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Population growth leads to an increase in the demand for energy, water, and food as cities grow and urbanize. How-
ever, the Earth's limited resources are unable tomeet these rising demands.Modern farming practices increase produc-
tivity, but waste resources and consume too much energy. Agricultural activities occupy 50 % of all habitable land.
After a rise of 80 % in 2021, fertilizer prices have increased by nearly 30 % in 2022, representing a significant cost
for farmers. Sustainable and organic farming has the potential to reduce the use of inorganic fertilizers and increase
the utilization of organic residues as a nitrogen (N) source for plant nutrition. Agricultural management typically pri-
oritizes nutrient cycling and supply for crop growth, whereas the mineralization of added biomass regulates crop nu-
trient supply and CO2 emissions. To reduce overconsumption of natural resources and environmental damage, the
current economic model of “take-make-use-dispose”must be replaced by “prevention-reuse-remake-recycle”. The cir-
cular economy model is promising for preserving natural resources and providing sustainable, restorative, and regen-
erative farming. Technosols and organic wastes can improve food security, ecosystem services, the availability of
arable land, and human health. This study intends to investigate the nitrogen nutrition provided by organic wastes
to agricultural systems, reviewing the current state of knowledge and demonstrating how common organic wastes
can beutilized to promote sustainable farmingmanagement. Ninewaste residueswere selected to promote sustainabil-
ity in farming based on circular economy and zerowaste criteria. Using standardmethods, theirwater content, organic
matter, total organic carbon, Kjeldahl nitrogen, and ammonium levels were determined, along with their potential to
improve soil fertility via N supply and technosol formulation. 10 % to 15 % of organic waste was mineralized and
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Fig. 1. Global inorga
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analysed during a six-month cultivation cycle. Through the results, the combination of organic and inorganic fertiliza-
tion to increase crop yield is recommended, as is the search for realistic and practical methods of dealing with massive
amounts of organic residues within the context of a circular economy.
1. Introduction

Due to the increasing global population, the demand for energy, water
and food is growing as the cities become more developed and urbanized.
However, the Earth's resources are scarce and have a limited capacity to
meet these rising needs (Aznar-Sánchez et al., 2020). The current economic
model of “take-make-use-dispose” must be replaced by “prevention-reuse-
remake-recycle” (Papamichael et al., 2022). The implementation of mod-
ern farming practices rapidly improves productivity, however with a high
cost in terms of resources overconsumption and unsustainable energy use.
This is evident as half of the habitable land is now used for agriculture
(Kristinn et al., 2021).

To develop more sustainable future, environmental threats such as
pollution, climate change, and biodiversity must be addressed. Specifi-
cally, it is estimated that by 2050, the need for food production will in-
crease by 5.1 billion tonnes (FAO, 2017; Willett et al., 2019). Given that
agricultural ecosystems are the primary food providers, this will put tre-
mendous stress on them. Every year, approximately 90 billion tons of
primary resources are extracted and used worldwide, while 10 % of
them are being recycled. Furthermore, farming accounts for about
70 % of global freshwater withdrawals and for approximately 31 % of
GHGs emissions, making farming a significant contributor to climate
change (Aznar-Sánchez et al., 2020; Ferrari Machado et al., 2021). Be-
sides that, according to Circle Economy data in 2019, agriculture,
along with the food sector, had the second largest material footprint
with 21.3 billion tons and a carbon footprint of 10 billion tons of CO2

equivalent (eq.), ranking third after transportation and housing
(Circle Economy, 2019; Velasco-Muñoz et al., 2022). Agricultural inten-
sification has also been driven by increased use of chemical fertilizers,
which has eroded the quality of farming land. Mainly due to accumula-
tion and losses of nitrogen, phosphorus and metals (Golia et al., 2009),
that pollute water bodies, reduce soil functions and soil biodiversity (De
Vries et al., 2022). Chemical fertilizers use increased from about 12 mil-
lion tons in 1961 to more than 110 million tons by 2018. By now, the
use of nitrogen and phosphorus, exceeds planetary boundaries by a fac-
tor of two (Steffen et al., 2015; Springmann et al., 2018; CEAT, 2021)
illustrating the huge challenge of improving sustainability in the farm-
ing sector, taking into account that most imminent nitrate and ammonia
pollution.
nic fertilizer market size in 2020 a
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1.1. The use of fertilizers in farming

Fertilizers are a major expense for farmers. Traditionally, fertilizers
have been responsible for approximately 35 % of maize and wheat produc-
tion costs, and nearly 15–20 % of rice production costs. Worldwide
fertilizer rates are influenced by the balance of both supply and demand,
which is supported by production costs. Prices are also affected by agricul-
tural seasonality and the timing of fertilizer purchases throughout the year
(Baffes and Koh, 2021; Mangisoni, 2021). Fertilizers price variation
through the year is closely related to the cropping cycle, with high prices
just before harvest andmuch lower prices just after harvest especially in re-
mote areas, due to increased transportation costs during the rainy season
(Cedrez et al., 2020). Since the beginning of 2022, fertilizers prices have in-
creased by almost 30%, following the 80% increase of 2021. Prices are ris-
ing as a result many factors, including but not limited to: (i) increased
resources costs, (ii) supply interruption caused by sanctions from Russian
taking into consideration that the country is the leading exporter of fertil-
izers, and (iii) the trade restrictions taking place in China which postponed
exports of fertilizers to ensure domestic availability (Nyondo et al., 2021;
USDA, 2022). According to the World Bank (2020), the global fertilizer
market in 2021 amounted to more than 193 billion US dollars, signifying
a 12 % increase over 2020. The fertilizer market is expected to exceed
240 billion US dollars by 2030 (Fig. 1).

Specifically, according to Research Dive Analysis Report (2022) the
global fertilizer market is expected to garner a revenue of $252 billion be-
tween 2022 and 2030, rising from $195 billion in 2021, at a health com-
pound annual rate of growth (CAGR) of 3.6 %. Regarding the type of
fertilizer, in 2021, the global inorganic fertilizer market had leading market
share and is estimated to produce revenue of $230 billion by 2030, increas-
ing from $172 billion in 2021. The dry fertilizer sub-segment is foreseen to
dominate the market and generate a revenue of $202 billion by 2030, grow-
ing from $152 billion in 2021 with a CAGR of 3.3 %. Based on application
the agriculture sub-segment is anticipated to have a leading market share
and produce a revenue of $110 billion by 2030, rising from $83 billion in
2021. Finally, the analysis shows that themarket for fertilizer in Asia- Pacific
is the most dominant and fastest growing. The Asia–Pacific fertilizer market
accounted $99 billion in 2021 and is estimated to growwith CAGR of 3.8%.

