher in nitrogen) can help achieve the balance between carbon and
nitrogen needed for efficient microbial degradation. Urine is an excel-
lent source of nitrogen for composting cereal residues and for producing
nutrient-charged biochar for use as a soil amendment (Krounbi et al.,
2021). Mixed excreta (including feces, which are of high concern for
pathogens) can be safely composted if the process is managed in a way
that allows high composting temperatures to be reached (Werner et al.,
2023).

Biochar has been reported to benefit a range of biological trans-
formations involved in CBE pathways, including composting, anaerobic
digestion and BSF production. When biochar is a component of a com-
posting process, the rate of decomposition is higher, and the resulting
compost product is superior in nutrient content (Nguyen et al., 2022).
The inclusion of biochar in the composting process also results in lower
greenhouse gas emissions (Yin et al., 2021). Biochar enhances anaerobic
digestion of sewage sludge (Devi and Eskicioglu, 2024) and food waste
(Ambaye et al., 2021). Hoang et al. (2022) reviewed the physical,
chemical and biological mechanisms by which biochar improves the
process of anaerobic digestion, which include the favorable microporous
living environment for bacteria, buffering capacity and electrical con-
ductivity, and adsorption of toxic compounds that inhibit microbial
growth and metabolism. Other reviews of microbial responses to biochar
in soil and anaerobic digestion reactions have also noted that biochar
increases microbial abundance and diversity as well as carbon- and
nutrient-cycling functions (Kerner et al., 2023; Zhao et al., 2024). Bio-
char’s porous structure provides microbial habitat, enhances nutrient
and water retention, and reduces the effects of toxins.

The inclusion of biochar in the material fed to BSF can improve larval
survival and growth, reduce greenhouse gas (N2O) and ammonia (NH3)
emissions, and improve nitrogen, potassium and phosphorus content of
the frass/residue (Beesigamukama et al., 2020; Akumah et al., 2021).
BSF frass can be included with compost and biochar as part of a
high-value soil amendment (e.g., Tan et al., 2021), and inclusion of
biochar in BSF rations presumably leads to a more valuable frass as well.
The residues from BSF production include the chitinous exoskeletons
that are shed during insect development. This material can be used
directly as part of a soil amendment or pyrolyzed to produce a biochar
with beneficial effects on plants and soil organisms (Bulak et al., 2023).
Particularly when BSF are fed on human excreta, such as fecal material
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from source-separating toilets (Banks et al., 2014), thermochemical
treatment (i.e., pasteurization) may be desirable to allay hygiene con-
cerns. BSF residues produced on human feces (frass and other remaining
material after the larvae are harvested) can be used to produce a
high-quality biochar that is high in phosphorus and free of pathogens
(Nkomo et al., 2021).

Strategically interconnecting transformation pathways for the three
main resources described here—crop residues, food scraps and excre-
ta—can ensure that carbon and nutrients are retained in food, feed, soil
and other growing media and are either available for crop production or
sequestered as soil organic matter. Building and strengthening these
connections must be considered as the circular bionutrient economy
progresses. The effect of biochar on enhancing biological processes that
transform underutilized resources through composting, anaerobic
digestion and insect culture is an opportunity to improve process effi-
ciency and effectiveness. The potential of pyrolysis for destroying con-
taminants, and potential of biochar for immobilizing soil contaminants,
must be taken seriously as societies reckon with the vast quantities of
organic pollutants and heavy metals that are regularly deposited in
agricultural soils (NASEM, 2024). This will require that the scope of food
policy analysis subsume a broad range of issues, from sanitation to soil
health to co-localization of industries and enterprises that produce and
utilize nutrients.

5. Challenges, tradeoffs and risks associated with circular
bionutrient economies

The pathways to CBE offer compelling environmental and resource
security benefits, but require navigating complex challenges, risks and
tradeoffs. Challenges include technical, regulatory, and operational is-
sues, as well as formidable sociocultural obstacles. Wasted materials can
be viewed as disgusting; food waste can be stigmatized, and excreta are
subject to deep taboos that constrain the collection and use of this
resource. These negative cultural associations are both emotional and
rational, as wastes have repulsive sensory features and can be linked
with the spread of disease. Shifting norms will require changes in
perception of value and responsibility, and the reduction in stigma will
likely be a slow process requiring investment in exposure and education.
A transition to CBE and a circular economy more broadly will require a
general shift from a mindset of hygienic extractionism to one of thrifty
stewardship. The needed investments in innovation come with financial
risks, and the processes can entail risks to the health of soils and people.
Here we highlight two categories of jeopardy associated with pathways
to CBE: economic risks and potential contamination hazards.

