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Nitrogen is a part of a complex cycle with transformative reactions being not only an essential element for living
organisms, but also facilitating negative environmental impacts as eutrophication and climate change. To reduce
the negative environmental impacts, closing the nitrogen loop, reducing inputs of fossil-based synthetic nitrogen
fertilizers, and returning nitrogen-rich material and waste streams back into the food system are essential. This
review investigates the potential of nitrogen transformation technologies to return nitrogen to food systems from

existing material streams, levelling the imbalances of the nitrogen cycle. Review of both conventional and
biotechnological pathways for nitrogen recovery, as well as of legal aspects and safety issues uncovers the
knowledge gaps, potentials, and barriers for making nitrogen circular in a food system context. Further a few
technologies aiming the recirculation of the nitrogen disclosed as a basis for potential industrial scale up and

implementation.

1. Introduction

For a sustainable supply of food, agricultural nutrients must be
managed properly. Crop production, food processing, distribution, and
consumption are just a few of the interwoven aspects and procedures
that make up the food system. The soil nutrients exhausted during crop
production must be restored in order to guarantee productivity and se-
curity of the food chain (Leip et al., 2021). The management of
byproducts or additional resources, known as side streams, within the
food system, plays a role in minimizing waste and optimizing resource
efficiency. (Gliessman, 2016; Meybeck and Gitz, 2017). Composting,
anaerobic digestion, and recycling are effective waste management
techniques that help reduce the environmental impact of disposing off
food waste. By converting agricultural wastes into valuable components
or biofuels, the usage of side streams can also aid in the creation of a
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more sustainable and circular food system. In addition to advantages for
the environment, an effective food system also helps public health,
livelihood, and other social and economic factors. We can work to build
a more resilient, egalitarian, and sustainable food supply chain that
advances both human well-being and the health of the planet by making
improvements to the food system (Berry, 2019).

The FAO/WHO emphasized the necessity of resource efficiency and
the significance of sustainable food production during the 1992 Inter-
national Conference on Nutrition (“Nutrition and Development: Global
Challenge 17, 1992). By 2050, the population of the world is expected to
reach above 9.74 billion and significantly rising food demand, sustain-
able and efficient food production practices are crucial (Davis and
White, 2020). As a necessary and limited ingredient for plant develop-
ment, nitrogen is important for human nutrition and the production of
sustainable food (Leip et al., 2021). However, an imbalance in nitrogen
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use can result in climate change, soil degradation, air and water pollu-
tion, and a loss of biodiversity (Rockstrom et al., 2020; Leip et al., 2015).

Nitrous oxide (N20), a powerful greenhouse gas with a global
warming potential far higher than carbon dioxide, is one example of a
molecule that contains nitrogen (Myhre et al., 2013). and the lifetime of
the disturbance (the time required for the pulse release of H,O to reach
zero concentration) is 121 years (Timma et al., 2020). The main
anthropogenic source of N,O emissions are agricultural activities related
to the use of synthetic fertilizers and the handling of livestock manure.
Natural sources of NoO emissions are soils, oceans, lightning, as well as
inland and coastal waters. Atmospheric NoO contributes not only to
climate change, but also to the destruction of the stratospheric ozone
layer at a rate increasing by 2% per decade (Tan et al., 2020) and a
considerable rise of about 30% in N2O emissions is responsible for about
10% of global yearly NoO emissions. Important repercussions for global
greenhouse gas emissions and climate change result from this increase in
N50O emissions. Compared to carbon dioxide (CO5), nitrous oxide (N20)
has a far higher warming potential. It is mostly released during agri-
cultural processes like burning agricultural waste, using nitrogen-based
fertilizers, and managing livestock manure. The observed increase in
N2O emissions of about 30% emphasizes the need for efficient strategies
to lessen its impact on climate change. N2O emissions can be decreased
by employing practices like enhanced nitrogen management in agri-
culture, which includes the use of precision farming methods and
optimal fertilizer delivery. Promoting organic matter management and
soil health as priorities in agricultural practices can also help reduce NoO
releases from agricultural sources (Velthof and Oenema, 1997; Wall-
isDeVries and Bobbink, 2017). It is estimated that over the period from
1750 to 2019, increase in greenhouse gases (GHG) concentration has
contributed to global warming by about 0.15°C with an effective radi-
ation exposure of about 0.3 W m2.

Inert dinitrogen (N2 (nitrogen gas)) not only makes up the largest
fraction of the atmosphere, but is also a very important element in the
biochemistry of all existing life. Being the main component of amino
groups and other amino acid constituents, nitrogen (N) is necessary as a
building component of proteins. While complex organic compounds
containing H and protein, are necessary for the diet of animals, primary
producers, such as plants, may require nitrogen in various inorganic
forms, such as ammonia (NH3), ammonium (NH4 "), nitrate (NO3 ™), and
nitrite (NO3 ™) and organic compounds such as urea CO(NHz). (Harper,
2015). A complex network of biological and geochemical processes of
oxidation and reduction that affect the transfer of nitrogen between the
atmosphere, biosphere, soil and water is called the nitrogen cycle
(Fowler et al., 2013).

To enhance plant growth and protein production, people use fertil-
izers. It has been repeatedly shown that the use of nitrogen alone or in
combination with other nutrients can increase both yield and protein
content in conventional crops such as wheat. Sometimes, existing ni-
trogen reserves in biomass are obtained by organic fertilization with
manure, compost, or using the ability of some microorganisms to
convert P, (phosphorus) into other nitrogen compounds. Mineral ni-
trogen sources or synthetically produced nitrogen fertilizers make a
significant contribution to plant nutrients in agriculture (Erisman et al.,
2008). However, some of these additional nitrogen compounds may
enter water bodies as a result of excessive use or uncontrolled disposal of
biogenic waste (Grizzetti et al., 2013), creating environmental problems
such as harmful algal blooms, eutrophication and deterioration of water
quality in some areas, as well as accelerating climate change and causing
air pollution (Sutton et al., 2021). In places with intensive agricultural
practices, related to animal husbandry, excess nitrogen can lead to a
noticeable deterioration in the quality of groundwater and surface
water. This was observed in the Netherlands due to an excess of intro-
duced nitrogen (Enema et al., 2005).

In addition to environmental problems such as climate change and
environmental degradation (Shpirts, 2009), the loss of nitrogenic com-
pounds is a food security problem, being an integral part of a reliable

Cleaner and Circular Bioeconomy 6 (2023) 100056

protein supply. Nitrogen losses during disposal, seepage or in the form of
ammonia into the air are the main sources of these losses. With a
growing global population that has a growing demand for protein, the
gap between protein production and demand will grow (Boland et al.,
2013). This gap is being filled with synthetic fertilizers. They consume
energy during their production and contribute to nitrogen losses in the
environment (Liu B et al., 2021). Many researchers believe that this
demand will not be met in a sustainable way using exclusively tradi-
tional methods, since arable land is limited, and many established
methods of producing protein-rich foods, especially animal husbandry,
are inefficient and cause environmental damage (Hilborn et al., 2018).
In this area, increasing the efficiency of nitrogen use in agriculture by
improving fertilizer application methods (Sikora J. et al., 2020), an in-
crease in the intake of organic nitrogen into the soil, which strongly
stimulates the growth of heterotrophic microbes (Sabir M. S. et al.,
2021) or improving nitrogen uptake by plants (Vivia et al., 2021).

Direct human consumption using traditional or new plant-based
diets (Sabate and Soret, 2014), as well as new methods of feed and
food production (Rau et al., 2020) are of great interest to the scientific
community, as well as to the food industry and consumers.

A good option may be to use available protein and other nitrogen
compounds in available streams of organic material. Considering the
possibilities of using the previously mentioned materials, the purpose of
this article is to explore the possibilities of using nitrogen and describe
the potential of its conversion technologies for the return of nutrients to
food systems and for leveling the imbalances of the nitrogen cycle. As a
first step, data on the protein content in various waste streams will be
collected. Combined with inventories covering fluxes at the national and
international levels, this will help future studies determine where large
amounts of nitrogen are available. This will be the first indicator for
selecting suitable technologies for more efficient use of these materials.
Such technologies are based on biotechnological concepts, on the use of
biological cells or organisms, such as algae, fungi and insects, designed
to create high-quality biomass from by-streams that would be consid-
ered as waste. There may be more traditional technologies that have
already been created and are finding industrial applications, such as the
production and use of digestate and compost from by-streams. The use of
biomass as an energy source or carbon and nitrogen for growing edible,
protein-rich biomass is already possible without involving more limited
resources in cycles (Fig. 1). This article will use a holistic approach to
system analysis. This means that it will account for direct and indirect
changes upstream and downstream from the main nitrogen reuse pro-
cess. Nitrogen bound in various compounds and various material flows
will be considered (Fowler et al., 2013). This paper discusses a partici-
patory and integrated approach to managing nirogen flows through the
food system to stay within the local and global nitrogen boundaries, as
well as its synergistic contribution towards sustainable and healthy
protein-rich diets for humans and animals, together with the need for
formulating an effective nitogen policy and holistic legal framework to
address environmental and circularity facts that have never been
addressed in the literature.

2. The nitrogen cycle

In this section, the concept of the nitrogen cycle will be explained in
more detail to illustrate its complexity and relevance to the food system
and global ecosystems. Nitrogen is a key biogenic element in the world
of plants and animals (Yang et al., 2017). Nitrogen on Earth exists in
three forms: diazote (Ng), organic nitrogen bound to carbon (for
example, in proteins), and nitrogen nutrients in the form of nitrogen ions
or nitrogen oxides (Socolow, 1999). The Earth’s atmosphere contains
78% nitrogen in the molecular gaseous form Np, which is directly
inaccessible to plants (Fields, 2004).

The presence of nitrogen in soil and water limits the production of
primary biomass and the conversion of inorganic carbon into organic
carbon (Duce et al.,, 2008). Atmospheric nitrogen is constantly
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Fig. 1. Scheme of the relevant nitrogen flows influenced by humans and perspective for novel methods of return to the food nitrogen cycle (own figure).

supplemented by nitrogen compounds released from soils and waters in
the forms NHj (volatilization of NH4), NO, ™~ (not contained in organic
material) and N3O and Nj (denitrification), as well as lightning
(Galloway et al., 1995).

In terrestrial ecosystems, the availability of nitrogen for photosyn-
thetic organisms is limited by biological processes of ammonification
and nitrification of organic matter into available forms of NH4" and
NOj3™, as well as biological fixation of Ny. If nitrogen compounds in the
soil are not absorbed by the soil sorption complex (NH4"), are incor-
porated into soil organic matter (NO,~, NH,; ") or are absorbed by plants
and microorganisms (NH4 ", NO3 ™), then ionic nitrogen oxides (NO and
NOj3 ") are reduced by denitrification to gaseous oxides (NO and N,0)
and next to Ny (Firestone, 1982), some effects of Ny accumulation in the
environment are presented (Galloway et al., 2003). The main Nr trans-
formations of nitrogen from organic matter are associated with nitrogen
alkalinization during mineralization (consumption of H"), but this effect
is compensated by nitrification (production of 2H™), and the combined
process leads to acidification if NO3~ (consumption of H') is not
consumed (Table 1) (Welthoff et al., 2011).

No-related soil quality involves changes in soil organic content, soil
acidification, loss of soil diversity by changes in the structure of soil

Table 1
Generation (acidification) and consumption (alkalinisation) of protons (H") in
nitrogen transformation processes (Velthof et al., 2011).

Process Reaction (R in the reactions means organic H, mol/
carbon compounds) mol N

Biological N-fixation 4ROH + 2N, + 3CH,0—4RNH, + 3CO; + 0

H,0
Mineralization of 4RNH, + H,0 + H"—4ROH + NH; -1
organic N
Urea hydrolysis (NH2),CO + 3H,0—2NH4 + 20H + CO, -1
Ammonium ROH + NH; -»RNH, + H,0 + H* +2
assimilation
Nitrate assimilation ROH + NO3 + H* + 2CH,0—RNH; + -1
2CO; + 2H,0
Ammonia NH; -NH3 + H" +1
volatilisation
Denitrification 5CH,0 + 4NOj + 4H"—2N, + 5C0; + -1
7H,0

organisms, and negative influence on food and biomass production and
biodiversity. In the conditions of nitrogen over-fertilization, the micro-
organisms can change soil processes towards emissions of harmful N, to
water and atmosphere. In aquatic ecosystems the similar biological
processes of nitrogen fixation involve biological conversion of nitrogen
compounds in oxic and anoxic environments to the forms of dissolved
inorganic nitrogen (DIN: NH,4," NO3~, NOy "), dissolved organic nitrogen
(DON) and particulate organic nitrogen (PON) (Oljam D., 2018).

Only a few kinds of micro-organism can fix molecular nitrogen. The
most important are species of Rhizobium in legume root nodules,
Azotobacter, blue-green algae and Clostridium, although new species of
free-living micro-organisms able to reduce nitrogen are being discov-
ered almost yearly. The nitrogen-reducing enzyme system — nitrogenase
—comprises two Fe-proteins, one also containing Mo. It equally well
reduces acetylene (an isostere of nitrogen) to ethylene and this reaction
is a convenient and widely used measure of nitrogenase activity. World
shortage of food proteins is stimulating basic and applied research on
nitrogen fixation, especially by forage and grain legumes, and on the
many factors — genetic, physiological and environmental — that influence
it; some of this work is supported by the International Biological Pro-
gramme. Industrialization and modern agricultural technology have
important impacts on the nitrogen cycle. The over-reliance on fertilizer
nitrogen in highly intensive systems of crop production can be wasteful
of nitrogen resources and lead to net energy losses (fuel-subsidized
agriculture). Similar trends are also seen in the agricultures of some
developing countries where legumes could most quickly and massively
augment production of food proteins (Nutman, 1971).

Humans can both positively and negatively affect the supply of ni-
trogen to ecosystems. Sowing crops that fix N and pastures can have a
positive effect. The negative impact is caused by industrial nitrogen
fixation, mainly in nitrogen fertilizers, and the use of internal combus-
tion engines (McNeill and Unkovich, 2007). Most of the reactive nitro-
gen enters the environment, polluting waterways and the coastal zone,
accumulating in terrestrial systems and adding a number of gases to the
atmosphere (Rockstrom et al., 2009). Today, nitrogen emissions by
humans exceed the global thresholds of safe planetary boundaries
within which humanity can continue to develop (Steffen et al., 2015).
Globally, agriculture, the burning of fossil fuels, the production of syn-
thetic nitrogen fertilizers, the restriction of legume crops and a number
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of other human activities have significantly increased and accelerated
nitrogen circulation. This increases the availability and mobility of ni-
trogen in large areas around the globe, which leads to serious and
long-term environmental, economic and social consequences (Vitousek
et al., 1997). Current strategies and technologies are shown in the
following sections.

2.1. (Bio)chemistry of nitrogen

The following section illustrates conversion processes of different
nitrogen compounds with relevance in nature as well as industry.
Transformation can help understand the nitrogen cycle and conceptu-
alize intervention measures.