According to FAO (2019) maize, wheat, and rice account for more than
half of all harvested land on Earth. Specifically, maize is the most produced
nd 2021, with a forecast for 2030 (Statista, 2022).
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crop globally with an average yield of 1.1 billion tons/yr, followed by
wheat and rice, amounting to 765 and 755, million tons, respectively. A bil-
lion tons of their production is used for human consumption products, 750
million tons end up as animal feedwhile the remaining amount is processed
for industrial use or wasted. Specifically for wheat alone, 65 % of its pro-
duction is used for human consumption, 17 % from animal feed and 12 %
for biofuels production or other uses. Furthermore, rice is the crop with
the biggest contribution to food staple (Shiferaw et al., 2011; FAO, 2019;
Ritchie et al., 2022). IFA (2022) indicating that cereal crops accounted
for 59 % of global fertilizer N consumption in 2018. Maize receives the
most N fertilizers, accounting for 20 % of total global use, followed by
wheat 18 % and rice 16 %. Due to the fact that soybeans remove N from
the atmosphere, its contribution to global N consumption is minimal, less
than 2%. Furthermore, oil cropsmake a minor contribution to global N fer-
tilizer consumption approximately up to 7 %. The remaining amount is
shared between fibre crops such as cotton, sugar, roots and tubers (10 %),
fruits and vegetables (12 %), grassland and other crops (10 %) (Fig. 2).

Fig. 3 shows the worldwide trend for the four main fertilizer consuming
crops (maize, wheat, soybean, and rise) for 2010, 2014 and 2018. In 2014
57.3 Mt. N applied to cereals accounting 55.9 % of world fertilizer N con-
sumption. Wheat was the main crop receiving N fertilizers, accounting
18.2 % of global use, followed by maize with 17.8 % and rice with
15.2 %. Overall, crop shares of total fertilizer consumption in 2018 re-
mained similar to those reported in 2014, with cereals accounting for
59 % of global N consumption. However, in 2018 the main crop receiving
the highest amount of N fertilizers was maize accounting for 20 % of total
global use. The change in the main crops share of global N fertilizer con-
sumption reveals the changes in the world's crop area over the last decade.
In 2018, global maize area increased by about 30 million ha (18 %) over
2010, while soybean area increased by nearly 22 million ha (21 %). Con-
versely, rice area increased by only 5 million ha (3 %), while total wheat
area remained relatively unchanged (IFA, 2022). This is mostly due to the
fact that maize and soybean growing as globally used, traded feed and en-
ergy commodities. Rice, on the other hand, is cultivated and consumed pri-
marily for human consumption, with only about 10 % traded and used for
energy production.
Fig. 2. Global N fertilizer (%) use by d
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1.2. Reducing nitrogen losses from fertilizer use

Reducing nitrogen (N) losses from inorganic fertilizers in soils is one of
the major goals in agriculture (Navarro-Pedreño et al., 1996a) while
diminishing the use of inorganic fertilizers and promoting the addition of
organic residues as a source of N for plant nutritionwould be a desirable ob-
jective for sustainable agriculture. The Farm to Fork Strategy of the
European Union (EU) urges Member States to reduce nutrient losses by at
least 50 % and the use of fertilizers by 20 %, as well as to achieve 25 %
of agricultural land use for organic farming by 2030 (EC, 2020). To bring
about the change, Farm to Fork Strategy proposes the use of organic
waste as renewable fertilizers. This practice can becomewidespread sooner
rather than later as common agricultural policy strategic plans (CAP) can
significantly contribute to themitigation of adverse environmental burdens
due to the use of inorganic fertilizers like soil toxicity (EURegulation 2021/
2115).

Although crop yield has increased worldwide from 1,100,750 tons per
hectare in 2019 to 1,114,524 tons per hectare in 2021 (FAOSTAT, 2021,
2023), it is estimated that by 2050, crop yields will decrease by 6 to 13 %
(Brunelle et al., 2015). Moreover, efficient use of N in EU agriculture is
low (60 %), so agroecological practices that reduce N releases are vital
(De Vries et al., 2022; Brunelle et al., 2015; Mosier et al., 2001). Excess nu-
trients applied to soil can lead to undesirable impacts, including economic
loss due to an increased resources consumption, a crop yield reduction,
unbalancing the nitrogen cycle that is associated with ecosystem eutrophi-
cation and acidification, soil degradation, N leaching, and Greenhouse gas-
ses (GHGs) emissions (N2O) contributing to climate change (Galloway
et al., 2008; Golia et al., 2009; Herrero et al., 2010; Zhang et al., 2013;
Sainju et al., 2017; Sainju et al., 2019; Anas et al., 2020; De Vries et al.,
2022; Naz et al., 2022). Nitrogen plays a crucial role in agricultural crops
and constitutes a key nutrient to sustain crop yields due to its involvement
in biomass production (Sainju et al., 2019; Anas et al., 2020). Therefore, N
fertilizers are increasingly utilized in farming to enhance crop quality and
yield. In fact, some authors consider inorganic fertilizer application rate
higher than necessary (Zipori et al., 2020). However, each season crop up-
takes only 40–50 % of N available by organic or inorganic sources (Mosier
ifferent types of crops (IFA, 2022).



Fig. 3. Changes in the relative shares (%) of global N fertilizer consumption for the top four fertilizer consuming crops during 2010 to 2018 (IFA, 2022).
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et al., 2001). Furthermore, nutrients in organic residue elemental composi-
tion have different solubility index (Oliver and Gregory, 2015; Cavalli et al.,
2018; Jamroz et al., 2020), which hinders predicting the amount and time
they will be available (Foereid, 2019). Therefore, it is key to ensure that nu-
trient release during organic residue decomposition is synchronized with
crop nutrient requirements (Parr and Colacicco, 1987; De Vries et al.,
2022).

1.3. Organic farming

In the EU alone, in 2014 only 38% of N fertilizer input was provided by
manure waste, and 45 % by mineral fertilizers (EU Eurostat, 2020). N con-
tribution from sewage sludge, compost and industrial waste is insignificant
and there is no data from other organic residue provisions (EU Eurostat,
2017). The cycling and supply of nutrients to support crop growth is essen-
tial and often a main focus of farm management practices (Gliessman,
2007). Mineralization of added biomass regulates the nutrient release and
supply to crops as well as carbon dioxide (CO2) emissions into the atmo-
sphere (Guntiñas et al., 2012). Sustainable and organic farming requires
the return of nutrients, organic matter and other resources removed from
the soil through harvesting by the recycling, regeneration and addition of
organic materials and nutrients (IFOAM, 2014).

In 2019, there were 72.3 million hectares of organic agricultural land
worldwide, and 1.5 % of agricultural land is organic. Global organic food
sales heading towards the 110 billion euros in 2019. The top market was
the United States (44.7 billion euros), the European Union (41.4 billion
euros) and China (8.5 billion euros). Per capita global consumption is
14.0 euros, getting the highest data in Denmark (344 euros) (Willer et al.,
2021). In 2018, there were 13 million hectares of organic farming for EU-
27. Although it only represents 8 % of the total EU agricultural surface, be-
tween 2012 and 2018, sustainable farming has increased significantly by
3.5million hectares (EUEurostat, 2020). Curiously, in 2020, the use ofmin-
eral nitrogenous fertilizers for European crops remains on a high level too
(6.9 % more than in 2010), as 10 million tonnes were needed to cover
the demand of the market. However, the geopolitical context has increased
nitrogenous fertilizer prices, associated with high costs of energy produc-
tion (EU Eurostat, 2022). Brunelle et al. (2015) estimated a fertilizer price
increase of 0.8 % to 3.6 % per year from 2005 to 2050. Although a reduc-
tion in crop farming fertilizer consumption is expected, currently, 6.5 %
4