Transitions to CBE require novel perspectives, infrastructure, capa-
bilities, and policies. These can be costly and investments must be made
with consideration for economic tradeoffs, such as those between cost
competitiveness and environmental benefits. Sophisticated processing
methods may ensure “clean” (less polluting), safe, and standardized
products, but are costly to establish. Any investment in CBE cannot be
recovered unless nutrient recovery technologies are cost-competitive
with conventional fertilizers, which may not be possible without sub-
sidies or carbon credits when the environmental costs of the status quo
are externalized. The cost of transporting bulky organic residues can
rapidly exceed the value of the products, so not all resources are
recoverable without decentralization and strategic co-localization of
infrastructure, but economies of scale and other efficiencies are more
difficult to achieve in decentralized systems. Recovering nutrients and
carbon from sanitation by-products means dealing with chemical and
biological hazards that may contaminate land and food, and quality
control may be sacrificed in highly decentralized systems.

While sophistication in OURs processing may offer advantages, these
may not overcome the costs entailed. Adding steps reduced techno-
economic viability of pyrolysis of rice and wheat residues in India
(Bhatnagar et al., 2022). Similarly, in the case of urine-derived fertilizers
in Uganda, the simplest approach was found to be economically viable,
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while the costs and energy requirements of producing a more sophisti-
cated fertilizer product from stored urine were found to exceed the
economic value (Lohman et al., 2020). Many options can be considered
in such analyses, and what works may or may not be revealed through a
technoeconomic assessment made under a given set of assumptions. The
most appropriate approach will be context-dependent, and drivers such
as technology options, availability of investment capital, and regulations
are likely to evolve over time, shifting the landscape of viability.

Contaminants pose another set of risks for CBE. Soil health is
compromised when nutrients and organic matter are returned to soils
via materials contaminated with persistent pollutants, such as heavy
metals, per- and polyfluorinated alkyl substances (PFAS), microplastics,
pharmaceuticals, etc. On the other hand, organic materials such as
compost and biochar can be part of the solution to soil contamination.
Composting can degrade organic contaminants, and compost can be
used to immobilize heavy metals and other toxins (Huang et al., 2016;
Kastner and Miltner, 2016). As discussed below, the process of pyrolysis
can destroy organic pollutants (Krahn et al., 2023; Sgrmo et al., 2024),
and biochar can bind and immobilize contaminants in soils (Wu et al.,
2017; Yuan et al., 2019), making it particularly promising as a soil ad-
ditive for remediation of contaminated soils.

Compost can be used to remediate soil contamination, but compost
may also carry heavy metals, PFAS and/or other chemical or biological
contaminant(s) (Farrell and Jones, 2009). A major source of PFAS in
compost in some contexts is food service materials that are made from
paper and other compostable materials that are coated to make them
impermeable to water and grease (Timshina et al., 2024). Food scraps
can also carry fluorinated compounds, such as pesticide residues, and
compost made from household food waste can carry these chemicals
(van Asselt et al., 2023). Increasing numbers of pesticides are fluori-
nated to increase their stability in the environment, and additional PFAS
may come from the “inert ingredients” (e.g., adjuvants) included in
pesticide formulations as well the leached materials from container
linings (Donley et al., 2024).

Biochar made from biosolids can immobilize lead in contaminated
soils (Netherway et al., 2019), but biosolids may also contain heavy
metals, PFAS and other persistent contaminants (Marchuk et al., 2023),
with the species and concentrations of contaminants varying across
contexts. Even source-separated human and animal excreta may carry
pharmaceutical residues and pathogens (van der Fels-Klerx et al., 2024).
Contaminated soils may lead to contaminated foods, depending on the
extent of transfer of compounds of concern from soil to the edible
portion of the crop (van der Fels-Klerx et al., 2024). People may also be
exposed to contaminated soil through exposure to dust and water. Food
production can be compromised when pesticides are returned to soils
with contaminated manure; for example, chicken feed contaminated
with glyphosate led to residues in manure that was used to fertilize
vegetables, leading to reduced yields (Muola et al., 2021).

Many food system contaminants have the potential to bioaccumulate
in circular food systems. To assess food safety concerns associated with
circular food systems, van der Fels-Klerx et al. (2024) developed a
framework to prioritize possible hazards. They used this framework to
assess several case studies, including the risks associated with BSF larvae
when grown on animal excreta and food waste and then used as animal
feed. Considering the occurrence of various chemical contaminants,
their accumulation in the insects, and the severity of the consequences of
human exposure, the authors considered veterinary drugs, pesticides
and mycotoxins to be low priority concerns, dioxins and PCBs to be
intermediate priority concerns, and heavy metals (cadmium and lead) to
be high-priority concerns.