2.1.1. Haber-Bosch process

The development of a process for the reduction of nitrogen with
hydrogen to form NH3 (Eq. 1) was a milestone to produce fertilizer. The
so-called Haber-Bosch requires a temperature of 400-500°C and 100-
300 bar and an iron catalyst (Rouwenhorst et al., 2021). The current
production exceeds 150 million tons globally (Kyriakou et al., 2020).

3H; (9) + N2 (g) < 2 NH3 (9) (€Y

It should be noted that the Haber-Bosch process consumes 50% of the
hydrogen produced in the world, which usually comes from fossil re-
sources (Wang et al., 2018). To overcome dependence on fossil re-
sources, the goal is to develop a process that is fully driven by renewable
energy in an environment with water and air acting as reagents (Martin
et al., 2019). New approaches to the formation of NHj are based on the
extraction of hydrogen after the oxidation of methane to carbon dioxide
and the subsequent reduction of nitrogen. It is reported that such an
electrochemical process “can synthesize NH3 with only 50% of carbon
dioxide emissions and 25% of energy” compared to the usual Haber-
Bosch process. This application took place in a single proton-ceramic
membrane reactor based on BaZrOs and is at the pilot stage and has
not yet been introduced into industry (Kiriakou et al., 2020 The con-
version of methane into NH3, the generation of environmentally friendly
hydrogen from biomass (biomass to NH3 conversion), and the utilization
of renewable power (energy conversion into NH3) were the three
methods used to compare the processes for producing environmentally
friendly NHs. The first method includes turning methane, a powerful
greenhouse gas, into NHs, which lowers methane emissions while also
making use of it as a resource. The second method focuses on producing
ecologically friendly hydrogen from biomass and using it to create NHg
later. This strategy encourages the use of sustainable and renewable
feedstocks for the manufacture of NHs. The third method, which reduces
dependency on fossil fuel-based electricity generation and reduces car-
bon emissions, uses renewable electricity to power the creation of NHg
(Rouwenhorst et al., 2021). We may assess various manufacturing
methods’ individual efficacy, effects on the environment, and economic
feasibility by contrasting them (Ghavam et al.,, 2021). A more
eco-friendly and energy-efficient NH3 industry can be developed with
the help of this analysis, which offers insightful information about the
most efficient and sustainable methods for NHs manufacturing (Zhang
etal., 2020). Their calculations showed that “the conversion of energy to
NHj3 provides the highest efficiency of the system - more than 74%,
which is much higher than the conversion of biomass to NH3 (44%) and
methane to NH3 (61%).”

Once NHj3 has been obtained via greener routes, the same reactions
can be performed, and the nitrogen species obtained as from NH3 from
conventional Haber-Bosch process. The reaction of NH3 with CO; results
in the formation of ammonium carbamate (CHgN202) which subse-
quently decomposes to urea and water. NH3 can further react with nitric
acid to form ammonium nitrate (NHsNOs).
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2.1.2. Biological nitrogen conversion

Nj is the most common compound found in the atmosphere, but its
use in biological processes is limited, thus creating N scarcity in many
ecosystems. Ny conversion is carried out through nitrification (van
Kessel et al., 2015), commamox (Stein, 2019), denitrification, ammo-
max (Tan et al., 2020), ammonification (Xia et al., 2018), mineralization
(Nakayama et al., 2021), and assimilation (Mus et al., 2016) which are
important steps in the nitrogen cycle.

2.1.3. Nitrification

Nitrification is a two-step biological process where microorganisms
(from the Nitrosomonas, Nitrosococcus and Nitrosospira genera (Aakra
et al., 2001), convert NHg to NO5 using NH3 monooxygenase (Eq. 2.1)
and hydroxylamine oxidoreductase (Eq. 2.2) enzymes.

NH; + O, - NO, + 3 H' 2.1)
NH; + O, + 2 HY -NH,0H + H,O (2.2)
NH,0H + H,0 — NO, + 5 H" (2.3)

In the second step, after NO, ™~ is produced in nitrification process, it is
converted through NO, oxidizing microorganisms to NO3~ using NO™~
oxidoreductase enzyme (Eq. 3). Nitrification process is performed by
Nitrobacter (Poly et al., 2008), Nitrospina (Sun et al., 2019), Nitrococcus
(Fiissel et al., 2017), Nitrospira (Daims and Wagner, 2018) and other
genera.

NO,” + H,0 — NO;~ + 2H" 3)

2.1.4. Comammox

Comammox (complete NH3 oxidation) is a microbial process of
complete conversion of NH3 into NO3~ by single nitrification process
(van Kessel et al., 2015). Comammox based microorganisms can be used
for NH4" removal, agriculture biofiltration units, drinking and waste-
water treatment (Fowler et al., 2018). The most common comammox
organism is Nitrospira, whose genome encodes the biochemical path-
ways both for NH3 and NO5~oxidation (Daims et al., 2015).

2.1.5. Denitrification

Contrary to nitrification, denitrification is a microbial specific respi-
ration process and occurs in conditions when soil pore space is filled
with more than 60% water, NO3~ is found in terrestrial or aquatic
environment and no oxygen is available. The microbial community re-
duces NO3~ to various gases: NO3~ reductase (Eq.4.1) creates nitrite
(NO3 "), nitrite reductases (Eq. 4.2) create nitric oxide (NO), nitric oxide
reductase (Eq. 4.3) creates nitrous oxide (N20) and nitrous oxide
reductase (Eq. 4.4) - dinitrogen (N3).

NO; + 2H'" - NO,~ + H,0 4.1)
NO, +2H" = NO + H,0 (4.2
2NO + 2H" - N20 + H,0 (4.3
N20 + 2H" = N, + H,0 4.4

In the denitrification process, microorganisms form 1 mole of Ny and
6 moles of water from 2 mols of NO3~. Microbial community counts
more than 125 species and represents 10 — 15% of the bacterial pop-
ulations found in soil, water, and sediment. The most common ones are
Pseudomonas (Carlson and Ingraham, 1983), Alkaligenes and Bacillus
(Liu et al., 2003). Denitrification based microorganisms are used to
remove the NO3 from different industrial wastewaters (Law et al., 2012)
and more.

2.1.6. Annamox
Anammox is a specific case of anaerobic NH4 " oxidation and is found
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in many microorganisms, which allows the reduction of NH4* and NO, ™~
directly into Ng (Eq. 5):

NH4+ NO,~ = N, + 2H,0 )

This is possible because microorganisms have an additional mem-
brane bound compartment inside the cytoplasm (Boumann et al., 2009).
This is considered industrially relevant in wastewater nitrogen removal
processes (You et al., 2020). Several other known anammox bacteria
genera exist, such as Brocadia, Jettenia, Kuenenia and, Anammoxoglobus
(Shen et al., 2013).

2.1.7. Ammonification

Often ammonification is considered a biological process where at-
mospheric nitrogen is converted into inorganic NH4" and is often mis-
labelled as a mineralization process. Generally, two different
ammonification processes exist: nitrogen fixation and assimilatory and
dissimilatory NO3~ reduction.

Nitrogen fixation is a chemical process where Nj is converted into
NHs. Generally, microorganisms create two moles of NHs from 1 mole of
No, at the expense of 16 moles of ATP (Eq. 6).

N, + 8H+ 16ATP — 2NH3 + H, + 16ADP + 16Pi (6)

Many existing aerobic microorganisms like Azotobacter, Beijerinckia,
Klebsiella and Cyanobacteria, as well as anaerobic microorganisms like
Desulfovibrio or Clostridium independently fix nitrogen. Rhizobium,
Frankia, Azospirillum and others have evolved to fix nitrogen in symbi-
osis with plants.

Anaerobic assimilatory and dissimilatory NO3~ reduction to NH, ™",
also known as nitrate/nitrite ammonification, is a chemical process
which occurs in chemoorganoheterotrophic microorganisms using NO3 ™~
for respiration and reduces it to NHy in a two-step process
((NO3~—>NOy — NH4"). The first step provides periplasmic NO3~
reductase (Eq. 7.1) (Sparacino-Watkins et al., 2014), which reduces
NOj3™ to respiratory NO5 ™. But in the second step, NOy™ is conversed
into NH4" by cytochrome ¢ NO2 reductase (Lam and Kuypers, 2011)
(Eq. 7.2).

NO3;™ + 2H" - NO,™ + H,0 7.1)
NO,™ + 6 Reduced_cytochrome_c + 8H"

— NH,;" + 6 Oxidized_cytochrome_c + 2H,0 (7.2)

2.1.8. Mineralization

Mineralization is a biological process, where microorganisms and
fungi (decomposers) convert amine or amide groups (of general formula
R-NHj) from organic matter into inorganic nitrogen forms like NHz and/
or NH4 ™. All large organic parts before decomposition to macromole-
cules should be depolymerized. This process occurs in soil, sediments or
water and depends on the microbial and fungal community composition
found in the ecosystem (Fig. 2). For example, key proteases are devel-
oped by bacteria Bacillus, Pseudomonas and fungus Pythium sp., Clado-
sporium sp. (Vranova et al., 2013) and more.

2.1.9. Nitrogen assimilation

Nitrogen assimilation is a biological process, where plants, fungi and
some bacteria are unable to use N for their metabolism and depend on
NOs3~, NH3 or NH, " availability in the soil. Microorganisms and plants
are capable of consuming a variety of nitrogen-based compounds like,
NO,~, NO3~, NH3, NH; ", CH4N20 and also amine or amide groups, such
as amino acids and many others, which will not be discussed in this
review.
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Fig. 2. Basic nitrogen cycle processes. Adapted from (Stein and Klotz, 2016).
3. Nitrogen-rich material streams

It is evident that residual streams have significant potential as a
source of proteins. However, a quantified analysis of nitrogen streams is
required to prioritize their use. In order to identify further potential of
nitrogen recycling, the aim of this section is to identify material flows
that present major sources of nitrogen pollution as well as potential
substrates (Tables 2 and 3). In order to gain a more quantitative un-
derstanding of nitrogen wastage from solid or liquid material streams,
information has been collected on such streams and their properties in
terms of constituent nitrogen compounds and their concentrations.
These data present a starting point for further analysis of nitrogen
streams in the food system.

Table 2
Crops and by-products biomass nitrogen amount.
Crops Other nitrogen Unit References
compounds

Wheat root 20-30 mg/g plant (Guo et al., 2019)

Wheat stem 25-4 mg/g plant (Guo et al., 2019)

Barley leaf 20-75 mg/g FW (Comadira et al.,
2015)

Chickpea stem 55-8.1 mg/g DW (Comadira et al.,
2015)

Chickpea leaf 18.3-20.3 mg/g DW (Comadira et al.,
2015)

Lentil stem 85-14.3 mg/g DW (Comadira et al.,
2015)

Lentil leaf 146 -17.5 mg/g DW (Comadira et al.,
2015)

Lupin stem 43-7.9 mg/g DW (Comadira et al.,
2015)

Lupin leaf 7.5-16 mg/g DW (Comadira et al.,
2015)

Pea stem 14.2-17.3 mg/g DW (Comadira et al.,
2015)

Pea leaf 23.3-28.6 mg/g DW (Comadira et al.,
2015)

Iceberg lettuce 2.3 mg g (Ziarati, 2012)

plant™!
Romania 2.2 mg/g plant (Ziarati, 2012)
lettuce

Celery 3.2 mg/g plant (Ziarati, 2012)

Spinach 3.6 mg/g plant (Ziarati, 2012)

Cabbage 1.3 mg/g plant (Ziarati, 2012)

Chinese 3.9 mg/g plant (Ziarati, 2012)

cabbage
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Table 3
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Major accumulating agricultural and municipal residues to be utilized by algae and insects, their protein content and total or NH3-N contents as well as their current

use.

Source of residues

Residues

Protein content [%, w
wl]

Other nitrogen compounds

Current use

References

Agricultural Fresh chicken manure 34.5
residues Composted chicken manure 27.1

Pig manure
Cattle manure
Piggery wastewater

Municipal residues  Sewage sludge after anaerobic 29.5
digestion
Food waste 10.0
Municipal solid waste compost 16

Total nitrogen 5.5% (w wh Fertilizer (Singh et al., 2018)
Total nitrogen 4.3% (w w™1) Fertilizer (Singh et al., 2018)
Total nitrogen 3-6% (w w ') Fertilizer (Wu et al., 2021)
N content of 1.04-1.78% (w w™ 1) Fertilizer (Leitner et al.,
2021)
NH3-N 1.4 g N L™, total nitrogen Disposal (Wang et al., 2012)
1.0gL!
- Incineration (Pleissner et al.,
2021)
Disposal (Pleissner et al.,
2014)

Nitrogen source in (Izaguirre et al.,
fermentation 2020)

3.1. Agricultural and municipal residues

In agriculture harvesting and processing of many crops produces
significant amounts of biomass in by-products. These have potential for
secondary industrial bioconversion. Different crops and their structural
components have different nitrogen contents, which can vary from 2.5
to 28.6 mg g~ (dry basis) (Table 2).

Agricultural and municipal residues are produced in rural and urban
areas respectively. The protein content can vary (Table 3) ranging be-
tween 10 and 29.5% (w/w), and utilization approaches should be
designed in a way to make proteins available. A direct use as protein
source is hindered by hygienic issues. However, conversion strategies
via insects or microalgae are promising approaches (Nagdalian et al.,
2018).

Nitrogen return of new and developing technologies to the food
system should be analysed to decrease the negative impact of biomass of
by-products, such as eutrophication or emission of NH3 and NO; (Leip
et al., 2021, 2015).

3.2. Food industry by-products

The by-products produced during food processing, which contribute
to the overall make-up of waste streams in the food industry, will be
covered in this section. It is significant to note that additional sources,
such as side streams from farms, are not mentioned, even though this
section concentrates on the specific by-products produced during food
processing. First off, due to the enormous volume produced at process-
ing facilities around the world, the production of by-products during
food processing is a serious concern. These byproducts frequently come
in a variety of compositions, some of which may contain useful in-
gredients like organic matter and minerals. We want to emphasize the
potential of the by-products of food processing as valuable resources
that may be further exploited rather than being viewed as trash by
investigating them. These byproducts might include important proteins,
fibers, oils, or bioactive substances that could be extracted or converted
into components for a variety of uses in the food, feed, or pharmaceu-
tical sectors (Caponio et al., 2022). By optimizing resource efficiency
and limiting waste production, exploring the possibilities of these
byproducts can help the food sector establish more circular and sus-
tainable processes. In this section, the emphasis is on the by-products
produced during food processing, with side streams from farms
excluded. Agricultural residues and manure are examples of side streams
from farms that are major sources of organic matter and nutrients, but
they are normally treated separately due to their unique features and
management techniques (Haldar et al., 2022). These side streams are
frequently addressed in the context of nutrient recycling or agricultural
waste management initiatives. The linkages between the food sector and
agricultural production must be understood, though. The efficient use of

side streams from farms should be included in the management of
by-products in the food business, which should ideally be integrated
with sustainable practices throughout the whole food supply chain. To
create a more complete and sustainable circular food system, holistic
techniques that consider both agricultural side streams and by-products
of food processing are required (Galanakis, 2012).