of raw materials costs are related with fertilizers and soil improvers (EU
Eurostat, 2020). This trend could be enhanced by replacing synthetic fertil-
izers with organic ones. Organic fertilizers are carbon-based mixtures that
raise the growth and productivity of crops (Organic Facts, 2017). Organic
nutrients are steadily and slowly released, avoiding the possibility of a
boom-and-bust cycle. Moreover, organic matter is increased, strengthens
the structure, and inhibits topsoil erosion while being comparatively less
expensive (Martey, 2018). Additionally, the air circulation as well as soil
drainage could also be improved (Pramanik et al., 2007; Sisay and Sisay,
2019; Kandpal, 2021). Organic farming, which primarily depends on or-
ganic compounds rather than inorganic fertilizers, is becoming more prom-
inent among both the research community and consumers (Chen et al.,
2014). Organic fertilizers with high efficiency could significantly raise
crop production without depleting soil structure, making their use benefi-
cial to both food supply and environmental preservation (Cen et al.,
2020). Organic fertilizers value should be measured on the basis of its
yield contribution (Parr and Colacicco, 1987) and of its rate of efficient nu-
trient input.

1.4. Circular economy and nitrogen management

Therefore, in order tominimize natural resources overconsumption and
restore environmental impacts, there is an imperative need to reshape the
existing economic model of “take-make-use-dispose” towards a new one
that will focus on “prevention-reuse-remake-recycle” (CEAT, 2021). In
this context, the circular economy model is a promising approach for keep-
ing natural resources, providing sustainable, restorative, and regenerative
agriculture in the existing context of resource insufficiency, climate change,
environmental pollution, and rising food demand (Kuisma and Kahiluoto,
2017; Stegmann et al., 2020; Velasco-Muñoz et al., 2021). Referring to
the farming sector, circular agriculture is a principle that promotes the
long-term use of existing agricultural inputs and products, serving as a driv-
ing force in the future agrifood system (Vasa et al., 2017).

Circularizing agriculture is based on three key aspects to be taken into
consideration. Firstly, the efficient use of inputs and prevents wastage, sec-
ondly, the promotion of environmental, economic and social sustainability
and thirdly the regeneration of systems that enable the closure of nutrient
loops and minimize outputs (Zabaniotou et al., 2015; Burgo-Bencomo
et al., 2019; Morseletto, 2020; Velasco-Muñoz et al., 2022). Circular
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economy in the farming sector could be seen as an economic growth driver,
as a business strategy plan, or a multi-layered sustainability action (Noya
et al., 2017; McCarthy et al., 2019; Nattassha et al., 2020).

In order to enhance the circular economy in the agriculture/farming sec-
tor, all stages of the food chain, including growing to consuming and
disposing, should be designed to take into consideration sustainable devel-
opment by default (Kristinn et al., 2021). The combination of mixed crop-
livestock, as well as the promotion of organic farming and water recycling,
is a critical element of a circular agriculture model, aiming at the reduction
of CO2 emissions and the efficient use of natural resources (Huybrechts
et al., 2018; Velasco-Muñoz et al., 2022). Furthermore, emphasis should
be given to the promotion of a comprehensive set of policies and strategies
that will focus on the investigation of technologies and research for circular
farming, to strengthen institutions and incentives for the adoption of circular
economy, and to enhance international cooperation (Kristinn et al., 2021).

Circular farming is divided in two different cycles, the biological and the
technical (Figs. 4a, b). The biological cycle recovers value from waste in
order to convert it into new valuable products that aid crop production,
food processing, and energy production. The technical cycle applies to
farming technologies by promoting the preserve, return, renew and reuse
technologies that increase farming efficiency while reducing waste and
cost (CEAT, 2021).

The concept of circular farming economy is not a new innovative con-
cept, taking into consideration that it was extensively used from pre-
industrial societies. However, it has been side-lined by modern intensive
farming practices that prioritize profit over environmental protection. As
mentioned above, the circular economy model is already successfully im-
plemented in farming practices such as: (i) the conversion of biological
waste including agricultural stalks and leaves, as well as livestock manure,
into fertilizers rich in Nitrogen, Phosphorus and Potassium (NPK); (ii) the
wastewater reuse, arising from animal production and irrigation runoff,
which can be reused for pastures and plant production after their treatment;
(iii) the use of the produced biomass from plant and animal in order to pro-
duce biofuels; and (iv) waste minimization through the promotion of 3R
strategies (reduce, reuse, recycle) (Patricio et al., 2018; Lüdeke-Freund
et al., 2019; McCarthy et al., 2019; Nattassha et al., 2020).

Application of organic wastes to soil and the use of technosols can
enhance food security, ecosystem services provision, cultivated land avail-
ability and human health (Anwar et al., 2015; Rodríguez-Espinosa et al.,
2021a; Rodríguez-Espinosa et al., 2021b). The Food and Agriculture Orga-
nization (FAO) of the United Nations (UN), defends organic soil nutrition
as a replacement of inorganic fertilization (FAO, 2017). Due to its high
   (a)                                          

Produc�on

Product

Use phaseReturn /
dissassembly

Technical
nutrients

Fig. 4. Technical and Biological Cycles in the Circular AgroFarming Economy: (a) Cir
products for consumption (Wautelet, 2018).
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nutrient content (Parr and Colacicco, 1987; Navarro-Pedreño et al.,
1996b; Rokia et al., 2014; Coull et al., 2021; Oueriemmi et al., 2021;
Rodríguez-Espinosa et al., 2023b) using organic wastewithout mineral sup-
plement can ensure crop yield (Hossain et al., 2017; Bendaly Labaied et al.,
2020; Pisciotta et al., 2021) and reduce available fractions of metals (Golia
et al., 2017). However, organic waste can entail hidden risk, related to
heavy metals and emerging contaminants content (FAO, 2022; Rodríguez-
Espinosa et al., 2023a).

Such initiatives are in line with the Sustainable Development Goals
(SDGs) of the UN and mitigation of Climate Change as the reduction of in-
organic fertilizers and the use of organic wastes contribute positively to the
circular economy and pollution control.