Both the benefits and risks associated with CBE are striking and
imply the need for regulatory guidance, accessible analytical methods,
and incentives to propel positive change while managing the potential
hazards that could derail further progress. For example, BSF production
can enable productive use of food waste and excreta, but there is a need
to effectively manage BSF nutrition to ensure safety of animal feed and
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animal-source foods that people eat. As discussed above, composting
and pyrolysis can destroy organic pollutants, and their products can also
bind and immobilize toxic compounds and elements, with pyrolysis and
biochar being the most potent.

6. Policy implications

Effective CBE implementation requires not only technical in-
novations, but also socio-economic transformations, including support-
ive policies, new business models and institutional arrangements that
reflect the economic and spatial realities of OURs. Many policies
affecting food systems are designed to support the prevailing linear
economy, such as fertilizer subsidies, regulations preventing the upcy-
cling of food waste, and many sanitary regulations. These policies have
the unintended effect of adversely affecting efforts to implement CBE.
Many African governments invest in fertilizer subsidies to support crop
production and food security (e.g., Benson et al., 2024); a shift to sup-
porting CBE would, in principle, be a more financially and environ-
mentally sustainable approach to achieving these aims, while advancing
sanitation goals as well. Revisiting food policy frameworks and specifics
to adapt them to CBE will require evidence, investment and advocacy.

Regulatory policies will need to be adapted to support rather than
impede bionutrient circularity while safeguarding public health from
microbial and chemical hazards. Increasing attention is being paid to the
chemical contaminants associated with the land application of munic-
ipal biosolids, which has been justified as a way of enhancing soil
organic matter. While biosolids are known to carry a range of contam-
inants, including “forever chemicals” (PFAS), regulatory policy has been
slow to protect soil health and the food system from these contaminants
(Popoola et al., 2023). Source-separating sanitation is one approach to
avoiding the contamination of excreta that will be used as a soil
amendment. Institutional contexts may, however, inhibit the imple-
mentation of innovations like source-separating sanitary technology
(Beal et al., 2020).

Certification and standardization can be important for market
development (Lehmann et al., 2025). Adequate regulatory frameworks
governing the use of biochar, or the use of insect larvae for feed, may
also be absent or sufficiently underdeveloped in many contexts, such
that it is risky for investors to establish the necessary infrastructure to
develop new value chains. Limited knowledge and awareness of the
benefits of novel fertilizers and soil amendments, potential concerns
about quality and value, together with the absence of meaningful and
enforced standards, means that buyers may lack confidence in the
products and sellers are not able to command the prices they may need
for economic viability, particularly when conventional fertilizers are
subsidized.

Considering the relatively low value density of OURs, decentralized
business models can better support the utilization of spatially diffuse
OURs originating from farms, kitchens and toilets because of the high
transportation costs required for centralized processing. For example,
decentralized pyrolysis of rice and wheat residues with minimal pro-
cessing was found to show better economic and environmental perfor-
mance than more centralized approaches in India (Bhatnagar et al.,
2022). Decentralized composting systems can reduce transport dis-
tances, but may struggle to sustain stable and adequate processing
conditions (Arrigoni et al., 2018). Optimization analysis can be used to
determine the most efficient level of decentralization, as in the case of
pyrolysis of poultry manure (Zhao et al., 2020; Bora et al., 2020).

The scale at which organic circularity is optimally practiced will
depend on the resources of interest, the magnitude and concentration of
the resource, and the technology required to add value to it through the
transformation pathways considered above. As depicted in Fig. 2, re-
sources from small farms and households (even in cities) are inherently
diffuse, as they are produced in small quantities and managed by vast
numbers of individuals. Small-scale producers are likely best able to use
the OURs from their own farms for composting and pyrolysis. On-farm
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Fig. 2. A framework for considering possible sources of organic underutilized
resources, partitioned by axes of concentration and degree of urbanization.

organic resources are likely needed to maintain soil health locally and
may be too diffuse to be efficiently sourced by other enterprises. Small-
to medium-scale enterprises (SMEs) may be more effective at tapping
the byproducts produced by markets, processors, and sanitation pro-
viders. These SMEs can serve as critical intermediaries in scaling CBE by
bridging the gap between diffuse resource generation and both diffuse
and concentrated agricultural demand.