3.2.1. Fruit and vegetable peel

During and after the processing of fruits and vegetables, side streams
are generated. These side streams contain peels, seeds, skins and pomace
(Sagar et al., 2018). The percentage of total yield ending up as these
kinds of by-products depends on the type of fruit or vegetable. This is
35% for bananas, 50% for citrus, 20% for grapes and 15% for potatoes
(Joshi et al., 2000). However, these streams still contain interesting
molecules, such as polyphenols, dietary fibers, enzymes and proteins
(Sagar et al., 2018). Since yearly production of citrus exceeds 120
million metric tons (MMT), the production of bananas 110 MMT, grapes
45 MMT, apples 80 MMT and the production of potatoes even exceeds
3800 MMT on annual basis (FAO, 2017), substantial amounts of side
streams are generated. Next to household garbage, the processing of
fruit and vegetable produces amps up to the highest amount of waste
(Gowe, 2015).

3.2.2. Brewery grains

Brewery grains can be divided into brewer’s spent grains and dis-
tillers’ grains. Brewer’s spent grains also called draff is a by-product in
the brewing industry. This mainly consists of grain husks and is the solid
residue after wort production. These spent grains include approximately
85% of the total by-products in the industry (Mussatto, 2014). Spent
grains are usually composed of barley malt grain husks. Results of
chemical composition of 15 studies were compared, which showed that
the protein content of brewer’s spent grains varies between 14.2 and
26.7% based on dry matter (Jackowski et al., 2020). The yearly pro-
duction of brewer’s spent grains in Europe ranges around 3.4 million
tons (Steiner et al., 2015).

On the contrary, distillers’ grains are a by-product of distillation
processes and can further be divided into wet distillers’ grains (WDG)
and dried distillers’ grains with solubles (DDGS). Production of DDGS
from WDG is usually done by a drying mill (Lim & Yildirim-Aksoy,
2008). The most used grain is corn, although wheat, sorghum, rice
and other grains can also be used. Depending on the types of grains used,
the protein content of DDGS ranges between 26.6 and 44.0% based on
dry matter, which emphasizes the potential in the feed industry (Lim &
Yildirim-Aksoy, 2008).

3.2.3. Animal parts
Ever since the BSE (Bovine spongiform encephalopathy) outbreak in
2001, processed proteins derived from mammalian tissues have been
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banned within the EU (EG, 2000/766), with the exception as feed in pet
feed and aquaculture (EU 142/ 2011, art. 13 & 24). There are a few
exceptions however: the use of hydrolyzed proteins, collagen and gelatin
or blood products derived from non-ruminants (or parts of non-
ruminants) is allowed if it has been produced and placed on the mar-
ket in accordance with the specific conditions laid down in section C of
Chapter IV to annex IV of Regulation (EC) No 999/2001 (IPIFF, 2019).
Blood meal used in feed production first has to be heat-treated at 100°C
to kill possible pathogens (Mulik, 2014). Blood meal has a protein
content of 90-95% (Mulik, 2014). Also, feather has got very significant
nutritional value, as the protein content is around 90%. However, this
consists mostly of keratin (Moritz and Latshaw, 2001).

3.3. Bygone foods/former foodstuff

Food waste from retail enterprises like supermarkets falls under this
category. According to research, the primary causes of food loss in the
retail sector are spoilage and expiration dates. It is essential to sort these
items every day, even before they pass their "best by" date, to solve this
problem. These products are frequently still safe to consume even if they
can no longer be sold to customers (Horo$ & Ruppenthal, 2021). It is
important to recognize, however, that losses and waste in the food in-
dustry originate from sources other than retail, and they must not be
ignored. For example, food waste can occur during the manufacturing,
processing, and distribution phases along with the retail phase. More-
over, the majority of Sweden’s 4% food loss or waste is ascribed to fruit
and vegetable losses (Eriksson et al., 2012). This highlights the signifi-
cance of seeking immediate solutions to resolve food waste accumilation
at multiple levels of the supply chain. resulting in between 0.3 and 2 kg
of waste per individual per year (Stenmarck et al., 2016).

Portion sizes, ignorance, logistical problems, attitudes, and knowl-
edge are blamed for the bulk of food waste in hotels, restaurants, and
non-profit catering businesses (Monier et al., 2010; Vinck et al., 2019).
Food waste in catering is around 2.5 times more than food waste in
retail, or 0.75 to 5 kg per person annually (Stenmarck et al., 2016).

Consumer food waste accounts for more than 50% of all food waste
globally, with an average yearly food waste per person of 71 kilograms
(Stenmarck et al., 2016). The majority ends up in waste bins, compost
bins for home composting or in sewers (mainly liquid foods) (Stenmarck
et al., 2016).

4. Nitrogen utilization systems

While some species have the extraordinary power to absorb various
nitrogen compounds through the biochemical mechanisms discussed in
earlier chapters, others have the potential to transform the protein
content present in waste materials into biomass (Martinez-Hernandez
et al., 2018). The use of diverse species, such as farm animals, insects,
algae, and fungus, to digest waste from different phases of the food cycle
is explored in this section, showing their potential for achieving sus-
tainable nitrogen management.

Insects and farm animals have long been used in agricultural systems
to recycle nutrients. They are effective at turning nitrogen-rich waste,
such food scraps and agricultural byproducts, into valuable items like
meat, eggs, and insect biomass. These systems offer a sustainable source
of protein and nutrients in addition to reducing waste (Meyer-Rochow
and Jung, 2020).

The use of fungus and algae as substitute methods for using nitrogen
has drawn increasing attention in recent years. Algae have the capacity
to produce biomass that is protein-rich sustainably by converting ni-
trogen molecules into biomass through photosynthesis. On the other
hand, fungi may use their enzymatic processes to break down complex
organic substances, including nitrogen-containing waste products, and
convert them into useable nutrition (Singh, 2021).
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4.1. Farm animals

Various waste products of the food industry are used as animal feed,
for example, potato peelings, bread and brewing waste. These flows are
mainly characterized by a homogeneous composition, constant quality,
low price and predictable quantity Caldeira et al. (2019) estimated that
there are about 268 million tons (by wet weight) in the EU food residues
from primary production and processing and processing industries are
used for animal feed.

From a legal point of view, it is necessary to make a clear distinction
between food losses and food waste in order to discuss their potential use
for nitrogen extraction in animal feed (see Fig. 3). Food loss occurs
before it reaches the consumer, as a result of unintended agricultural
processes or technical limitations at the stages of production, storage,
processing, packaging and distribution. In the EU, about 130 million
tons of by-products are generated and 69 million tons of food is lost
during the production, processing and distribution stages (Caldeira
etal., 2019). Food waste is usually generated at the stages of retail trade
and consumption in the form of food that is suitable for human con-
sumption, but is not consumed because they are thrown away (Lipinski
etal., 2013). About 60 million tons of food waste are generated in the EU
(Caldeira et al., 2019). Since 2002, a ban has been imposed on food
waste, which may potentially contain animal by-products for use in
animal feed. More specifically, Regulation (EC) No 1069/2009 of the
European Commission prohibits the use of catering waste in feed for
farm animals, with the exception of fur-bearing animals, while catering
waste is defined as “all food waste, including used vegetable oil, origi-
nating from restaurants, catering facilities and kitchens, including cen-
tral kitchens and domestic kitchens”. (Commission Regulation (EC) No.
142/2011). This means that all waste coming from the final stage of
consumption of the food value chain is legally prohibited for use in
animal feed.

On the other hand, reuse of food that is no longer intended for human
consumption into/as animal feedstuff is seen as the third most preferable
option for food surplus, by-products and food waste management after
prevention and reuse in human consumption (JRC, 2020). Also, from an
environmental and economic point of view feeding food waste to ani-
mals is more beneficial than e.g., energy generation via anaerobic
digestion or composting (Shurson, 2020). European Union (EU) guide-
lines state that food waste should preferentially be used as animal feed
though for most food waste this practice is currently illegal, because of
disease control concerns (Salemdeeb et al., 2017).

In 2018, the European Commission published Guidelines on the Use
of Food Products No Longer Intended for Human Consumption in Feed
(EC, 2018), which contains clear guidance on legal actions to convert
food waste into feed. The guidelines also include cases in which food
products consisting of, containing or contaminated with animal prod-
ucts may be used. Here it is necessary to take into account the differences
in the needs of animals in feed (diet) (herbivorous and omnivorous
livestock), as well as the type of livestock (ruminants, non-ruminants,
aquaculture animals, pets, fur-bearing animals). Some leftovers, such
as feed containing milk, eggs, non-ruminant gelatin, are allowed as feed
for all animals, while food containing fish can only be used for
non-ruminant animals, domestic animals and fur-bearing animals; and
food containing ruminant meat is only for domestic animals and
fur-bearing animals. While feed producers and government organiza-
tions are hesitant to expand the possibilities of using food waste in feed
due to disease control issues, several studies have been conducted to
explore these possibilities (see, for example, the results of the EU
REFRESH project (Luyckx et al., 2019)). (Shurson, 2020) argues that
there is a huge potential for processing energy and nutrients from food
waste into animal feed, for pigs and poultry, since they require a diet
richer in energy and nutrients than for ruminants. A recent systematic
review (Rajeh et al., 2021) suggests that modern technologies make it
possible to process both food losses (by-products) and food waste into
safe animal feed. The crude protein content in food waste is in the range
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Fig. 3. Sources of food loss and food waste in the food supply chain and food entering the feed chain.

of 13-31%, which is much higher than in corn grain (8-10%). Never-
theless, it is possible to observe a high geographical and seasonal vari-
ability in the composition of food waste, therefore, the nutritional value
also varies significantly.

Although feeding food waste to farm animals is a common practice in
many regions of the world, in particular in the EU, it is currently limited.
Nevertheless, since closed-loop bioeconomics occupies an important
place on the EU agenda, interest in the potential processing of food
waste into animal feed is growing (Liepins et al., 2021). The literature
suggests that after overcoming technical barriers (such as proper sepa-
ration, timely collection and delivery of food waste to the feed pro-
ducer), systemic barriers (related to the variability of the nutritional
profile of food waste) and administrative barriers (such as registration
and compliance with almost zero tolerance to pollutants) associated
with the current EU legislation has a high potential for cycle closures
between food and feed supply chains (Broeze and Luyckx, 2019).

4.2. Insects

The focus of nitrogen utilization processes in this part will be on the
yellow mealworm (Tenebrio molitor), the house cricket (Acheta domes-
ticus) and the black soldier fly (Hermetia illucens) (limited with avail-
ability of data and research). The main factors in the nitrogen balance
are nitrogen uptake and nitrogen excretion. And insects are not an
exception. In contrary to vertebrates, nitrogen waste in insects is mainly
composed of uric acid instead of CH4N20 (Weihrauch and O’Donnell,
2021).

For nitrogen uptake, ingested proteins are enzymatically broken
down into amino acids and oligopeptides prior to being absorbed by
insects (Holtof et al., 2019). After absorption, these can be stored, used
as an energy source, used for nucleic acid metabolism or used for protein
synthesis (PRICE, 1973). Although chitin synthesis mainly relies on
trehalose, nitrogen is incorporated as well, making it a notable factor in
the nitrogen balance (Merzendorfer and Zimoch, 2003). The protein
efficiency ratio represents the weight gain per gram of protein intake.
For Tenebrio molitor this ratio is 2.20 (Giannetto et al., 2020), for Acheta
domesticus it is 2.82 and for Hermetia illucens prepupae, this ratio is 3.4
(Poelaert et al., 2018).

For the insect proteins themselves, the true protein digestibility for
Tenebrio molitor, Acheta domesticus and Hermetia illucens is 83.9%, 91.9%
and 84.5%, respectively (Traksele et al., 2021). The PDCAAS (Protein
digestibility-corrected amino acid score) is used to measure the nutri-
tional quality of proteins, based on amino acid composition and

digestibility (Poelaert et al., 2018). A PDCAAS of 1 is the highest, 0 the
lowest. Tenebrio molitor, Acheta domesticus and Hermetia illucens have
PDCAAS of 0.86, 0.84 and 0.75, respectively (Poelaert et al., 2018).
Digestibility of the dried larvae protein was only 48%. The protein di-
gestibility of the defatted larvae biomass reached 75%. (Traksele et al.,
2021). Also, insects themselves are a great protein source, for example
Tenebrio molitor, Acheta domesticus and Hermetia illucens have on average
protein contents of 53%, 63% and 42% based on dry matter (Makkar
et al., 2014). This makes them a promising protein source for the use in
food and feed (Poelaert et al., 2018).

Multiple studies have shown that insect frass of Tenebrio, Acheta and
Hermetia demonstrates a great potential as a fertiliser, which can
enhance the circularity in agro- and feed industry (Butnan & Duang-
pukdee, 2021). Frass produced by the larvae of Hermetia illucens has the
potential to recapture N and P from the food chain for reuse as a fer-
tilizer, reducing the need for chemical fertilizers (Schmitt & de Vries,
2020). Because of its fast mineralization and high contents of
readily-available nutrients, the effectiveness of, for example, mealworm
frass is similar to supplying nitrogen, phosphorus and potassium and to
sustain biomass production compared to synthetic NPK fertilizer (Hou-
ben et al., 2020).

The studies investigated show that the utilization of insects for novel
foods is a good option for the recirculation of proteins of the material
streams. The introduction of such applications is hampered by legal
hurdles at the present stage.

4.3. Single-cell organisms: fungi and algae

The formation of protein from single-cell organisms has been
investigated using a defined medium consisting of single carbon and
nitrogen sources. The costs of pure nutrients, however, challenge the
implementation of economically feasible production processes. To
minimize the cost of nutrients, complex 2nd op 31 generation biomass to
be used as nutrient source have been studied. In Table 4, a couple of
examples of single-cell fungi and algae are listed that are able to convert
various residues and to accumulate a considerable amount of proteins in
biomass.