The positive impacts of organic agriculture on health, incomes, and the
environment are facilitated by its own well-defined standards and market-
based certification systems, which ensure premium prices for organic pro-
ducers. This has helped achieve high consumer awareness of its benefits
and increased consumer demand both in developed and in developing
countries. Most importantly, organic agriculture fosters gender equality as
it creates meaningful work, It offers economic opportunities; promotes
health; encourages biodiversity; and ensures equitable work This makes or-
ganic agriculture a crucial development strategy in the SDGs era, as its ben-
efits are not only sustainable, but most importantly, enhance the well-being
of humanity and that of the planet (Kristinn et al., 2021). With an emphasis
on SDGS, organic farming contributes directly or/and indirectly to all the
17 goals. Regarding SDG 1, Organic farming is an important anti-poverty
approach, particularly in rural areas, as it provides employment, lowers
input costs for small-scale farmers, and raises revenues by providing higher
prices for produce. Also improves farm biodiversity and resiliency in the
face of increasingly several extreme weather conditions. Concerning SDG
2, due to the fact that organic farming provide more diverse crop produc-
tion, the threat of significant losses caused by seasonal variations and
poor harvests, is reduced, enhancing food security. About SDG 3, the
chemical-free farming practices of organic farming could improve the
well-being of both farmers and consumers. By increasing women's employ-
ment opportunities and empowering them through additional income,
organic farming contribute to SDG 5. With regard to SDG 6 the minimiza-
tion of chemical fertilizer application and the proper soil management re-
duce runoff, as fertilizers that are not recovered by crops causes
eutrophication. Furthermore, groundwater pollution and salinization are
also limited. Organic farming is progressively practiced in urban areas
and endorses sustainable cities by food recycling and organic wastes
through composting that could be used in urban agriculture sector,
                             (b) 

Produc�on

Product

Use phase

Bio
degrada�on

Biological
Nutrients

Plants

cular technical cycle for products for services and (b) Circular Biological cycle for
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contributing both in SDG11 and 12. Concerning SDG 13, and given that ag-
riculture is becoming increasingly vulnerable to changes in environmental
conditions as a result of climate change, organic farming could provide so-
lutions by creating resilient productive bases while also offsetting the con-
sequences of climate change (UN, 2015).

Although there are differences between crops, plants uptake nitrogen in
soil mineral forms (except leguminous) and the availability of nitrogen
from wastes is subjected to the presence of inorganic forms (ammonium
and nitrate preferable) presented in the wastes or provide after a minerali-
zation process of the organic matter which is associated to the C/N ratio
(Jat et al., 2018). Mineralization process is subjected to several factors,
among others: environmental conditions and soil microbial biomass
(Spohn et al., 2016). At the same time, depending on the type of waste, lig-
nin and polyphenol content, temperature and soil moisture play a key role,
and the type of soil is another limiting factor that affects the mineralization
rates (Mafongoya et al., 1998; Deenik, 2006; Carranca et al., 2018; Taguas
et al., 2021). Moreover, the type of ecosystem management and land cover
significantly affected the mineralization of soil N (Gundersen et al., 2009).
For instance, using a leguminous cover cropping for crops that are fertilized
with pruning residue can ensure N availability (Pisciotta et al., 2021).

Under these conditions, it is necessary to understand local environment
and organic waste characteristics to reach good conditions that could favor
the release of inorganic nitrogen for crops. This process usually takes some
weeks and affects the easily decomposed organic matter coming from the
addition of wastes. However, we should note that lower N content crop res-
iduewould be incorporated into the soil, and higher N content and lowC/N
ratio crop residues can be placed on the soil surface to lower down the risk
of N losses and CO2 emissions as Jat et al. (2018) indicated for Vertisols.
Soil taxonomy orders influence chemical changes of elements due to its
physicochemical properties (Golia et al., 2018; Li et al., 2020).

The relation between nitrogenmineralization and immobilization is the
key to nitrogen cycle in the soil (Cabrera et al., 2005). The organic residues
applied to the soil undergo decomposition by microbial biomass and there
will be net N mineralization with release of inorganic N. However, we
should consider that if the amount of N from the organic waste is equal to
the amount required by soil biomass there will be no net mineralization.
On the other hand, if the amount of N present in the residue is smaller
than that required by the microbial biomass, additional inorganic N will
need to be immobilized from soil to complete the decomposition process
of organic matter (Corbeels et al., 1999a, 1999b).

For N mineralization, linear and nonlinear models have been used in
order to obtain data related to measure the increment of mineralization or
cumulative data. Initially, most of the experiments done to determine the
N mineralization have been typically performed under temperature and
water content conditions optimal or close to optimal for the mineralization
processes (Gordillo and Cabrera, 1997; Agomoh et al., 2018) and later con-
sidering other environmental factors like pH, soil type, soil management and
others (Deenik, 2006; Sierra and Desfontaines, 2018; Braos et al., 2020).

Although there are a lot of factors that can affect themineralization pro-
cess of the nitrogen from the use of organic wastes in soils, the application
of farming and organic wastes is part of the strategic zero waste action and
the circular economy. Moreover, the comparison between residues under
the same conditions to have in mind the possibility of providing inorganic
nitrogen for crops, should be analysed to help farmers make informed deci-
sions and sustain adequate yields. Themain objective of the current study is
to understand the nitrogen nutrition provided from organic wastes to
cropping systems, reviewing the state of the art and giving an example of
the possibilities of nitrogen fertilization available from common organic
wastes to promote sustainable farming management.

2. Materials and methods

2.1. State of the art

To analyze the state of the art related to nitrogen fertilization by using
organic wastes, the PRISMA method (Preferred Reporting Items for
6

Systematic Reviews and Meta-Analysis; www.prisma-statement.org) was
used (Fig. 5). The proposed literature was carried out in accordance with
the PRISMA process, which includes 27 routes and encompasses the well-
defined stages of a systematic review, such as eligibility criteria and related
information sources, strategy exploration, selection process, results and
data synthesis (Ortiz-Martínez et al., 2019; Voukkali and Zorpas, 2022).
The PRISMA 2020 checklist includes seven sections and topics (Title, Ab-
stract, Introduction, Methods, Results, Discussion, and Other Information)
and 27 sub criteria to be met.

Specifically the characteristics (inclusion criteria) that the article must
have in order for it to be eligible for enclosure in the literature review
cover: (i) research/papers/studies related with farming and circular econ-
omy, organic and inorganic fertilizers; (ii) articles published from 1990
since today, enabling for a space - time comparison of the numerous studies,
and also providing the opportunity for the latest data that reflects the cur-
rent existing situation; (iii) research mentioning comprehensive outcomes
and/or information/data (review papers) for an integrated approach of
the topic under study; (iv) methodical demonstration and synthesis of find-
ings; (v) records identified using the keywords chosen by the authors. One
the other hand, the characteristic (exclusion criteria) that disqualify the ar-
ticles from enclosure in the literature review include: (i) narrative reviews,
since those studies lack a sufficient scientific foundation; (ii) studies that
are not useful to the proposed research, articles that merge information
that is not exclusively related to the specific research; and (iii) available pa-
pers in languages other than English (iv) everything not included in the in-
clusion criteria.

For the literature review, the database of Scopus was preferred. As
Scopus database option search were “title, abstract, keywords” the follow-
ing keywords were used: *circular economy* AND *model* OR *farming*
AND *circular economy* OR *Inorganic fertilizer in farming*, OR *organic
fertilizer in farming*, OR *waste from farming*, OR *organic waste and
characterization* OR *nitrogen fertilizers*, OR, *N liberation*, OR *Miner-
alization process*. All authors participated in the literature review, in order
to implement measures to reduce random errors and bias during the re-
search process.

The process started with screening of the titles and the abstract for po-
tential inclusion, taking into account the mentioned criteria. In case of in-
consistencies as to whether a specific study/report/manuscript should be
included or excluded, these were resolved through extensive discussion
among the authors. The 162 references obtained by the Scopus were cross
checked with Mendeley software in order to identify any duplicated stud-
ies. Full papers were downloaded for further evaluation, when the review
team was unsure if a particular paper met or not the inclusion criteria.
The Authors collected and evaluated data from 10,388 papers linked to
the studied topic.