Designing effective CBE strategies thus requires coordinated action
across actors and scales. Investments in training, financing, and market
access should complement technology development, which can further
enable both on-farm adoption and SME-led enterprise models. Mean-
while, governments and nonprofits have a role to play in shaping reg-
ulatory environments. Clear standards, safety guidelines, and quality
assurance mechanisms are essential to de-risk private investment and
build trust in emerging markets for biochar, excreta-based fertilizers,
and insect-derived feeds.

7. Conclusions

We propose synergistic pathways through which nutrient circularity
in the food system can contribute to reducing greenhouse gas emissions
associated with agriculture, improving and maintaining agricultural
productivity in the face of climate change through soil restoration,
reducing the pollution of water, aquatic and terrestrial environments,
and enhancing ecosystem services. CBE allows for the transformation of
multiple, complementary organic by-products into fertilizers and feeds,
potentially offsetting the financial and environmental costs of conven-
tional waste management and agricultural inputs, and providing liveli-
hoods based on agricultural enterprises that create and utilize these
products. For example, a sanitation company collecting excreta can
generate value from the resource rather than paying a tipping fee to
dispose of it. The use of the excreta-derived fertilizer reduces the need to
use fertilizers made from petrochemicals, offsetting the carbon footprint
associated with the latter. Building soil organic matter sequesters carbon
where it is most needed, and this sequestration is durable in the case of
biochar. Circular animal feed production can potentially reduce feed
costs while reducing the pressure on the land and fisheries from which
feed ingredients are sourced.

This paper advances the circular economy literature by exploring
synergies among transformation mechanisms and pathways that can
keep in use the nutrients and carbon in three dominant by-products of
the food system. Food systems inevitably produce enormous volumes of
crop residues, inedible food scraps and excreta, which have comple-
mentary carbon-to-nitrogen ratios. The vast amounts of these underu-
tilized materials can be returned to the food system through synergistic
combinations of biological, physical and thermochemical
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transformations. While many reports focus on single waste streams or
technologies, this paper highlights synergies that can be achieved when
food system by-products are strategically co-processed. Through inter-
secting pathways employing composting and anaerobic digestion and
other biological transformations, physical processing and pyrolysis, the
nutrients and carbon in OURs can be converted to feed, soil amendments
and other valuable products rather than released into the environment
as pollutants. The way this is implemented will vary across contexts,
likely with a blend of industrial operations at food system nodes where
large volumes of OURs are available (e.g., processing plants) and
smaller-scale, decentralized systems addressing more diffuse by-
products. The distribution of costs and benefits will vary with these
system architectures, with some available evidence for major benefits of
decentralized resource recovery in low-resource, high population areas
like informal settlements (World Bank Group, 2019).

As with many issues of concern to the environment and public
health, transforming the food system for circularity involves shifts in
public perception and motivation, as well as careful management of
tradeoffs related to time frames and lags (e.g., immediate costs and
longer-term benefits); investors and beneficiaries (e.g., who gains and
who bears costs and environmental burdens; private investment and
public welfare); and economic feasibility (transition costs and price
points). Dealing with repulsive and potentially hazardous materials like
excreta and food waste can create harm and resistance unless managed
safely, equitably and respectfully to create opportunities rather than
additional layers of disparity. The investments required for the devel-
opment and optimization of a new generation of equipment and ma-
chinery, as well as the larger systems changes, are expensive and present
risks and challenges. Depending on the economic, environmental and
social context, the transition will require different blends of private
entrepreneurial and philanthropic investment and public investment
aimed at benefiting environmental integrity, public health, and adap-
tation to climate change.

Where resources are or can be aggregated and conditions enable and
incentivize the development of advanced infrastructure, sophisticated
approaches to nutrient recovery may be viable. Where OURs are more
diffuse and financial resources are more constrained, simpler and more
decentralized approaches are likely to be more accessible. A successful
CBE will likely entail a blended system architecture that includes
centralized facilities to enable efficiencies, with decentralized compo-
nents that benefit a wider set of local stakeholders. Because communities
currently lacking adequate access to sanitation and fertilizer are less
“locked in” to wasteful norms, they tend to be more innovative and
receptive to novel CBE opportunities but are also perhaps more
vulnerable to exploitative and unsafe arrangements. Navigating the
synergistic pathways to circular bionutrient economies can provide
compelling benefits and co-benefits, with progress along these pathways
requiring incentives, support and integration of technical, socio-
cultural, legal-regulatory, and business innovations, and careful atten-
tion to equity outcomes. Transitioning to CBE further requires
acknowledging and navigating tradeoffs and challenges to establish
linked value chains that will vary by context.
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