Fungi are superior organisms as they can secrete enzymes and to
degrade a range of even recalcitrant substrates. Zhou et al. investigated
the utilization of orange waste rich in pectin and crude fibers (Zhou
et al.,, 2019). The aim was to create protein-rich feed using the three
fungal strains Aspergillus oryzae, Trichoderma koningii and Candida tro-
picalis. At larger scale 30 L of mixed and sterilized substrate (70%
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Table 4
Single-cell fungi and algae species grown on residues for protein formation.
Species Residues used as  Protein Reference
culture media content [%,
w w’l]
Fungi
Aspergillus oryzae, Orange waste 50 (Zhou et al.,
Trichoderma koningii 2019)
and Candida tropicalis
Candida utilis Straw 53 (Voutilainen
et al., 2021)
Paecilomyces variotii Grass silage 51 (Pihlajaniemi
fibers et al., 2020)
Algae
Lagerheimia longiseta Compost 50 (de Medeiros
et al., 2020)
Monoraphidium contortum  Compost 50 (de Medeiros
et al., 2020)
Scenedesmus quadricauda Compost 50 (de Medeiros
et al., 2020)
Chlorella vulgaris Agro-waste 35 (Koutra et al.,
digestate 2021)
Chlorella vulgaris Municipal 35 (Koutra et al.,
organic waste 2021)
digestate
Chlorella pyrenoidosa Food waste 30 (Pleissner et al.,
hydrolysate 2017)
Chlorella vulgaris Food waste Ca. 20 (Lau et al.,
hydrolysate 2014)
Galdieria sulphuraria Food waste - (Sloth et al.,
hydrolysate 2017)
Galdieria sulphuraria Digestate and Ca. 40 (Pleissner et al.,
straw 2021)

moisture rate, w/w) was inoculated with seed solutions of A. oryzae, T.
koningii and C. tropicalis, and the solid-state-fermentation carried out at
33°C and a pH of 5.52. Within 96 hours a protein content of 17.99% was
achieved, while pectin and fibers were continuously degraded with an
efficiency of 1.54% and 1.15% between 84 and 96 hours. The produced
feed is suitable for chicken and pig. Such an approach is highly relevant
as 8 x 10° - 2 x 10'° kg orange waste is produced annually. Voutilainen
et al. compared the food protein production with single-cell organisms
from agricultural residues (Voutilainen et al., 2021). In their conceptual
level techno-economic analysis, four concepts were investigated (three
single-cell proteins from Paecilomyces variotii, Candida utilis, and Fusa-
rium venenatum and one recombinant protein process). The process
included steam explosion pretreatment, enzymatic hydrolysis, fermen-
tation, and downstream processing. They show a Sankey (i.e. material
flow) diagram that illustrates that 3.434 tons of Candida utilis biomass
with a protein content 50% (w/w) can be formed from 40,000 tons of
straw per year under the use of 150 tons of enzymes, 392 tons of sulfuric
acid, 320 tons of sodium hydroxide and 537 tons of NHs. In accordance
with the authors “this study shows considerable potential for food pro-
tein production from a lignocellulosic feedstock via cellular agriculture,
indicating that the high value of food protein offsets the high costs of
lignocellulosic sugar production.”

Grass silage is another resource which has been tested as substrate
for the formation of protein-rich fungal biomass. Pihlajaniemi et al. used
the filamentous fungus Paecilomyces variotii to convert hydrolyzed grass
silage into a biomass with a protein content of 51% (w/w) (Pihlajaniemi
et al., 2020). The grass silage contained around 5% (w/w) proteins.
Prior to experiments grass silage was pressed and water extracted to
separate proteins and carbohydrates. The carbohydrates were sent to
NHj3 pretreatment or steam explosion. The hydrolysate was treated with
commercial cellulase Flashenzym Plus to make sugars available as car-
bon sources. Around 66% of the applied NH3 could be recovered. The
remaining NHj served as nitrogen source for P. variotii during
cultivation.

The marine microalga Crypthecodinium cohnii is well known for the
accumulation of lipids and for its high content of the polyunsaturated
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fatty acid docosahexaenoic acid (DHA) (Pleissner and Eriksen, 2012).
Cultivations, however, have predominantly been carried out in presence
of pure nutrients (de Swaaf et al., 2003). Karnaouri et al. investigated
the cultivation of C. cohnii in presence of the lignocellulosic biomass
beechwood pulp (Karnaouri et al., 2020). After an organosolv pre-
treatment the authors obtained a cellulose-rich fraction which was sent
to enzymatic hydrolysis to obtain free sugars. It is of interest that
C. cohnii did consume the sugars obtained and accumulated up to 43.5%
(w/w) DHA in its biomass. Even though the focus was not on protein
formation, the results by Karnaouri et al. revealed the possibility to use
lignocellulosic residues as carbon source for the cultivation of C. cohnii.
This is of interest because C. cohnii can accumulate 12-15% (w/w)
proteins (Pleissner & Eriksen, 2012). The nitrogen source, which was
yeast extract in experiments performed by (Karnaouri et al., 2020) needs
to be replaced to allow a further reduction of production costs.

De Medeiros et al. followed the concept and investigated the use of
residues (bio-compost of discarded fruits and vegetables) as substrates
for the microalgae Lagerheimia longiseta, Monoraphidium contortum, and
Scenedesmus quadricauda under phototrophic conditions (de Medeiros
et al., 2020). The compost used in their studies did contain a couple of
micronutrients such as calcium, iron, and potassium as well as nitrogen
(1.68 g kg™ 1) and phosphorus (1.25 g kg™?1). The culture medium was
produced from maturated compost (120 days at 45°C). 1 kg of compost
was added to 1 L of distilled water, and the suspension was heated for 30
min, filtered, and finally sterilized. The obtained culture medium con-
tained 63.7 mg L™! NO3™, 0.475 mg L™* NO,~, 1.3 mg L™! NH,4™, and
31.6 mg L~ ! phosphate. L. longiseta did show a biomass productivity of
25.35 mg L' day!, M. contortum 16.53 mg L7! day~!, and
S. quadricauda 33.73 mg L' day . The biomass contained on an
average around 50% (w/w) proteins. The authors concluded “that
S. quadricauda and L. longiseta have significant potential for distinct
applications in functional food industries, and the biocompost of dis-
carded fruits and vegetables is a suitable medium for microalgae culti-
vation.” (de Medeiros et al., 2020).

The microalga Chlorella vulgaris was used by Koutra et al. to valorize
liquid digestate from agro-waste, cheese whey and municipal organic
waste digestate (Koutra et al., 2021). The carbohydrate concentrations
were 0.57 g .71, 39.0 g L™}, and 0.06 g L™}, respectively, and the total
nitrogen concentrations were 4.88 g L7} 0.81 g L7, and 0.30 g LY
respectively. Orthophosphate was present at 0.09 g L1, 0.24 g L™}, and
0.02 g L™}, respectively. Heterotrophically grown C. vulgaris in munic-
ipal solid waste digestate reached a protein content of 35% (w/w). The
same content was found for C. vulgaris grown phototrophically in a
mixture of 50% w/w agro-waste digestate and 16% w/w cheese whey.
Food waste hydrolysate has been investigated as a nutrient source for
the heterotrophic cultivation of Chlorella pyrenoidosa (Pleissner et al.,
2017), C. vulgaris (Lau et al., 2014), and Galdieria sulphuraria (Sloth
et al., 2017). In all three approaches wasted food consisting of noodles,
rice, meat, and vegetables was enzymatically digested and the released
sugars and amino acids converted via the three microalgae in algal
biomass. In continuous flow cultures of C. pyrenoidosa, a protein content
of around 30% (w/w) was reached and C. vulgaris reached a protein
content of around 20% (w/w). G. sulphuraria has further been found to
grow in a nutrient medium consisting of digestate after proteolytic
treatment and straw hydrolysate. The growth rates found were between
0.6 and 0.9 day’1 and the protein content around 40% (w/w) (Pleissner
et al., 2021).

5. Analysis and discussion

It is well-known that excess of reactive nitrogen presents a range of
issues to the environment, and by extension — also to societal well-being
and human health. The importance of nitrogen as a building block for
protein and for a nutritious diet is obvious. Here, a distinction between
atmospheric No and N; is appropriate. Whilst the former neither has
negative environmental impacts nor is useful in nutrition, the latter can
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be both environmental danger and, in the right chemical forms, limited
resource. Of course, the Haber-Bosch process is an established method
for producing NH3 and on that basis — fertilizers which have ensured
agricultural productivity for decades. But, even allowing for the re-
ductions of the environmental impact of the process itself, this approach
alone presents issues. It has long been known that anthropogenic N
accumulates in different sinks (Galloway et al., 1995).

These circular models are to some degree implemented by making
organic nitrogen available for assimilation through mineralization pro-
cesses, e.g., through composting or anaerobic digestion and spreading
compost on fields. Whilst presenting an important part of natural and
anthropogenic nitrogen cycles and nitrogen recirculation, it cannot be
considered the most efficient way to utilize protein. Implementing
“short” cycles of N recirculation from underutilized material streams
back to food as close to the point of consumption as possible.

It is essential to bring nutrients back onto fields. Whilst some of the N
needed can be provided by crops or sustainable use of synthetic fertil-
izers, some nutrients must remain available for plant production.
Furthermore, not all materials are equally usable as protein sources.
Selecting the most suitable residue streams should be a priority for
implementing sustainable pathways of nitrogen return to food systems.
As presented in Section 5, protein content and availability, hygienic is-
sues, production locality with influence on logistics and importantly
legal status are to be considered.

The practicality of such protein reuse depends also on the approach
used. Some organisms capable of producing nutritious food from pro-
teins are presented in Table 4. Whilst farm animals present a practically
proven and favorable option (JRC, 2020), not all residues are suitable
diets for all livestock and use of some materials, depending on legal
status, is severely restricted in locations such as the EU. Insects may
present another option due to good protein efficiency ratios and protein
digestibility. Since their frass is also usable as a high-quality fertilizer
(Houben et al., 2020), they may help closing the loop on plant nutrient N
at least as efficiently as farm animals.

Single cell organisms are another option under research but mostly
still at lab scale or under conceptualization. The ability of some fungi to
digest high-fiber feeds and enhance their protein content may broaden
the choice of usable residue streams. This includes high-fiber materials
otherwise not usable in food or feed. This approach brings together
utilization of challenging waste streams, protein production for food and
feed and reduction of costs for fermentation as well as lignocellulosic
sugar production. Algae may be less capable of breaking down organic
matter, but some strains provide highly nutritious biomass. Further-
more, some strains have been proven on complex organic substrates,
including highly digested substrates with broken down forms of protein
and inorganic N-compounds. Utilization of residues such as digestates
under controlled conditions may be a novel option stemming from this
technology. Livestock have a large impact on nutrient cycles, with re-
percussions on environmental and public health issues (Gerber et al.,
2014). Opportunities to reduce nutrient inputs by improving the effi-
ciency of manure use in agriculture were assessed (McCrackin et al.,
2018). Although modern agriculture has separated crop production and
animal husbandry, they are linked through efficient nutrient use (Swa-
ney et al., 2018). This connection promotes the renewal of used nutri-
ents, but today not all nutrients are used in recycling. Further closing
this gap in the cycle, the methods discussed in this paper make another
useful contribution.

To sum up, utilization by animals, including farm animals and insects
for novel foods, is a technically readily available option for protein
recirculation from some residue streams. However, there are remaining
challenges on the legal side. Fungal and algal fermentations may make
more materials available for recirculation and in some cases present
particularly nutritious feed and food, but still face challenges in
upscaling and economics of the processes.

The nutritional value and protein level of various waste streams and
by-products, such as agricultural residues, food processing waste, and
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post-consumer food waste, require more study. The prospective sources
of protein that can be effectively used and incorporated into food sys-
tems may be found with the aid of this research. To increase biomass
output and nutrient recovery, research should concentrate on enhancing
the conversion technologies for nitrogen-rich waste materials, such as
algae, fungus, and insects. This entails investigating various cultivation
methods, procedure variables, and scaling up of these technologies. It is
crucial to assess how implementing these nitrogen recirculation tech-
niques would affect the environment and society. To help with decision-
making and policy creation, research should evaluate total sustainabil-
ity, including carbon footprint, water use, and economic viability.

Formulating new laws and regulations that encourage the use of
waste streams that are high in nitrogen in food production systems. This
may include providing subsidies or incentives to encourage the adoption
of nitrogen recirculation technologies and the development of waste
collection, processing, and distribution infrastructure is an absolute
necessity. Incentivize joint efforts between governmental organizations,
academic institutions, and the corporate sector to fund investigation and
development in nitrogen recirculation. This can be accomplished
through financing initiatives, information exchange platforms, and
public-private partnerships in order to expedite the adoption of sus-
tainable protein production systems.

Customers should be upskilled on the benefits of employing nitrogen-
rich waste sources and sustainable protein synthesis.

5.1. Consumer acceptance of alternative meat products and strategies to
improve the acceptance

In recent years, the significance of entomophagy (Practice of eating
insects) has been growing. As insects are typically rich in protein, they
are generally regarded as meat alternatives. In Western countries,
however, the consumption of meat substitutes is actually quite low,
primarily due to food neophobia and inferior sensory qualities in com-
parison to meat. For instance of insects, food neophobia is unquestion-
ably prevalent (Cardello et al., 1985, Hoek et al., 2013, Pelchat and
Pliner, 1995, Tuorila et al., 1998), explored that information on proper
use, positive flavor or similarity to familiar food ("tastes like food X"),
and exposure over time aid in the acceptance of these unfamiliar foods.
The first step in reducing food neophobia is to introduce the substitute
within the context of a meal to enhance familiarity with the product
(Elzerman et al., 2011). Concerning product-related factors, a lack of
sensory appeal is a major barrier to meat substitute adoption among
non-vegetarian consumers (Hoek & Hoek, 2011). Lastly, occasional
consumers of meat substitutes recognize ethical (in terms of animal
welfare or environmental impact) or nutritional aspects of these prod-
ucts, but this recognition is insufficient to compensate for negative at-
titudes and beliefs toward them (De Boer et al., 2013a, Hoek et al., 2011,
Tucker, 2014).

Despite the nutritional benefits, environmental benefits with other
benefits such as high fecundity rates, with year round breeding, high
conversion rates, low environmental impact due to low rate of green
house gas emissions, small breeding space requirements and the ability
of certain species to recycle organic agriculture and industrial by-
products to feed human or livestocks (Bedndrova et al., 2013, Defo-
liart, 1995, DeFoliart, 1997, Rumpold and Schliiter, 2013a, Rumpold
and Schliiter, 2013b, Van Huis, 2013, van Huis et al., 2013, Yen, 2009,
Yi et al.,, 2013) in Western countries, insect food neophobia is well
established and may be explained by knowledge of the animals’ origins
and habitats or by anticipated negative post-ingestional consequences
(Caparros Megido et al., 2014; Rozin et al., 1999; Schosler et al., 2012;
Verbeke, 2015).

A first possible strategy for reducing insect neophobia is to educate
consumers about the cultural, nutritional, and ecological constraints
associated with entomophagy; however, multiple studies have shown
that this method is ineffective (Lensvelt and Steenbekkers, 2014,
Mignon, 2002, Verbeke, 2015). A second option is to increase the
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frequency of edible insect exposure and testing (Caparros Megido et al.,
2014). People who have eaten insects have more favourable attitudes
towards entomophagy and are more inclined to eat and cook insects in
the future (Caparros Megido et al., 2014; Lensvelt and Steenbekkers,
2014). Nonetheless, the incorporation of insects into a preparation (e.g.,
pizza with insect protein or biscuit with insect flour) and the association
of insects with known flavours (e.g., insects coated with paprika or
chocolate) appear to elicit less aversion than the presentation of visible
and unflavored insects (Caparros Megido et al., 2014, Lensvelt and
Steenbekkers, 2014, Schosler et al., 2012, Tan et al., 2016).

According to the expert interviews, efforts to increase insect con-
sumption should consider the flavour and appearance of insect meals.
Some of the experts have found that beautifully presented and served
insect food increases the desire to consume them, while others have
either consumed insect food prepared by a restaurant professional or
prepared tastier insect food meals for others (Halonen et al., 2022). To
increase the availability of high-quality insect-based foods in restau-
rants, restaurant kitchens require chefs who can adequately prepare
standard insect-based foods. Insect-based food preparation should
therefore be incorporated into restaurant training and education, ac-
cording to some experts. Moreover, the function of chain restaurants in
popularising insect consumption should be considered. In addition to
their use as a food source, insects may also be utilised for purposes such
as animal feed and pet nourishment. Future insect-industry development
should also take into consideration the use of insects as animal feed, as
nearly all of the experts concurred. Thus, insects that are suitable for
human consumption and easy to farm, such as house crickets, mealworm
larvae, and honeybee larvae, could be used for human consumption,
while insects that humans cannot consume due to neophobia or regu-
lations, such as black soldier flies, could be used as animal feed (Hal-
onen et al., 2022).