2.2. Selected residues

Following the strategy to promote sustainability in agriculture, several
organic residues were selected on the criteria of circular economy and
zero waste strategy. Their potential use to improve soil fertility, centred
in N supply, and also the possibility of forming part of formulated
technosols. These wastes were the following:

‐ Almond tree pruning (AP)
‐ Commercial brown peat (CP)
‐ Hay straw (HS)
‐ Olive tree (Olea europaea L.) pruning (OP)
‐ Pomegranate (Punica granatum L.) peel (PG)
‐ Pine (Pinus halepensis) needle fall (PN)
‐ Date palm (Phoenix dactylifera L.) leaf pruning (PP)
‐ Sewage sludge compost (SC)
‐ Vine (Vitis vinifera) pruning (VP)

The origin of these farming (pruning and harvesting) residues (AP, HS,
OP, PG, PN, PP and VP) was fromMediterranean agricultural areas close to

http://www.prisma-statement.org


Fig. 5. PRISMA 2020 flowchart for systematic reviews that involves searches of databases and registers exclusively.
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Elche (Alicante, Spain) and produced in their farming systems. The quanti-
ties of suchwaste produced in Spain and in other countries were studied by
Rodríguez-Espinosa et al. (2023b). The sewage sludge compost (SC) was
obtained from AspeWastewater Treatment Plant (Alicante, Spain). Domes-
tic wastewater undergoes preliminary treatment, primary treatment, sec-
ondary treatment and disinfection. Sludge is thickened, digested in an
aerobic environment and dewatered, removing water from the solids
using centrifuges. Finally, the remaining solids are composted (EPSAR,
2019). From gardening and forest areas, PP were obtained from Palm
Tree orchards of Elche and PNwere collected directly from the ground sur-
face in a nearby Pinus halepensis forest area.

2.3. Residue characterization

Water content (WC), organic matter (OM), total organic carbon (OC),
Kjeldahl nitrogen (N) and ammonium were determined according to the
standard procedures. All residueswere subjected to a previous conditioning
process consisting of air drying at room temperature inside a greenhouse
(reaching temperatures over 40 °C) for a month, shredded and sieved previ-
ously to the elemental analysis (2 mm).

After that, WC in the samples (five repetitions per each one) was deter-
mined by drying at 105 °C (AENOR, UNE-EN 13040, 2008), using a LED
digital drying and sterilization oven (J.P. SELECTA®, Conterm 2000253).
OC was determined by oxidation (Iglesias and Pérez, 1992; Puyuelo et al.,
2011) and OM was determined by loss on ignition at a temperature of
450 °C in amuffle furnace (Nabertherm, controller P320), expressed as per-
centage by weight of dry matter (AENOR, UNE-EN 13039, 2001).
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Mafongoya et al. (1998) recommended Kjeldahl method for analysis of
total N (except oxidized N) of organic materials. Samples (five repetitions
per each one) were digested in a bloc-digest 20 sample sites (P-Selecta
4000631) equipped with a temperature and time regulator (P-Selecta
4000051) and distilled by a Foss Kjeltec 2100 distilling unit (EN 13342:
2000; Jones, 2001; FAO, 2021; Doyeni et al., 2022). The ratio C/N was de-
termined by using the values obtained for OC and N.

2.4. Sceneries of mineralization of the organic residues

There are several methodologies and models employed to know the
mineralization of nitrogen in soils. Recently, Agomoh et al. (2018) pro-
posed a model to calculate net N mineralization from the cumulative
amounts of leached N for amended soil, measured as soil inorganic N con-
centration at time t and corrected for mineralization in the unamended
soil and for initial soil inorganic N concentration, and the cumulative net
N mineralized (%Nmin), or the percentage of manure organic N (Norg) min-
eralized between the start of the experiment and time t, was calculated as
depicted in Eq. (1):

%Nmin ¼
Nmin tð Þ
Norg

� �
� 100 ð1Þ

Other methods were proposed by Thuriès et al. (2001), Geisseler et al.
(2019), Armando Tamele et al. (2020) and Rakesh et al. (2021), among
others. However, in this work related to theN supply by organicwastes dur-
ing a cultivation period, it is used the approach given by Jat et al. (2018)
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who indicated that the net C mineralized from the added organic source
varied between 11.1 and 14.0 % among the crop residues used in
their work.

Although there are a lot of methods and the results are affected by the
experimental design and the environmental factors, including soil type as
a key factor, we assumed, based on the previous works, an expected miner-
alization of organic wastes under two sceneries for a cycle of cultivation
(approximately six months): 10 % and 15 % of organic matter mineralized.
This assumption was based on literature consultation and helps with the
comparison of the ability of those organic wastes to supply nitrogen for
plant nutrition. Similar percentages for the N mineralization presented in
organic matter (sceneries 1 and 2: 10 % and 15 %) are expected. However,
this should be considered as an approach to facilitate the comparison
because local conditions and characteristics of the different wastes
can vary.

Additionally, the influence of the ratio C/N in the organicwastes was in-
vestigated as it has an important role for mineralization. The potential ratio
C/N that favor the mineralization is around 20–30 as optimal to achieve
aerobic and anaerobic microbial metabolism and, below that, N release
for plan nutrition starts while a rapid mineralization will pass when this
ratio is around 10 (Thuriès et al., 2001; Puyuelo et al., 2011; Repullo
et al., 2012; Gomez-Muñoz et al., 2016). A limit for the comparison of the
availability of N for plants from organic wastes when the ratio C/N is
below 30 is assumed. Over this ratio, the mineralization of the waste
would need an additional source of N to mineralize effectively. This source
of N in cropping systems comes from the soil organic matter and the nitro-
gen fertilization.

Several nitrogen fertilizers are used for crops. Three of them were con-
sidered to compare the amount needed to add for some crops with the sup-
posed amount of the organic fertilization needed in order to achieve the
required nitrogen to supply to selected crops. These commercial fertilizers
were: ammonium sulfate (21 % of N) which is a soluble fertilizer used as
a source of S (24 % of S) and N (Powlson and Dawson, 2021); ammonium
nitrate (60 % of N) used as fertilizer as well as and urea fertilizer (46 % of
N), both important sources of N for crops (Furtado da Silva et al., 2020).

3. Results and discussion

3.1. Organic waste characterization

The characterization related to carbon and nitrogen in the organic resi-
dues analysed is presented in Table 1. Results are shown in fresh weight -f.
w.- (after drying at room temperature) and dry weight -d.w.- (after drying
at 105 °C). The processed materials (CP and SC) get the highest rates of
WC (527 and 260 g kg−1, respectively) even after a month of drying
them at room temperature. As soil moisture is a crucial factor for decompo-
sition of organic matter, particularly in dry climates (Rovira and Vallejo,
1997), the water content of the wastes is important for the mineralization.
The pruning and harvesting residues have WC (f.w.) content between 63
and 98 g kg−1 (OP and HS). Hence, with low water content, its addition
to the soil can even prevent nutrient leaching (Golabi et al., 2017). Organic
Table 1
Water content (WC) Organic matter (OM), organic carbon (OC), total nitrogen con-
tent and C/N ratio of the studied residues.

Residue WC
(g kg−1 f.w)

OM
(g kg−1 d.w.)

OC
(g kg−1 d.w.)

N
(g kg−1 d.w.)

C/N

AP 80 932 392 4.4 89
CP 527 910 409 8.0 51
HS 98 950 427 4.3 99
OP 63 941 395 7.2 55
PG 82 875 376 5.4 70
PN 90 919 414 5.4 77
PP 86 909 409 9.3 44
SC 260 590 266 22.6 12
VP 93 940 395 4.6 86
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residues are a good source of organic matter due to the high presence in
their composition, between 875 and 950 g kg−1 d.w., and SC has a low
rate of OM (590 g kg−1 d.w.). The last waste comes from the wastewater
treatment and the presence of organic matter is lower than the one of farm-
ing wastes. All of them can improve soil properties, carbon sequestration
and nutrient availability for crops (Papafilippaki et al., 2015; Gomez-
Muñoz et al., 2016; Golabi et al., 2017; Almendro-Candel et al., 2018;
Oueriemmi et al., 2021; Taguas et al., 2021). OC varied between 266 (SC)
to 427 g kg−1d.w. (HS), and this has influenced in the ratio C/N. All prun-
ing and harvesting residues showed low total N content (4.3–9.3 g kg−1 d.
w.). However, SC achieves 22.6 g kg−1 d.w., but its N content does not ex-
ceed the percentage of 2.5 % needed to promote nutrient mineralization as
Anguria et al. (2017) indicated. PP is the pruning residue that has the
highest total N content (9.3 g kg−1 d.w.) being the most beneficial rate
for decomposition.

The C/N ratio indicated that SC would have a trend to easily mineralize
whereas HS has the highest value. This can be reflected in the slow or null N
release and its availability for crops. Notwithstanding, it is important to re-
member that farming managing systems is the key for the adequate use of
all of these organic wastes.

3.2. Major crops and N demand

The selected crops and their nitrogen demand are presented in Table 2.
This provides previous research findings into foreseeable N demand
(kg ha−1) of the listed crops. It can be seen that sugarcane and cereals re-
quire a large proportion of N to ensure crop yield (200–300 and
100–300 kg ha−1, respectively) followed by vegetables and fruit trees. Cu-
riously, Wang et al. (2022) considered that N application of more than 300
(kg ha−1) can be excessive and trigger a reduction on soil N availability and
microbial activity. Moreover, Navarro-Pedreño et al. (1996a) demonstrated
that this excess of nitrogen added to farming systems in Mediterranean en-
vironments, can be a source of nitrogen pollution and increase the cost of
the farming systems without increment of the yield.

3.3. N mineralization from residues and amount of residue needed for meeting N
demand

This work provides the N mineralization (Nmin) from organic residues
within the framework of two expected sceneries: 10 % and 15 % of organic
matter mineralized, as stated in Section 2. Data from Table 3 were calcu-
lated relying on 10 % of mineralization and Table 4 on 15 %. The amounts
were expressed in kilograms of residues needed per hectare to supply Nmin

requirements of crops (Table 2) considering their moisture (after drying at
room temperature, f.w.). Theminor value of N demand of each type of crop
presented in Table 2 for each crop was used in order to prevent excessive N
input, as stated before (Wang et al., 2022).

From both tables (Tables 3 and 4), a large quantity of residues per
hectare is needed formost of the crops andwastes. As expected, the number
of residues in Table 4 is higher than those obtained in Table 3. SC and PP
are the residues that can be applied to a lesser extent to meet N demand
of crops. It is worth mentioning that these amounts of residues are calcu-
lated for N supply (assuming the rate of mineralization and that all nitrogen
should be supplied by organic wastes), one of the most present nutrients in
organic residues.
Table 2
Selected crops and nitrogen demand expected based on the literature review.

Crop type N demand (kg ha−1) Reference

Cereals 100–300 Lloyd et al., 1997
Fruits/tree nuts 110 IFA, 2022
Mature fruit trees 108 Carranca et al., 2018
Roots/tubers 65 IFA, 2022
Sugarcane 200–300 Furtado da Silva et al., 2020
Tomato and bean 60–100 Ganeshamurthy et al., 2022
Vegetables 190 IFA, 2022



Table 3
Scenery 1: 10 % of N mineralization (Nmin) and amount of each residue needed for meeting the N demand of crops.

N min

(g kg−1 d.wa)
Cereals
(tons ha−1 f.wb)

Fruits/tree nuts
(tons ha−1 f.w)

Mature fruit trees
(tons ha−1 f.w)

Roots/tubers
(tons ha−1 f.w)

Sugarcane
(tons ha−1 f.w)

Tomato, bean
(tons ha−1 f.w)

Vegetables
(tons ha−1 f.w)

AP 0.44 247.04 271.74 266.80 160.57 494.07 148.22 469.37
CP 0.80 264.27 290.70 285.41 171.78 528.54 158.56 502.11
HS 0.43 257.83 283.61 278.45 167.59 515.65 154.70 489.87
OP 0.72 148.23 163.05 160.09 96.35 296.45 88.94 281.63
PG 0.54 201.73 221.90 217.87 131.12 403.45 121.04 383.28
PN 0.54 203.50 223.85 219.78 132.28 407.00 122.10 386.65
PP 0.93 117.64 129.41 127.06 76.47 235.29 70.59 223.52
SC 2.26 59.79 65.77 64.58 38.87 119.59 35.88 113.61
VP 00.46 239.68 263.65 258.856 155.79 479.36 143.81 455.40

a d.w: dry weight.
b f.w: fresh weight.
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Being aware of the logistical and environmental challenge handling
huge amounts of organic residues, a more realistic and practical approach
is advisable. To ensure quality and crop yield authors suggest combining or-
ganic with synthetic fertilization (Parr and Colacicco, 1987; Chatzistathis
et al., 2021; Wang et al., 2022). Wang et al. (2022) concluded that organic
and inorganic based fertilization plans can increase soil N availability by ac-
celerating soil organic N mineralization and a N input of 150 kg ha−1 can
be favorable formost of the crops. In addition, farms that only use inorganic
fertilizers and in short supply of organic waste undergo soil organic carbon
and N reduction and soil degradation (Hasnat et al., 2022). In this sense, a
combined fertilization considering the positive effects of organic residues
joined to a controlled inorganic fertilization would achieve good yields
and avoid the negative impact of the only use of inorganic fertilizers.

Moreover, both fertilization materials have advantages and disadvan-
tages. Inorganic fertilizers are fuel-based sources and can lead to environ-
mental pollution, soil degradation and reduction of soil microorganisms'
activity, including an important carbon footprint for their production and
transport. Despite this, the main benefit of using inorganic fertilizers is
the immediate provision of nutrients of high mineralization rate that en-
hance crop yield. Whereas organic residues application enhances ecosys-
tem sustainability, circular economy strategy, soil properties and fertility,
and microorganism's biomass. However, organic residues have contamina-
tion drawbacks, but the main inconvenience is short-term nutrient avail-
ability (Chatzistathis et al., 2021; Rodríguez-Espinosa et al., 2023a). One
of the major challenges of using combined organic and inorganic fertiliza-
tion is the synchronization of nutrients demand of each crop along its life
cycle with input application. This is even more difficult when only organic
fertilization is used. However, an adequate study of the soils and the envi-
ronmental conditions can help to understand the mineralization rate and
promote the use of a sustainable soil management in farming systems.