Consumer acceptability of innovative protein sources produced from
waste streams can be enhanced through the educational campaigns and
new communication platforms. Encourage knowledge sharing and skill
building among farmers, food producers, and other stakeholders to in-
crease their proficiency with nitrogen recirculation technology and the
benefits it may offer. This can be strengthened through training pro-
grams, seminars, and via knowledge sharing website.

5.2. Regulations on insects as food

The development of the insect industry is somewhat hampered by
obsolete food and feed regulations governing insect use. In addition, the
regulations prohibit the use of all potential insects as food and feed.
Legal issues may arise at different phases of production, processing and
marketing chain. Insects can thrive on various substrates, including
manure and bio-waste, but introducing them into the food chain poses
risks. Novel insects as food and feed may be riskier than familiar insects.
How product safety regulations can be used to mitigate the risks posed
by insects is the primary legal issue associated with insects. If specific
government standards are lacking, businesses may decide to rely on
existing industry practises or private standards as a guide, or they may
decide to postpone further business investments until clear rules are
being established (Lahteenmaki-Uutela et al., 2021).

Since 2018, provisions setting insects within the scope of Regulation
(EU) 2015/2283 on novel foods have been applicable in terms of insects
as food for human consumption. Under this new regulation, insect-based
food products may only be marketed after the European Food Safety
Authority (EFSA) has authorised their safety. At this time (October
2020), applications for food products from the following insect species
have been submitted: house cricket (Acheta domesticus), banded/trop-
ical house cricket (Gryllodes sigillatus), lesser mealworm (Alphitobius
diaperinus), black soldier fly (Hermetia illucens), honey bee (Apis
mellifera), migratory locust/grasshopper (Locusta migratoria), and
yellow mealworm (Tenebrio molitor) (EC, n.d.). A transitional period is
in effect for whole insects and their preparation pending EFSA
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assessments and subsequent Commission decisions on novel food ap-
plications. This means that insect foods that were lawfully marketed on
January 1, 2018, and for which an application or notification was sub-
mitted by January 2019, may continue to be marketed until the Com-
mission reaches a decision regarding the respective application. This
implies that a number of insect species may continue to be sold as food in
Europe without the approval as a novel food. On October 1, 2020, the
European Court of Justice ruled in case C-526/19 that whole insects
were not covered by the previous Novel Food Regulation. This neces-
sitated the extension of the transitional measures for whole insects to all
EU countries.

Currently, specific hygiene regulations for insects intended as a
human a food source are under consideration: a draught Regulation
amending Regulation (EC) No 853/2004 was published for public
comment in 2018 (Ares(2019)382900). Currently, specific hygiene
regulations for insects intended for human a food source are under
consideration: a draught Regulation amending Regulation (EC) No 853/
2004 was published for public comment in 2018 (Ares(2019)382900).
The feedback period ended in February 2019, and adoption is slated for
the first quarter of 2019. The proposed amendment would add a new
section to Annex III of Regulation No. 853/2004. The substance of the
proposed Regulation does not introduce any new provisions for insects;
rather, it reaffirms rules from numerous other statutes that were already
in effect. Specifically, insects must be authorized as a novel food under
Article 3 of the proposed Regulation (EU) No 2015/2283. In addition,
insects may only be raised on substrates of vegetable origin or specif-
ically permitted materials of animal origin, such as fishmeal and hy-
drolyzed proteins from non-ruminants (Article 4 of the proposed
Regulation), but this was already the case under Regulation (EC) No
1069/2009 and No 142/2011. Lastly, according to the proposed Regu-
lation (Article 5), the "substrate for feeding insects must not contain
manure, catering waste, or other waste"; however, this was already in
the case under Regulation (EC) No. 1069/2009 (.Lahteenmaki-Uutela
et al., 2021).

6. Conclusions and future perspectives

The presence of nitrogen in soil and water limits the production of
primary biomass and the conversion of inorganic carbon into organic
carbon. Future trends clearly predict an increase in meat production,
and potential technologies used for nitrogen processing in food chains
need to be reviewed. However, farming methods should be optimized to
make more efficient use of the nitrogen contained in these materials and
reduce waste and environmental pollution. Particular attention should
be paid to residual streams that are currently being disposed of, such as
sewage, sediment and food waste. An additional source of protein can be
by-products, such as underutilized parts of plants, which can serve as
raw materials for bioconversion processes.

The beneficial effects of nitrogen recovery have resulted in the
development of an assortment of novel technologies. Electrochemical
and bio-electrochemical methods, traditional stripping procedures
(ammonia air stripping), struvite precipitation techniques, and mem-
brane separation processes constitute some of these technologies
(Beckinghausen et al., 2020; Righetto et al.,2022; Ye et al., 2022).
Combinations of these technologies with varying degrees of advance-
ment have also been acknowledged in the literature. Membrane sepa-
ration techniques stand out among these technologies due to their
maturity, practicability, and comparatively low energy need. Conse-
quently, the application of various membrane technologies to recover
nitrogen from various effluent streams would be a future direction of
research with the objective of recirculating nitrogen into the system.
Nitrogen can typically be recovered from waste streams as enriched
streams, high-purity ammonium compounds, or biomass (e.g., algae).
Pressure- and osmotically-driven membranes, in addition to electro- and
biologically-enhanced membranes, generate enriched nitrogen streams.
High-purity ammonium solutions have been generated by
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thermally-driven membranes and gas permeable membranes (GPM).
Through photobioreactor membranes (PBRM) processes, nitrogen- and
carbon-rich biomass can be obtained. Large-scale implementation of
membrane technologies as standalone or hybrid systems that produce
marketable nitrogen products along with energy and high-quality water
is likely to be considered. The most promising of all membrane recovery
technologies is GPM. Hybrid systems based on GPM that have been
suggested in the literature and proposed in this study are likely to
overcome the scalability barrier and achieve industrial implementation
before other technologies. More consideration should be given to the
feasibility of recovery technologies, and the requirements and priorities
of the wastewater industry as well as the potential future consumers of
recovered nitrogen products ought to be constantly kept in mind
(Al-Juboori et al., 2023).

It has been determined that achieving greater synchrony between N
supply and demand across a wide variety of cropping systems and en-
vironments in which crops are cultivated is the best way to simulta-
neously meet crop N requirements and protect environmental quality.
However, it was challenging to locate reliable and relevant field data on
N fertilizer efficiency (NFE, also known as recovery efficiency of fertil-
izer N) of major food crops, as measured by the proportion of applied N
that was absorbed by the crop. Such data are essential for monitoring
and mapping N losses in order to recognize crops and regions with the
greatest potential or regions where progress has been made.

Despite the magnitude of the challenge, we are optimistic that
damage to the environment and human health issues caused by N losses
from modern, high-yield agriculture can be eradicated within 30 years.
But our confidence is contingent on policymakers having the foresight to
make adequate R&D investments with a ruthless focus on accelerating
yield growth of major food crops on existing farmland while simulta-
neously increasing NFE, as well as transparent environmental perfor-
mance standards and robust, low-cost metrics that enable farmers to
monitor progress towards these standards. To meet this grand challenge,
policies must include adequate public investment in education and
human resource development, as well as free public access to high-
quality data on soil properties, historical and real-time weather data,
and water resources at a spatial resolution sufficient to drive innovation
toward ever-more-precise crop and soil management in farmers’ fields
to maximize productivity and avoid harmful impacts on the environ-
ment (Cassaman & Dobberman, 2021).

Traditional nitrogen processing technologies in the food system are
focused on the return of nitrogen to the soil or to animal feed. Com-
posting, anaerobic digestion, scattering of manure and residues in the
fields are aimed at providing crops with the necessary nitrogen.

Biotechnical solutions, including insect cultivation, can be applied to
develop “small cycles” when nitrogen is returned to the food system near
the place of consumption (consumer). The cultivation of microalgae,
unicellular proteins and insects on the remains of agricultural products
creates stable prerequisites for the effective use of nitrogen. Organic
residues can potentially serve as a source of proteins. Residues low in
nitrogen and protein, but rich in carbon, may also contribute to protein
consumption in the future. With the help of bioconversion strategies
using unicellular organisms or insects, it is possible to obtain a biomass
rich in nitrogen (proteins). At the same time, such technologies are
currently only available on a laboratory scale, and industrial develop-
ment is limited due to obstacles associated with consumer adoption,
economic costs and legal barriers. It is necessary to provide a broader
research base confirming the scale of potential applications of conver-
sion technologies when nitrogen can be processed in safe and econom-
ically feasible conditions.

CRediT authorship contribution statement
Shahida Anusha Siddiqui: Conceptualization, Methodology, Vali-

dation, Data curation, Writing — original draft, Writing — review &
editing, Visualization, Project administration, Investigation, Resources.

12

Cleaner and Circular Bioeconomy 6 (2023) 100056

Daniel Pleissner: Methodology, Writing — original draft, Validation,
Writing — review & editing. Agris Pentjuss: Methodology, Writing —
original draft, Writing — review & editing. Janusz Gotaszewski:
Methodology, Writing — original draft, Writing — review & editing. Anna
Karwowska: Writing — original draft, Writing — review & editing. Elina
Dace: Methodology, Writing — original draft, Writing — review & editing.
Maximillian Pahmeyer: Writing — original draft, Writing — review &
editing. Sabine Van Miert: Methodology, Writing — original draft,
Writing — review & editing. Lotte Frooninckx: Methodology, Writing —
original draft, Writing — review & editing. Laurens Broeckx: Writing —
original draft, Writing — review & editing. Volker Heinz: Validation,
Writing — review & editing. Sergiy Smetana: Conceptualization,
Writing — review & editing, Validation, Supervision, Resources, Funding
acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

The authors acknowledge the German Federal Ministry of Education
and Research (BMBF) for providing funding within the Era-Net Cofund
“FACCE SURPLUS” (Project UpWaste 031B0934) and the Era-Net
Cofund “FOSC-ERA” (Project ClimAqua 2821ERA12) Programs. Nor-
wegian University of Science and Technology acknowledges Norwegian
Research Council (NRC) for providing funding for project No. 327695 of
BIONZR-Bionaringsprogram as a part of the Era-Net Cofund “FOSC-
ERA” and the Flanders Innovation & Entrepreneurship for funding
project No. HBC.2019.0028 as a part of the Era-Net Cofund “FACCE
SURPLUS”. This research is funded by the German Federal Ministry of
Education and Research (BMBF), in the frame of FACCE-SURPLUS/
FACCE-JPI project UpWaste, grant numbers 031B0934A and
031B0934B, and by the National (Polish) Centre for Research and
Development (NCBiR) (Project FACCE SURPLUS/III/UpWaste/02/
2020).

This work was financially supported by the German Federal Ministry
of Food and Agriculture /BMEL) through the Federal Office for Agri-
culture and Food /BLE), grant number 2821ERA12C. This project has
received funding from the European Union’s Horizon 2020 research and
innovation program under the grant agreement No 862555. Janna
Cropotova acknowledges the FOSC-ERA project “CLIMAQUA”, (grant
No. 327695 of BIONAR-Bionzringsprogram) for support.

Supported by European Regional Development Fund Postdoctoral
research aid 1.1.1.2/VIAA/2/18/278 and FACCE SURPLUS and sup-
ported by No. 23-11.17e/20/173 “Sustainable up-cycling of agricultural
residues: modular cascading waste conversion system” (UpWaste).Sup-
ported from Latvia by European Regional Development Fund Post-
doctoral research aid 1.1.1.2/VIAA/2/18/278, FACCE SURPLUS
supported by No. 23-11.17e/20/173 “Sustainable up-cycling of agri-
cultural residues: modular cascading waste conversion system”
(UpWaste) and European Regional Development Fund within the project
No. 1.1.1.2/VIAA/3/19/528 “Decision Support Tool for an Integrated
Food Waste Valorisation System (DeSTInation).

References

Aakra, A., Utdker, J.B., Pommerening-Réser, A., Koops, H.P., Nes, LF., 2001. Detailed
phylogeny of ammonia-oxidizing bacteria determined by rDNA sequences and DNA



S.A. Siddiqui et al.

homology values. Int. J. Syst. Evol. Microbiol. 51, 2021-2030. https://doi.org/
10.1099/00207713-51-6-2021.

Beckinghausen, A., Odlare, M., Thorin, E., Schwede, S., 2020. From removal to recovery:
an evaluation of nitrogen recovery techniques from wastewater. Appl. Energy 263,
114616.

Berry, E.M., 2019. Sustainable food systems and the mediterranean diet. Nutrients 11,
2229. https://doi.org/10.3390/NU11092229.

Boumann, H.A., Longo, M.L., Stroeve, P., Poolman, B., Hopmans, E.C., Stuart, M.C.A.,
Sinninghe Damsté, J.S., Schouten, S., 2009. Biophysical properties of membrane
lipids of anammox bacteria: I. Ladderane phospholipids form highly organized fluid
membranes. Biochim. Biophys. Acta Biomembr. 1788 https://doi.org/10.1016/j.
bbamem.2009.04.008.

Broeze, J., Luyckx, K., 2019. Identification of food waste conversion barriers. REFRESH
Deliverable 6.11. Available at: https://www.eu-refresh.org/identification-food-
waste-conversion-barriers.

Butnan, S., Duangpukdee, J., 2021. Cricket frass: the high-quality organic fertilizer for
vegetable growth improvement.

Caldeira, C., de Laurentiis, V., Corrado, S., van Holsteijn, F., Sala, S., 2019.
Quantification of food waste per product group along the food supply chain in the
European Union: a mass flow analysis. Resour. Conserv. Recycl. 149 https://doi.org/
10.1016/j.resconrec.2019.06.011.

Caparros Megido, R., Sablon, L., Geuens, M., Brostaux, Y., Alabi, T., Blecker, C.,
Francis, F., 2014. Edible insects acceptance by B elgian consumers: promising
attitude for entomophagy development. J. Sens. Stud. 29 (1), 14-20.

Caponio, F., Piga, A., Poiana, M., 2022. Valorization of food processing by-products.
Foods 11, 3246. https://doi.org/10.3390/foods11203246.

Cardello, A.V., Maller, O., MASOR, H.B., Dubose, C., Edelman, B., 1985. Role of
consumer expectancies in the acceptance of novel foods. J. Food Sci. 50 (6),
1707-1714.

Carlson, C.A., Ingraham, J.L., 1983. Comparison of denitrification by Pseudomonas
stutzeri, Pseudomonas aeruginosa, and Paracoccus denitrificans. Appl. Environ.
Microbiol. 45, 1247-1253. https://doi.org/10.1128/aem.45.4.1247-1253.1983.

Daims, H., Wagner, M., 2018. Nitrospira. Trends Microbiol. 26, 462-463. https://doi.
org/10.1016/j.tim.2018.02.001.