Considering the requirements of nitrogen nutrition as stated in Table 2,
Table 5 provides the amount of each inorganic fertilizer (mentioned before)
needed for crops. In this case, the amount that would be applied is lower
than the amount of organic fertilizers needed.

Considering 150 kg ha−1 of N input as the optimum demand, it was
found a contrast between the amounts of urea fertilizer needed with the
Table 4
Scenery 2: 15 % of N mineralization (Nmin) and amount of each residue needed for mee

Nmin

(g kg−1 d.wa)
Cereals
(tons ha−1 f.wb)

Fruits/tree nuts
(tons ha−1 f.w)

Mature fruit trees
(tons ha−1 f.w)

AP 0.29 370.55 407.61 400.20
CP 0.53 396.41 436.05 428.12
HS 0.29 386.74 425.41 417.68
OP 0.48 222.34 244.58 240.13
PG 0.36 302.59 332.85 326.80
PN 0.36 305.25 335.78 329.67
PP 0.62 176.47 194.11 190.58
SC 1.51 89.69 98.66 96.87
VP 0.31 359.52 395.48 388.28

a d.w: dry weight.
b f.w: fresh weight.
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kilograms of organic residue that should be applied. The amount of pruning
and harvesting residue (farming wastes) must be applied, approximately,
between 400 and 1000 times more than urea fertilizer. SC and CP have to
be applied 200 and 600 times more, respectively.

3.4. Ratio C/N

As stated before, the C/N ratio is a crucial factor in the success of Nmin-
eralization from organic residue and can be considered as a quality indica-
tor of organic inputs (Parr and Colacicco, 1987; Mafongoya et al., 1998).
Hence proper quantity and quality of organic residue is needed for ensuring
N supply (Wingeyer, 2007). In Table 1, the C/N ratio of those organic resi-
dues studied is shown. SC is the one with the lowest C/N ratio (12) since it
has proportionally the highest total N content (22.6 g kg−1 d.w), so it is the
most favorable residue for enhancing mineralization. The pruning and
harvesting residues obtain a C/N ratio between 44 and 99 (PP and HS, re-
spectively), that is above the optimum C/N ratio. CP gets a C/N ratio of
51, similar to the one obtained by PP or OP. Our findings (Table 1) are con-
sistent with those obtained by previous studies (Table 6).

Non-manure animal wastes, animal manures, compost, sewage sludge
and municipal solid wastes are low C/N ratio wastes (1–17 or 29) and
have high total nitrogen content, reaching 156 g kg−1 in non-manure
animal wastes (Table 6). These are considered high quality organic inputs
because they can release nutrients rapidly. However, they can become an
environmental pollution source due to heavy metal and N content and
leaching (Mafongoya et al., 1998; Wingeyer, 2007; Anwar et al., 2015;
Chojnacka et al., 2022; Rodríguez-Espinosa et al., 2023a). On the other
hand, pruning residues achieve a higher C/N ratio (43.9–139) and low
total N content (Table 6).

Consequences of applying pruning residue to soil, with high C/N ratio
(Tables 1 and 6), are N immobilization and a depletion of N available in
soil (Gomez-Muñoz et al., 2016; Carranca et al., 2018). Residue C/N initial
ratio can increase during the decomposition process as concluded by
Cavalli et al. (2018) which maize straw C/N ratio changed from 51 to 68.
However, Yilmaz et al. (2017) did not obtain a N depletion after vine prun-
ing addition. Authors agree pruning residue decomposition process is slow
ting the N demand of crops.

Roots/tubers
(tons ha−1 f.w)

Sugarcane
(tons ha−1 f.w)

Tomato, bean
(tons ha−1 f.w)

Vegetables
(tons ha−1 f.w)

240.86 741.11 222.33 704.05
257.66 792.81 237.84 753.17
251.38 773.48 232.04 734.80
144.52 444.68 133.40 422.45
196.68 605.18 181.55 574.92
198.41 610.50 183.15 579.98
114.70 352.93 105.88 335.29
58.30 179.38 53.82 170.41

233.69 719.05 215.71 683.09



Table 5
Amount of each commercial fertilizer (expressed as kg ha−1) needed for supplying the N demand of the selected crops.

Cereals Fruits/tree nuts Mature fruit trees Roots/tubers Sugarcane Tomato and bean Vegetables

Ammonium sulphate 476 524 514 310 952 286 905
Ammonium nitrate 167 183 180 108 333 100 317
Urea fertilizer 217 239 235 141 435 130 413
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and can have a long-term nutrient contribution for crops (Repullo et al.,
2012; Gomez-Muñoz et al., 2016; Carranca et al., 2018; Cavalli et al.,
2018; Pisciotta et al., 2021).

Recommendations based on N content and C/N ratio of pruning resi-
dues are that its application needs to complement with other sources of
nitrogen that can be inorganic fertilizers or organic fertilizers with a low
C/N ratio. The last combination could be the most useful as a sustainable
strategy based on a circular economy.

3.5. Cost saving and organic fertilizer

Fig. 6 shows the price variance for the main inorganic fertilizers for
2015–2021 and a forecast to 2035. Urea cost 229 U.S. dollars per metric
ton in 2020, 275 in 2024, and 330 in 2035. In 2020, phosphate rock cost
76 $/metric ton. By 2035, it is expected to cost 130 $/ton. Triple super-
phosphate (TSP) was 265 $/metric ton in 2020 and expected to reach
400 $/metric ton by 2035. In 2020, diammonium phosphate (DAP) cost
312 U$/metric ton, with a 2035 prediction of 450 U$. In 2020, potassium
chloride cost 218 dollars per metric ton. By 2035, it will cost 300 dollars.

As mentioned, crop productivity-boosting inorganic fertilizers are now
a major environmental issue (Serpil, 2012; Kumar et al., 2019). Fertilizer
use is becoming counterproductive as long-term inorganic fertilizer use
may harm crops and plants since chemical-based water-soluble fertilizer
leaches, starving the soil (Manivannan et al., 2009; Schulz and Glaser,
2012; Lim et al., 2015; Kandpal, 2021). While farming relies more on or-
ganic fertilizers due to rising fertilizer prices, organic fertilizer's economic
benefits are still unclear.

Over time, organic fertilizers may be worth the extra cost as they can
improve soil after crops absorb nutrients while longer feeding improves
soil texture and composition. Inorganic fertilizers are cheaper but add
fewer nutrients over time (Gopinath and Mina, 2011; Loncaric et al.,
2013; Cen et al., 2020). Martey (2018) illustrated that organic fertilizer
users produce and earn more than inorganic fertilizer producers as produc-
tivity boosts crop income. Organic matter from green and animal manure
increases crop yield over time since organic fertilizer reduces soil
Table 6
Organic carbon (OC), total nitrogen content (N) and C/N ratio of waste (g kg−1).