Daims, H., Lebedeva, E.V., Pjevac, P., Han, P., Herbold, C., Albertsen, M., Jehmlich, N.,
Palatinszky, M., Vierheilig, J., Bulaev, A., Kirkegaard, R.H., von Bergen, M.,
Rattei, T., Bendinger, B., Nielsen, P.H., Wagner, M., 2015. Complete nitrification by
Nitrospira bacteria. Nature 528, 504-509. https://doi.org/10.1038/naturel16461.

Davis, T.C., White, R.R., 2020. Breeding animals to feed people: The many roles of
animal reproduction in ensuring global food security. Theriogenology 150, 27-33.
https://doi.org/10.1016/j.theriogenology.2020.01.041.

De Boer, J., Schosler, H., Boersema, J.J., 2013. Climate change and meat eating: an
inconvenient couple? J. Environ. Psychol. 33, 1-8.

de Medeiros, V.P.B., Pimentel, T.C., Varandas, R.C.R., dos Santos, S.A., de Souza
Pedrosa, G.T., da Costa Sassi, C.F., da Conceicao, M.M., Magnani, M., 2020.
Exploiting the use of agro-industrial residues from fruit and vegetables as alternative
microalgae culture medium. Food Res. Int. 137 https://doi.org/10.1016/j.
foodres.2020.109722.

de Swaaf, M.E., Pronk, J.T., Sijtsma, L., 2003. Fed-batch cultivation of the
docosahexaenoic-acid-producing marine alga Crypthecodinium cohnii on ethanol.
Appl. Microbiol. Biotechnol. 61 https://doi.org/10.1007/s00253-002-1118-1.

DeFoliart, G.R., 1997. An overview of the role of edible insects in preserving biodiversity.
Ecol. Food Nutr. 36 (2-4), 109-132.

Duce, R.A,, LaRoche, J., Altieri, K., Arrigo, K.R., Baker, A.R., Capone, D.G., Cornell, S.,
Dentener, F., Galloway, J., Ganeshram, R.S., Geider, R.J., Jickells, T., Kuypers, M.M.,
Langlois, R., Liss, P.S., Liu, S.M., Middelburg, J.J., Moore, C.M., Nickovic, S.,
Oschlies, A., Pedersen, T., Prospero, J., Schlitzer, R., Seitzinger, S., Sorensen, L.L.,
Uematsu, M., Ulloa, O., Voss, M., Ward, B., Zamora, L., 2008. Impacts of atmospheric
anthropogenic nitrogen on the open ocean. Science 320 (5878), 893-897.

EC, 2018. Commission Notice — Guidelines for the feed use of food no longer intended
for human consumption. Available at: https://Circulareconomy. Europa.Eu/Platfo
rm/Sites/Default/Files/Feed_guidelines.Pdf. http://ec.europa.eu/food/safety/food
_waste/library/index_en.htm.

Elzerman, J.E., Hoek, A.C., Van Boekel, M.A., Luning, P.A., 2011. Consumer acceptance
and appropriateness of meat substitutes in a meal context. Food Qual. Preference 22
(3), 233-240.

Erisman, J.W., Sutton, M.A., Galloway, J., Klimont, Z., Winiwarter, W., 2008. How a
century of ammonia synthesis changed the world. Nat. Geosci. 1 (10) https://doi.
org/10.1038/ngeo325.

Fiissel, J., Liicker, S., Yilmaz, P., Nowka, B., van Kessel, M.A.H.J., Bourceau, P., Hach, P.
F., Littmann, S., Berg, J., Spieck, E., Daims, H., Kuypers, M.M.M., Lam, P., 2017.
Adaptability as the key to success for the ubiquitous marine nitrite oxidizer
Nitrococcus. Sci. Adv. 3, €1700807 https://doi.org/10.1126/sciadv.1700807.

FAO, 2017. FAO Statistics Data 2014. Available from: www.fao.org/faostat/en/#data.

Fields, S., 2004. Global nitrogen: cycling out of Control. Environ. Health Perspect. 112,
556-563.

Firestone, M.K., 1982. Biological denitrification. In: Stevenson, F.J. (Ed.), Nitrogen in
Agricultural Soils. American Society Agronomy, Crop Science Society of America and
Soil Science Society of America, Madison, pp. 289-326.

Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, J.N., Reis, S., Sheppard, L.J.,
Jenkins, A., Grizzetti, B., Galloway, J.N., Vitousek, P., Leach, A., Bouwman, A.F.,
Butterbach-Bahl, K., Dentener, F., Stevenson, D., Amann, M., Voss, M., 2013. The
global nitrogen cycle in the Twentyfirst century. Philos. Trans. R. Soc. Lond., B, Biol.
Sci. 368 (1621) https://doi.org/10.1098/rstb.2013.0164.

Fowler, S.J., Palomo, A., Dechesne, A., Mines, P.D., Smets, B.F., 2018. Comammox
Nitrospira are abundant ammonia oxidizers in diverse groundwater-fed rapid sand

13

Cleaner and Circular Bioeconomy 6 (2023) 100056

filter communities. Environ. Microbiol. 20, 1002-1015. https://doi.org/10.1111/
1462-2920.14033.

Galanakis, C.M., 2012. Recovery of high added-value components from food wastes:
Conventional, emerging technologies and commercialized applications. Trends Food
Sci. Technol. 26, 68-87. https://doi.org/10.1016/j.tifs.2012.03.003.

Galloway, J.N., Schlesinger, W.H., Levy II, H., Michaels, A., Schnoor, J., 1995. Nitrogen
fixation: anthropogenic enhancement-environmental response. Glob. Biogeochem.
Cycles. 9 (2), 235-252.

Galloway, J.N., Aber, J.D., Erisman, J.W., Seitzinger, S.P., Howarth, R.W., Cowling, E.B.,
Comby, B.J., 2003. The nitrogen cascade. BioScience 53 (4), 341-356.

Gerber, P.J., Uwizeye, A., Schulte, R.P.O., Opio, C.I., de Boer, 1.J.M., 2014. Nutrient use
efficiency: a valuable approach to benchmark the sustainability of nutrient use in
global livestock production? Curr. Opin. Environ. Sustain. https://doi.org/10.1016/
j.cosust.2014.09.007.

Ghavam, S., Vahdati, M., Wilson, L.A.G., Styring, P., 2021. Sustainable ammonia
production processes. Front. Energy Res. 9 https://doi.org/10.3389/
fenrg.2021.580808.

Giannetto, A., Oliva, S., Riolo, K., Savastano, D., Parrino, V., Cappello, T., Maisano, M.,
Fasulo, S., Mauceri, A., 2020. Waste valorization via hermetia illucens to produce
protein-rich biomass for feed: insight into the critical nutrient taurine. Animals 10,
1-17. https://doi.org/10.3390/ani10091710.

Gliessman, S., 2016. How to leave industrial agriculture behind by shifting food systems
toward agroecology. Agroecol. Sustain. Food Syst. 40, 757-758. https://doi.org/
10.1080/21683565.2016.1200170.

Gowe, C., 2015. Review on potential use of fruit and vegetables by-products as a valuable
source of natural food additives 45.

Grizzetti, B., Pretato, U., Lassaletta, L., Billen, G., Garnier, J., 2013. The contribution of
food waste to global and European nitrogen pollution. Environ. Sci. Policy 33.
https://doi.org/10.1016/j.envsci.2013.05.013.

Guo, J., Jia, Y., Chen, H., Zhang, L., Yang, J., Zhang, J., Hu, X., Ye, X., Li, Y., Zhoy, Y.,
2019. Growth, photosynthesis, and nutrient uptake in wheat are affected by
differences in nitrogen levels and forms and potassium supply. Sci. Rep. 9, 1248.
https://doi.org/10.1038/541598-018-37838-3.

Haldar, D., Shabbirahmed, A.M., Singhania, R.R., Chen, C.-W., Dong, C.-D.,
Ponnusamy, V.K., Patel, A.K., 2022. Understanding the management of household
food waste and its engineering for sustainable valorization- A state-of-the-art review.
Bioresour. Technol. 358, 127390 https://doi.org/10.1016/j.biortech.2022.127390.

Halonen, V., Uusitalo, V., Levanen, J., Sillman, J., Leppakoski, L., Claudelin, A., 2022.
Recognizing potential pathways to increasing the consumption of edible insects from
the perspective of consumer acceptance: case study from Finland. Sustainability 14
(3), 1439.

Harper, J.E., 2015. Nitrogen Metabolism. John Wiley & Sons, Ltd., pp. 285-302

Hoek, A.C., Luning, P.A., Weijzen, P., Engels, W., Kok, F.J., De Graaf, C., 2011.
Replacement of meat by meat substitutes. A survey on person-and product-related
factors in consumer acceptance. Appetite 56 (3), 662-673.

Hoek, A.C., Elzerman, J.E., Hageman, R., Kok, F.J., Luning, P.A., de Graaf, C., 2013. Are
meat substitutes liked better over time? A repeated in-home use test with meat
substitutes or meat in meals. Food Qual. Preference 28 (1), 253-263.

Holtof, M., Lenaerts, C., Cullen, D., Vanden Broeck, J., 2019. Extracellular nutrient
digestion and absorption in the insect gut. Cell Tissue Res. 377, 397-414. https://
doi.org/10.1007/s00441-019-03031-9.

IPIFF, 2019. Guide on Good Hygiene Practices for European Union (EU) producers of
insects as food and feed. Brussels.

Izaguirre, J.K., Dietrich, T., Villaran, M.C., Castandn, S., 2020. Protein hydrolysate from
organic fraction of municipal solid waste compost as nitrogen source to produce
lactic acid by Lactobacillus fermentum ATCC 9338 and Lactobacillus plantarum
NCIMB 8826. Process Biochem. 88 https://doi.org/10.1016/j.procbio.2019.09.028.

Jackowski, M., Niedzwiecki, L., Jagielto, K., Uchanska, O., Trusek, A., 2020. Brewer’s
spent grains—valuable beer industry by-product. Biomolecules. https://doi.org/
10.3390/biom10121669.

Joshi, S.P., Gupta, V.S., Aggarwal, R.K., Ranjekar, P.K., Brar, D.S., 2000. Genetic
diversity and phylogenetic relationship as revealed by inter simple sequence repeat
(ISSR) polymorphism in the genus Oryza. Theoret. Appl. Genet. 8 (100), 1311-1320.
https://doi.org/10.1007/5001220051440.

JRC, 2020. The European Commission’s KCB- Brief on food waste in the European Union.

Karnaouri, A., Chalima, A., Kalogiannis, K.G., Varamogianni-Mamatsi, D., Lappas, A.,
Topakas, E., 2020. Utilization of lignocellulosic biomass towards the production of
omega-3 fatty acids by the heterotrophic marine microalga Crypthecodinium cohnii.
Bioresour. Technol. 303. https://doi.org/10.1016/j.biortech.2020.122899.

Koutra, E., Mastropetros, S.G., Ali, S.S., Tsigkou, K., Kornaros, M., 2021. Assessing the
potential of Chlorella vulgaris for valorization of liquid digestates from agro-
industrial and municipal organic wastes in a biorefinery approach. J. Clean. Prod.
280 https://doi.org/10.1016/j.jclepro.2020.124352.

Kyriakou, V., Garagounis, L., Vourros, A., Vasileiou, E., Stoukides, M., 2020. An
electrochemical Haber-Bosch process. Joule 4. https://doi.org/10.1016/j.
joule.2019.10.006.

Lahteenmaki-Uutela, A., Marimuthu, S.B., Meijer, N., 2021. Regulations on insects as
food and feed: a global comparison. J. Insects Food Feed 7 (5), 849-856.

Lam, P., Kuypers, M.M.M., 2011. Microbial nitrogen cycling processes in oxygen
minimum zones. Ann. Rev. Mar. Sci. 3, 317-345. https://doi.org/10.1146/annurev-
marine-120709-142814.

Lau, K.Y., Pleissner, D., Lin, C.S.K., 2014. Recycling of food waste as nutrients in
Chlorella vulgaris cultivation. Bioresour. Technol. 170 https://doi.org/10.1016/j.
biortech.2014.07.096.


https://doi.org/10.1099/00207713-51-6-2021
https://doi.org/10.1099/00207713-51-6-2021
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0004
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0004
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0004
https://doi.org/10.3390/NU11092229
https://doi.org/10.1016/j.bbamem.2009.04.008
https://doi.org/10.1016/j.bbamem.2009.04.008
https://www.eu-refresh.org/identification-food-waste-conversion-barriers
https://www.eu-refresh.org/identification-food-waste-conversion-barriers
https://doi.org/10.1016/j.resconrec.2019.06.011
https://doi.org/10.1016/j.resconrec.2019.06.011
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0012
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0012
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0012
https://doi.org/10.3390/foods11203246
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0008
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0008
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0008
https://doi.org/10.1128/aem.45.4.1247-1253.1983
https://doi.org/10.1016/j.tim.2018.02.001
https://doi.org/10.1016/j.tim.2018.02.001
https://doi.org/10.1038/nature16461
https://doi.org/10.1016/j.theriogenology.2020.01.041
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0017
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0017
https://doi.org/10.1016/j.foodres.2020.109722
https://doi.org/10.1016/j.foodres.2020.109722
https://doi.org/10.1007/s00253-002-1118-1
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0018
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0018
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt58PdoRgrh8
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt58PdoRgrh8
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt58PdoRgrh8
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt58PdoRgrh8
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt58PdoRgrh8
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt58PdoRgrh8
https://Circulareconomy.Europa.Eu/Platform/Sites/Default/Files/Feed_guidelines.Pdf.http://ec.europa.eu/food/safety/food_waste/library/index_en.htm
https://Circulareconomy.Europa.Eu/Platform/Sites/Default/Files/Feed_guidelines.Pdf.http://ec.europa.eu/food/safety/food_waste/library/index_en.htm
https://Circulareconomy.Europa.Eu/Platform/Sites/Default/Files/Feed_guidelines.Pdf.http://ec.europa.eu/food/safety/food_waste/library/index_en.htm
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0021
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0021
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0021
https://doi.org/10.1038/ngeo325
https://doi.org/10.1038/ngeo325
https://doi.org/10.1126/sciadv.1700807
http://refhub.elsevier.com/S2772-8013(23)00021-0/optkWKCDXjjI4
http://refhub.elsevier.com/S2772-8013(23)00021-0/optkWKCDXjjI4
http://refhub.elsevier.com/S2772-8013(23)00021-0/optvVEnCNfDh9
http://refhub.elsevier.com/S2772-8013(23)00021-0/optvVEnCNfDh9
http://refhub.elsevier.com/S2772-8013(23)00021-0/optvVEnCNfDh9
https://doi.org/10.1098/rstb.2013.0164
https://doi.org/10.1111/1462-2920.14033
https://doi.org/10.1111/1462-2920.14033
https://doi.org/10.1016/j.tifs.2012.03.003
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt3lLSPn2yap
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt3lLSPn2yap
http://refhub.elsevier.com/S2772-8013(23)00021-0/opt3lLSPn2yap
http://refhub.elsevier.com/S2772-8013(23)00021-0/optfrbC6XkZMQ
http://refhub.elsevier.com/S2772-8013(23)00021-0/optfrbC6XkZMQ
https://doi.org/10.1016/j.cosust.2014.09.007
https://doi.org/10.1016/j.cosust.2014.09.007
https://doi.org/10.3389/fenrg.2021.580808
https://doi.org/10.3389/fenrg.2021.580808
https://doi.org/10.3390/ani10091710
https://doi.org/10.1080/21683565.2016.1200170
https://doi.org/10.1080/21683565.2016.1200170
https://doi.org/10.1016/j.envsci.2013.05.013
https://doi.org/10.1038/s41598-018-37838-3
https://doi.org/10.1016/j.biortech.2022.127390
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0033
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0033
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0033
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0033
http://refhub.elsevier.com/S2772-8013(23)00021-0/optvNt1J0zO51
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0035
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0035
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0035
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0034
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0034
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0034
https://doi.org/10.1007/s00441-019-03031-9
https://doi.org/10.1007/s00441-019-03031-9
https://doi.org/10.1016/j.procbio.2019.09.028
https://doi.org/10.3390/biom10121669
https://doi.org/10.3390/biom10121669
https://doi.org/10.1007/S001220051440
https://doi.org/10.1016/j.biortech.2020.122899
https://doi.org/10.1016/j.jclepro.2020.124352
https://doi.org/10.1016/j.joule.2019.10.006
https://doi.org/10.1016/j.joule.2019.10.006
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0047
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0047
https://doi.org/10.1146/annurev-marine-120709-142814
https://doi.org/10.1146/annurev-marine-120709-142814
https://doi.org/10.1016/j.biortech.2014.07.096
https://doi.org/10.1016/j.biortech.2014.07.096

S.A. Siddiqui et al.

Law, Y., Ye, L., Pan, Y., Yuan, Z., 2012. Nitrous oxide emissions from wastewater
treatment processes. Philos. Trans. R. Soc. B 367, 1265-1277. https://doi.org/
10.1098/rstb.2011.0317.

Leip, A., Billen, G., Garnier, J., Grizzetti, B., Lassaletta, L., Reis, S., Simpson, D.,
Sutton, M.A., de Vries, W., Weiss, F., Westhoek, H., 2015. Impacts of European
livestock production: nitrogen, sulphur, phosphorus and greenhouse gas emissions,
land-use, water eutrophication and biodiversity. Environ. Res. Lett. 10, 115004
https://doi.org/10.1088/1748-9326,/10/11/115004.

Leip, A., Bodirsky, B.L., Kugelberg, S., 2021. The role of nitrogen in achieving sustainable
food systems for healthy diets. Glob. Food Sec. 28, 100408 https://doi.org/10.1016/
J.GFS.2020.100408.

Leitner, S., Ring, D., Wanyama, G.N., Korir, D., Pelster, D.E., Goopy, J.P., Butterbach-
Bahl, K., Merbold, L., 2021. Effect of feeding practices and manure quality on CH4
and N20 emissions from uncovered cattle manure heaps in Kenya. Waste Manag.
126 https://doi.org/10.1016/j.wasman.2021.03.014.

Lensvelt, E.J., Steenbekkers, L.P.A., 2014. Exploring consumer acceptance of
entomophagy: a survey and experiment in Australia and the Netherlands. Ecol. Food
Nutr. 53 (5), 543-561.

Liepins, J., Balina, K., Soloha, R., Berzina, I., Lukasa, L.K., Dace, E., 2021. Glycolipid
biosurfactant production from waste cooking oils by yeast: review of substrates,
producers and products. Fermentation 7 (3). https://doi.org/10.3390/
fermentation7030136.

Lipinski, B., Hanson, C., Lomax, J., Kitinoja, L., Waite, R., Searchinger, T., 2013.
Installment 2 of “Creating a Sustainable Food Future” Reducing Food Loss and
Waste. World Resource Institute. http://www.worldresourcesreport.org.

Liu, X., Tiquia, S.M., Holguin, G., Wu, L., Nold, S.C., Devol, A.H., Luo, K., Palumbo, A.V.,
Tiedje, J.M., Zhou, J., 2003. Molecular diversity of denitrifying genes in continental
margin sediments within the oxygen-deficient zone off the pacific coast of Mexico.
Appl. Environ. Microbiol. 69, 3549-3560. https://doi.org/10.1128/AEM.69.6.3549-
3560.2003.

Luyckx, K., Bowman, M., Woroniecka, K., Broeze, J., & Taillard D., 2019. The safety,
environmental and economic aspects of feeding treated surplus food to omnivorous
livestock. In REFRESH Deliverable 6.7. https://www.eu-refresh.org/technical-guide
lines-animal-feed.

Makkar, H.P.S., Tran, G., Heuzé, V., Ankers, P., 2014. State-of-the-art on use of insects as
animal feed. Anim. Feed Sci. Technol. 197, 1-33. https://doi.org/10.1016/j.
anifeedsci.2014.07.008.

Martinez-Hernandez, G.B., Castillejo, N., Carrién-Monteagudo, M.D.M., Artés, F., Artés-
Hernandez, F., 2018. Nutritional and bioactive compounds of commercialized algae
powders used as food supplements. Food Sci. Technol. Int. 24, 172-182. https://doi.
org/10.1177/1082013217740000.

McCrackin, M.L., Gustafsson, B.G., Hong, B., Howarth, R.W., Humborg, C., Savchuk, O.
P., Svanbéck, A., Swaney, D.P., 2018. Opportunities to reduce nutrient inputs to the
Baltic Sea by improving manure use efficiency in agriculture. Reg. Environ. Change
18. https://doi.org/10.1007/s10113-018-1308-8.

McNeill, A., Unkovich, M., 2007. The nitrogen cycle in terrestrial ecosystems. In:
Marschner, P., Rengel., Z. (Eds.), Soil Biology: Nutrient Cycling in Terrestrial
Ecosystems. Springer-Verlag Berlin Heidelberg, pp. 37-64.

Merzendorfer, H., Zimoch, L., 2003. Chitin metabolism in insects: Structure, function and
regulation of chitin synthases and chitinases. J. Exp. Biol. https://doi.org/10.1242/
jeb.00709.

Meybeck, A., Gitz, V., 2017. Sustainable diets within sustainable food systems. Proc.
Nutr. Soc. 76, 1-11. https://doi.org/10.1017/50029665116000653.

Meyer-Rochow, V.B., Jung, C., 2020. Insects used as food and feed: isn’t that what we all
need? Foods 9, 1003. https://doi.org/10.3390/foods9081003.

Mignon, J., 2002. L’entomophagie: une question de culture? Tropicultura 20 (3).

Monier, V., Mudgal, S., Escalon, V., 2010. Preparatory study on food waste across EU27.

Moritz, J.S., Latshaw, J.D., 2001. Indicators of nutritional value of hydrolyzed feather
meal. Poult. Sci. 80, 79-86. https://doi.org/10.1093/ps/80.1.79.

Mus, F., Crook, M.B., Garcia, K., Garcia Costas, A., Geddes, B.A., Kouri, E.D.,
Paramasivan, P., Ryu, M.-H., Oldroyd, G.E.D., Poole, P.S., Udvardi, M.K., Voigt, C.A.,
Ané, J.-M., Peters, J.W., 2016. Symbiotic nitrogen fixation and the challenges to its
extension to nonlegumes. Appl. Environ. Microbiol. 82, 3698-3710. https://doi.org/
10.1128/AEM.01055-16.

Mussatto, S.I., 2014. Brewer’s spent grain: a valuable feedstock for industrial
applications. J. Sci. Food Agric. 94, 1264-1275. https://doi.org/10.1002/jsfa.6486.

Myhre, G., Shindell, D., Bréon, M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D.,
Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., Takemura, T.,
Zhang, H., 2013. Anthropogenic and natural radiative forcing. In Climate Change
2013 the Physical 9781107057999. 10.1017/CB09781107415324.018.

Nakayama, M., Imamura, S., Tatsumi, C., Taniguchi, T., Tateno, R., 2021. Microbial
functions and soil nitrogen mineralisation processes in the soil of a cool temperate
forest in northern Japan. Biogeochemistry 155, 359-379. https://doi.org/10.1007/
s10533-021-00830-7.

Nutman, P.S., 1971. Perspectives in biological nitrogen fixation. Sci. Prog. 59 (233),
55-74.

Oljam D., 2018. Controlling factors of nitrogen and phosphorus concentration during low
flow in rivers in Brittany. Montpellier.

Pihlajaniemi, V., Ellila, S., Poikkiméki, S., Nappa, M., Rinne, M., Lantto, R., Siika-
aho, M., 2020. Comparison of pretreatments and cost-optimization of enzymatic
hydrolysis for production of single cell protein from grass silage fibre. Bioresour.
Technol. Rep. 9 https://doi.org/10.1016/j.biteb.2019.100357.

Pleissner, D., Eriksen, N.T., 2012. Effects of phosphorous, nitrogen, and carbon limitation
on biomass composition in batch and continuous flow cultures of the heterotrophic
dinoflagellate Crypthecodinium cohnii. Biotechnol. Bioeng. 109 https://doi.org/
10.1002/bit.24470.

14

Cleaner and Circular Bioeconomy 6 (2023) 100056

Pleissner, D., Lau, K.Y., Ki Lin, C.S., 2017. Utilization of food waste in continuous flow
cultures of the heterotrophic microalga Chlorella pyrenoidosa for saturated and
unsaturated fatty acids production. J. Clean. Prod. 142 https://doi.org/10.1016/].
jclepro.2016.11.165.

Pleissner, D., Lindner, A.V., Handel, N., 2021. Heterotrophic cultivation of Galdieria
sulphuraria under non-sterile conditions in digestate and hydrolyzed straw.
Bioresour. Technol. 337 https://doi.org/10.1016/j.biortech.2021.125477.

Poly, F., Wertz, S., Brothier, E., Degrange, V., 2008. First exploration of Nitrobacter
diversity in soils by a PCR cloning-sequencing approach targeting functional gene
nxrA. FEMS Microbiol. Ecol. 63, 132-140. https://doi.org/10.1111/j.1574-
6941.2007.00404.x.

Price, G.M., 1973. Protein and nucleic acid metabolism in insect fat body. Biol. Rev. 48,
333-372. https://doi.org/10.1111/j.1469-185x.1973.tb01006.x.

Rajeh, C., Saoud, I.P., Kharroubi, S., Naalbandian, S., Abiad, M.G., 2021. Food loss and
food waste recovery as animal feed: a systematic review. J. Mater. Cycles Waste
Manag. 23 (1) https://doi.org/10.1007/510163-020-01102-6.

Righetto, I., Al-Juboori, R.A., Kaljunen, J.U., Huynh, N., Mikola, A., 2022. Nitrogen
recovery from landfill leachate using lab-and pilot-scale membrane contactors:
research into fouling development and membrane characterization effects.
Membranes 12 (9), 837.

Rockstrom, J., Steffen, W., Noone, K., Persson, ;\., Chapin, F.S., Lambin, E., Lenton, T.M.,
Scheffer, M., Folke, C., Schellnhuber, H.J., Nykvist, B., de Wit, Hughes, T., van der
Leeuw, S., Rodhe, H., Sorlin, S., Snyder, P.K., Costanza, R., Svedin, U.,
Falkenmark, M., Karlberg, L., Corell, R.W., Fabry, V.J., Hansen, J., Walker, B.,
Liverman, D., Richardson, K., Crutzen, P., Foley, J., 2009. Planetary boundaries:
exploring the safe operating space for humanity. Ecol. Soc. 14 (2) https://doi.org/
10.5751/ES-03180-140232.

Rockstrom, J., Edenhofer, O., Gaertner, J., DeClerck, F., 2020. Planet-proofing the global
food system. Nat. Food 1, 3-5. https://doi.org/10.1038/543016-019-0010-4.

Rouwenbhorst, K.H.R., Krzywda, P.M., Benes, N.E., Mul, G., Lefferts, L., 2021. Ammonia
production technologies, in: techno-economic challenges of green ammonia as an
energy vector. Elsevier 41-83. https://doi.org/10.1016/B978-0-12-820560-
0.00004-7.

Rozin, P., Haidt, J., McCauley, C., Dunlop, L., Ashmore, M., 1999. Individual differences
in disgust sensitivity: comparisons and evaluations of paper-and-pencil versus
behavioral measures. J. Res. Person. 33 (3), 330-351.

Rumpold, B.A., Schliiter, O.K., 2013. Nutritional composition and safety aspects of edible
insects. Mol. Nutr. Food Res. 57 (5), 802-823.

Rumpold, B.A., Schliiter, O.K., 2013. Potential and challenges of insects as an innovative
source for food and feed production. Innov. Food Sci. Emerg. Technol. 17, 1-11.

Salemdeeb, R., zu Ermgassen, E.K.H.J., Kim, M.H., Balmford, A., Al-Tabbaa, A., 2017.
Environmental and health impacts of using food waste as animal feed: a comparative
analysis of food waste management options. J. Clean. Prod. 140 https://doi.org/
10.1016/j.jclepro.2016.05.049.

Schosler, H., De Boer, J., Boersema, J.J., 2012. Can we cut out the meat of the dish?
Constructing consumer-oriented pathways towards meat substitution. Appetite 58
(1), 39-47.

Schmitt, E., de Vries, W., 2020. Potential benefits of using Hermetia illucens frass as a
soil amendment on food production and for environmental impact reduction. Curr.
Opin. Green .Sustain. Chem. https://doi.org/10.1016/j.cogsc.2020.03.005.

Shen, L.D., Liu, S., Lou, L.P., Liu, W.P., Xu, X.Y., Zheng, P., Hu, B.L., 2013. Broad
distribution of diverse anaerobic ammonium-oxidizing bacteria in Chinese
agricultural soils. Appl. Environ. Microbiol. 79 https://doi.org/10.1128/
AEM.00884-13.

Shurson, G.C., 2020. “What a waste”-Can we improve sustainability of food animal
production systems by recycling food waste streams into animal feed in an era of
health, climate, and economic crises? Sustainability (Switzerland) 12. https://doi.
org/10.3390/5u12177071.

Singh, G., Shamsuddin, M.R., Agsha, Lim, S.W., 2018. Characterization of chicken
manure from Manjung region. In: IOP Conference Series: Materials Science and
Engineering. https://doi.org/10.1088/1757-899X/458/1/012084.

Singh, M., 2021. Fungi and nitrogen cycle: symbiotic relationship, mechanism and
significance. pp. 391-406. 10.1007/978-3-030-71206-8_20.

Sloth, J.K., Jensen, H.C., Pleissner, D., Eriksen, N.T., 2017. Growth and phycocyanin
synthesis in the heterotrophic microalga Galdieria sulphuraria on substrates made of
food waste from restaurants and bakeries. Bioresour. Technol. 238 https://doi.org/
10.1016/j.biortech.2017.04.043.

Socolow, R.H., 1999. Nitrogen management and the future of food: lessons from the
management of energy and carbon. Proc. Natl. Acad. Sci. U.S.A. 96 (11), 6001-6008.
https://doi.org/10.1073/pnas.96.11.6001.

Sparacino-Watkins, C., Stolz, J.F., Basu, P., 2014. Nitrate and periplasmic nitrate
reductases. Chem. Soc. Rev. 43, 676-706. https://doi.org/10.1039/C3CS60249D.

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, 1., Bennett, E.M.,
Biggs, R., Carpenter, S.R., de Vries, W., de Wit, C.A., Folke, C., Gerten, D., Heinke, J.,
Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, B., Sorlin, S., 2015. Planetary
boundaries: guiding human development on a changing planet. Science 347 (6223).
https://doi.org/10.1126/science.1259855.

Stein, L.Y., Klotz, M.G., 2016. The nitrogen cycle. Curr. Biol. 26, R94-R98.

Stein, L.Y., 2019. Insights into the physiology of ammonia-oxidizing microorganisms.
Curr. Opin. Chem. Biol. 49, 9-15. https://doi.org/10.1016/j.cbpa.2018.09.003.

Steiner, J., Procopio, S., Becker, T., 2015. Brewer’s spent grain: source of value-added
polysaccharides for the food industry in reference to the health claims. Eur. Food
Res. Technol. https://doi.org/10.1007/500217-015-2461-7.

Stenmarck, /?\., Jensen, C., Quested, T., Moates, G., 2016. Estimates of European food
waste levels. Stockholm.


https://doi.org/10.1098/rstb.2011.0317
https://doi.org/10.1098/rstb.2011.0317
https://doi.org/10.1088/1748-9326/10/11/115004
https://doi.org/10.1016/J.GFS.2020.100408
https://doi.org/10.1016/J.GFS.2020.100408
https://doi.org/10.1016/j.wasman.2021.03.014
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0054
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0054
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0054
https://doi.org/10.3390/fermentation7030136
https://doi.org/10.3390/fermentation7030136
http://www.worldresourcesreport.org
https://doi.org/10.1128/AEM.69.6.3549-3560.2003
https://doi.org/10.1128/AEM.69.6.3549-3560.2003
https://www.eu-refresh.org/technical-guidelines-animal-feed
https://www.eu-refresh.org/technical-guidelines-animal-feed
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1177/1082013217740000
https://doi.org/10.1177/1082013217740000
https://doi.org/10.1007/s10113-018-1308-8
http://refhub.elsevier.com/S2772-8013(23)00021-0/opttR5HUQrnOB
http://refhub.elsevier.com/S2772-8013(23)00021-0/opttR5HUQrnOB
http://refhub.elsevier.com/S2772-8013(23)00021-0/opttR5HUQrnOB
https://doi.org/10.1242/jeb.00709
https://doi.org/10.1242/jeb.00709
https://doi.org/10.1017/S0029665116000653
https://doi.org/10.3390/foods9081003
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0064
https://doi.org/10.1093/ps/80.1.79
https://doi.org/10.1128/AEM.01055-16
https://doi.org/10.1128/AEM.01055-16
https://doi.org/10.1002/jsfa.6486
https://doi.org/10.1017/CBO9781107415324.018
https://doi.org/10.1007/s10533-021-00830-7
https://doi.org/10.1007/s10533-021-00830-7
http://refhub.elsevier.com/S2772-8013(23)00021-0/optrHH2wpkqLI
http://refhub.elsevier.com/S2772-8013(23)00021-0/optrHH2wpkqLI
https://doi.org/10.1016/j.biteb.2019.100357
https://doi.org/10.1002/bit.24470
https://doi.org/10.1002/bit.24470
https://doi.org/10.1016/j.jclepro.2016.11.165
https://doi.org/10.1016/j.jclepro.2016.11.165
https://doi.org/10.1016/j.biortech.2021.125477
https://doi.org/10.1111/j.1574-6941.2007.00404.x
https://doi.org/10.1111/j.1574-6941.2007.00404.x
https://doi.org/10.1111/j.1469-185x.1973.tb01006.x
https://doi.org/10.1007/s10163-020-01102-6
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0082
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0082
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0082
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0082
https://doi.org/10.5751/ES-03180-140232
https://doi.org/10.5751/ES-03180-140232
https://doi.org/10.1038/s43016-019-0010-4
https://doi.org/10.1016/B978-0-12-820560-0.00004-7
https://doi.org/10.1016/B978-0-12-820560-0.00004-7
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0085
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0085
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0085
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0086
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0086
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0087
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0087
https://doi.org/10.1016/j.jclepro.2016.05.049
https://doi.org/10.1016/j.jclepro.2016.05.049
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0092
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0092
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0092
https://doi.org/10.1016/j.cogsc.2020.03.005
https://doi.org/10.1128/AEM.00884-13
https://doi.org/10.1128/AEM.00884-13
https://doi.org/10.3390/su12177071
https://doi.org/10.3390/su12177071
https://doi.org/10.1088/1757-899X/458/1/012084
https://doi.org/10.1007/978-3-030-71206-8_20
https://doi.org/10.1016/j.biortech.2017.04.043
https://doi.org/10.1016/j.biortech.2017.04.043
https://doi.org/10.1073/pnas.96.11.6001
https://doi.org/10.1039/C3CS60249D
https://doi.org/10.1126/science.1259855
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0100
https://doi.org/10.1016/j.cbpa.2018.09.003
https://doi.org/10.1007/s00217-015-2461-7

S.A. Siddiqui et al.

Sun, X., Kop, L.F.M., Lau, M.C.Y., Frank, J., Jayakumar, A., Liicker, S., Ward, B.B., 2019.
Uncultured Nitrospina-like species are major nitrite oxidizing bacteria in oxygen
minimum zones. ISME J. 13, 2391-2402. https://doi.org/10.1038/541396-019-
0443-7.

Swaney, D.P., Howarth, R.W., Hong, B., 2018. Nitrogen use efficiency and crop
production: patterns of regional variation in the United States, 1987-2012. Sci. Total
Environ. 635 https://doi.org/10.1016/j.scitotenv.2018.04.027.

Tan, H.S.G., Fischer, A.R., van Trijp, H.C., Stieger, M., 2016. Tasty but nasty? Exploring
the role of sensory-liking and food appropriateness in the willingness to eat unusual
novel foods like insects. Food Qual. Prefer. 48, 293-302.

Tan, E., Zou, W., Zheng, Z., Yan, X., Du, M., Hsu, T.-C., Tian, L., Middelburg, J.J.,
Trull, T.W., Kao, S., 2020. Warming stimulates sediment denitrification at the
expense of anaerobic ammonium oxidation. Nat. Clim. Chang. 10, 349-355. https://
doi.org/10.1038/541558-020-0723-2.

Timma, L., Dace, E., Knudsen, M.T., 2020. Temporal aspects in emission
accounting—case study of agriculture sector. Energies 13 (4). https://doi.org/
10.3390/en13040800.

Tucker, C.A., 2014. The significance of sensory appeal for reduced meat consumption.
Appetite 81, 168-179.

Van Huis, A., Van Itterbeeck, J., Klunder, H., Mertens, E., Halloran, A., Muir, G.,
Vantomme, P., 2013. Edible insects: future prospects for food and feed security (No.
171). Food and agriculture organization of the United Nations.

Van Huis, A., 2013. Potential of insects as food and feed in assuring food security. Ann.
Rev. Entomol. 58, 563-583.

van Kessel, M.A.H.J., Speth, D.R., Albertsen, M., Nielsen, P.H., Op den Camp, H.J.M.,
Kartal, B., Jetten, M.S.M., Liicker, S., 2015. Complete nitrification by a single
microorganism. Nature 528, 555-559. https://doi.org/10.1038/naturel16459.

Velthof, G.L., Oenema, O., 1997. Nitrous oxide emission from dairy farming systems in
the Netherlands. Netherlands J. Agric. Sci. 45, 347-360. https://doi.org/10.18174/
njas.v45i3.510.

Velthof, G., Barot, S., Bloem, J., Butterbach-Bahl, K., de Vries, W., Kros, J., Lavelle, P.,
Olesen, J.E., Oenema, O., 2011. Nitrogen as a threat to European soil quality, in: The
European Nitrogen Assessment. 10.1017/cbo9780511976988.024.

Verbeke, W., 2015. Profiling consumers who are ready to adopt insects as a meat
substitute in a Western society. Food Qual. Prefer. 39, 147-155.

Vinck, K., Scheelen, L., Du Bois, E., 2019. Design opportunities for organic waste
recycling in urban restaurants. Waste Manag. Res. 37, 40-50. https://doi.org/
10.1177/0734242X18817714.

Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W.,
Schlesinger, W.H., Tilman, D.G., 1997. Human alteration of the global nitrogen
cycle: source and consequences. Ecol. Appl. 7, 737-750.

15

Cleaner and Circular Bioeconomy 6 (2023) 100056

Voutilainen, E., Pihlajaniemi, V., Parviainen, T., 2021. Economic comparison of food
protein production with single-cell organisms from lignocellulose side-streams.
Bioresour. Technol. Rep. 14 https://doi.org/10.1016/j.biteb.2021.100683.

Vranova, V., Rejsek, K., Formanek, P., 2013. Proteolytic activity in soil: a review. Appl.
Soil Ecol. https://doi.org/10.1016/j.apso0il.2013.04.003.

WallisDeVries, M.F., Bobbink, R., 2017. Nitrogen deposition impacts on biodiversity in
terrestrial ecosystems: Mechanisms and perspectives for restoration. Biol. Conserv.
212, 387-389. https://doi.org/10.1016/j.biocon.2017.01.017.

Wang, H., Xiong, H., Hui, Z., Zeng, X., 2012. Mixotrophic cultivation of Chlorella
pyrenoidosa with diluted primary piggery wastewater to produce lipids. Bioresour.
Technol. 104 https://doi.org/10.1016/j.biortech.2011.11.020.

Weihrauch, D., O’Donnell, M.J., 2021. Mechanisms of nitrogen excretion in insects. Curr.
Opin. Insect Sci. https://doi.org/10.1016/].c0is.2021.02.007.

Wu, N., Wang, X., Yan, Z., Xu, X., Xie, S., Liang, J., 2021. Transformation of pig manure
by passage through the gut of black soldier fly larvae (Hermetia illucens): metal
speciation, potential pathogens and metal-related functional profiling. Ecotoxicol.
Environ. Saf. 211 https://doi.org/10.1016/j.ecoenv.2021.111925.

Xia, X., Zhang, S., Li, S., Zhang, L., Wang, G., Zhang, L., Wang, J., Li, Z., 2018. The cycle
of nitrogen in river systems: sources, transformation, and flux. Environ. Sci. Process
Impacts 20, 863-891. https://doi.org/10.1039/C8EM0O0042E.

Yang, W.H., Ryals, A.R., Cusack, D.F., Silver, W.L., 2017. Cross-biome assessment of
gross soil nitrogen cycling in California ecosystems. Soil Biol. Biochem. 107,
144-155. https://doi.org/10.1016/j.s0ilbio.2017.01.004.

Ye, Y., Ngo, H.H., Guo, W., Chang, S.W., Nguyen, D.D., Varjani, S., Hoang, N.B., 2022.
Bio-membrane integrated systems for nitrogen recovery from wastewater in circular
bioeconomy. Chemosphere 289, 133175.

Yen, A.L., 2009. Edible insects: traditional knowledge or western phobia? Entomol. Res.
39 (5), 289-298.

Yi, L., Lakemond, C.M., Sagis, L.M., Eisner-Schadler, V., van Huis, A., van Boekel, M.A.,
2013. Extraction and characterisation of protein fractions from five insect species.
Food Chem. 141 (4), 3341-3348.

You, Q.G., Wang, J.H., Qi, G.X., Zhou, Y.M., Guo, Z.W., Shen, Y., Gao, X., 2020.
Anammox and partial denitrification coupling: a review. RSC Adv. https://doi.org/
10.1039/d0ra00001a.

Zhou, Y.M., Chen, Y.P., Guo, J.S., Shen, Y., Yan, P., Yang, J.X., 2019. Recycling of orange
waste for single cell protein production and the synergistic and antagonistic effects
on production quality. J. Clean. Prod. 213 https://doi.org/10.1016/j.
jclepro.2018.12.168.

Ziarati, P., 2012. Assessing the health risk of nitrate content in vegetables to the general
population in Tehran-Iran. 10.4172/scientificreports.241.


https://doi.org/10.1038/s41396-019-0443-7
https://doi.org/10.1038/s41396-019-0443-7
https://doi.org/10.1016/j.scitotenv.2018.04.027
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0105
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0105
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0105
https://doi.org/10.1038/s41558-020-0723-2
https://doi.org/10.1038/s41558-020-0723-2
https://doi.org/10.3390/en13040800
https://doi.org/10.3390/en13040800
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0109
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0109
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0113
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0113
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0113
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0112
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0112
https://doi.org/10.1038/nature16459
https://doi.org/10.18174/njas.v45i3.510
https://doi.org/10.18174/njas.v45i3.510
https://doi.org/10.1017/cbo9780511976988.024
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0118
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0118
https://doi.org/10.1177/0734242X18817714
https://doi.org/10.1177/0734242X18817714
http://refhub.elsevier.com/S2772-8013(23)00021-0/optEzmzWZNBha
http://refhub.elsevier.com/S2772-8013(23)00021-0/optEzmzWZNBha
http://refhub.elsevier.com/S2772-8013(23)00021-0/optEzmzWZNBha
https://doi.org/10.1016/j.biteb.2021.100683
https://doi.org/10.1016/j.apsoil.2013.04.003
https://doi.org/10.1016/j.biocon.2017.01.017
https://doi.org/10.1016/j.biortech.2011.11.020
https://doi.org/10.1016/j.cois.2021.02.007
https://doi.org/10.1016/j.ecoenv.2021.111925
https://doi.org/10.1039/C8EM00042E
https://doi.org/10.1016/j.soilbio.2017.01.004
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0128
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0128
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0128
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0129
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0129
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0130
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0130
http://refhub.elsevier.com/S2772-8013(23)00021-0/sbref0130
https://doi.org/10.1039/d0ra00001a
https://doi.org/10.1039/d0ra00001a
https://doi.org/10.1016/j.jclepro.2018.12.168
https://doi.org/10.1016/j.jclepro.2018.12.168
https://doi.org/10.4172/scientificreports.241

	Biological nitrogen recirculation to food protein – A review
	1 Introduction
	2 The nitrogen cycle
	2.1 (Bio)chemistry of nitrogen
	2.1.1 Haber-Bosch process
	2.1.2 Biological nitrogen conversion
	2.1.3 Nitrification
	2.1.4 Comammox
	2.1.5 Denitrification
	2.1.6 Annamox
	2.1.7 Ammonification
	2.1.8 Mineralization
	2.1.9 Nitrogen assimilation


	3 Nitrogen-rich material streams
	3.1 Agricultural and municipal residues
	3.2 Food industry by-products
	3.2.1 Fruit and vegetable peel
	3.2.2 Brewery grains
	3.2.3 Animal parts

	3.3 Bygone foods/former foodstuff

	4 Nitrogen utilization systems
	4.1 Farm animals
	4.2 Insects
	4.3 Single-cell organisms: fungi and algae

	5 Analysis and discussion
	5.1 Consumer acceptance of alternative meat products and strategies to improve the acceptance
	5.2 Regulations on insects as food

	6 Conclusions and future perspectives
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