Waste OC
(g kg−1)

N (g kg−1) C/N References

Animal manures – 11.4–117.6 13–29 Parr and Colacicco, 1987
379 22 17 Thuriès et al., 2001
376 61 6

Compost 122.3 13.3 9.2 Pascual et al., 1997
Fruit waste – 7–19 35 Parr and Colacicco, 1987
Maize straw – – 51–68 Cavalli et al., 2018
Municipal solid waste 225.8 16.4 13.8 Pascual et al., 1997
Non-manure animal
wastes

– 10–140 3–5 Parr and Colacicco, 1987
545 146 4 Thuriès et al., 2001
471 152 3
175 156 1

Pruning residue (olive) 462 10.6 43.9 Gomez-Muñoz et al., 2016
Sewage sludge 393.5 53.1 7.4 Pascual et al., 1997

396 47.3 – Nicolás et al., 2012
Tress (leaves) – 5–15.1 40–80 Parr and Colacicco, 1987
Tress (leaf and litter) – – 10–32 Mafongoya et al., 1998
Vegetable residues – 16–37 11–27 Parr and Colacicco, 1987
Vine pruning residue 543 3.9 139 Yilmaz et al., 2017

503 11 – Nicolás et al., 2012
Wheat straw – 2.1–9.4 80–130 Parr and Colacicco, 1987
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degradation and evapotranspiration. Lal (2006) found that root zone soil
organic matter greatly increases crop yield. Profitability analysis shows or-
ganic fertilizer increases productivity, harvest income, and average annual
net returns. Loncaric et al. (2013) found that soil fertility strongly impacts
organic fertilization. Added to the fact that organic fertilization could
solve agricultural issues like manure, crop yield, soil fertility, manure is
46 % cheaper than inorganic fertilizers which directly affect farmers' costs
and savings. Massive, automated plants produce millions of tons of inor-
ganic fertilizers while on the contrary, organic fertilizers are made locally.
Thus, organic fertilizer production creates jobs, especially in rural areas
with few options. Still, some cost implications still need to be tackled like
the fact that machinery and equipment costs make organic-inorganic fertil-
ization 13–39 % more expensive than mineral fertilization.

3.6. Circular Economy transition of the farming sector

Considering the need to transition to a new economic model that ex-
tends product life cycles, several researchers have examined the potential
of integrating the circular economy into the agriculture sector (Sartore
et al., 2018; Maestre-Valero et al., 2019; Aznar-Sánchez et al., 2020;
Maquet, 2020; Suresh and Samuel, 2020; Timonen et al., 2021; Velasco-
Muñoz et al., 2022). To improve circular economy in the farm sector,
three fundamental principles must be followed: (i) efficient resource use
and process optimization that minimizes resource use and prevents waste;
(ii) long-term economic and environmental sustainability; (iii) and regener-
ative systems that close nutrient cycles and reduce leaking (Morseletto,
2020; Velasco-Muñoz et al., 2022). Eliminating waste and pollution im-
proves system efficiency (Ellen MacArthur Foundation, 2015). The second
principle of “keeping products and materials in use” suggests maximizing
product and by-product quality throughout the supply chain. Finally, re-
placing scarce inputs with renewable resources in “regenerating natural
systems” improves ecosystems (Ellen MacArthur Foundation, 2019a).

With the same philosophy, the “organic farming action plan”, proposed
by the EC under the EUGreen Deal for the expansion of organic production,
is an ambitious strategy with the aim to transform organic farming to a
more sustainable farming practice that respects the three pillars of sustain-
able development and therefore enablemeeting the SDGs (El Chami, 2020).
The plan's main target is to have at least 25 % of EU agricultural land under
organic farming and a significant increase in organic aquaculture by 2030.
To meet this goal and support the organics sector the strategy includes fi-
nancial support for organics through rural development commitments.
The EU intends to invest at least 30 % of its budget to research and innova-
tion acts in agribusiness that is specific to or relevant to the organic sector.
Elevated crop yields, genetic diversity are examples of such challenges. Fur-
thermore, technical support and the exchange of evidence - based practices
and advancements will provided (EU Green Deal, 2019).

Resource scarcity, environmental damage, and uncontrolled waste pro-
duction are changing the circular economymodel while processes and con-
sumption patterns must be altered for a smooth integration of the model
into the farming sector (Ghisellini et al., 2016; Ghisellini and Ulgiati,
2020; IPCC, 2021; van Langen et al., 2021; Rótolo et al., 2022a, 2022b).
Only 2 % of usable resources are returned to farming for reuse, and 98 %
become environmental pollutants and waste, deeming the use of a circular
economy model of outmost importance (Ellen MacArthur Foundation,
2019a, 2019b). Circular economy principles in agriculture could boost
GDP by 0.1 % by 2030 and create over 100,000 jobs, according to the EU
alone (European Commission, 2018). Farmers may profit 3000€/hectare
from circularity while simultaneously reducing pollution and adverse



Fig. 6. Price inorganic fertilizers from 2015 to 2021 to 2035 (in U.S. dollars per metric ton) (Statista, 2022).
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effects of linear production processes (i.e. soil toxicity, GHGs emissions,
human health implications etc.) (Ellen MacArthur Foundation, 2021;
Velasco-Muñoz et al., 2022).

Reusing and recycling farming waste can boost local economies and re-
duce environmental damage. Since these wastes are unavoidable, farms
would benefit economically and environmentally. Additionally, animal di-
gestion produces biomass, biofuel, and manure-based organic fertilizer
while reducing greenhouse gases and improves soil fertility. Barros et al.
(2020) found that recycling and reusing agricultural waste could improve
industrial symbiosis. Farm or cooperative components that circulate can
boost profits and reduce environmental impact. Simultaneously, farming
waste makes biofertilizer biochar which has the ability to boost fertility,
climate resilience, and profitability (Yrjälä et al., 2022). Khan and Ali
(2022) found that Circular bio-based Europe (CBE), which combines
circular economy and bio economy, is becoming more and more popular
concerning aspects of food security and sustainable development. Sustain-
able biomass, increased product life cycle, waste reuse, biofuels and
bioenergy, composting, and recycling are CBE's goals (Armanda et al.,
2019; Stegmann et al., 2020). At the same time, composting had the
greatest market potential while bio-fertilizers are cost-effective and
should be used more. Lastly, concerning anaerobic digestion has addi-
tional benefits to environmental impact mitigation but uses less farming
waste as a feed.

Sekabira et al. (2021) noted the CBE model in an African Farming Sys-
tem study. In their study, the authors mention that after urban consump-
tion, organic waste could collect, recycle, and return to rural areas for
reuse on farms. Urban organic waste can be recycled and used on farms
since reusing organic waste closes nutrient loops, recharges soil nutrients,
and adds organic matter for sustainable productivity (van der Wiel et al.,
2019). However, the benefits from CBE approach will only be apparent
when there is effective coordination between producers and consumers.
Therefore, it would definitely be useful to emphasize on families that are
strongly dependent on agriculture as a market for compost and livestock
supplies as well as customers as a marketplace for CBE foods.

Precision farmmonitoring technologies, which have becomemore com-
mon in the past 30 years, can precisely change input rates regionally, ac-
cording to Basso et al. (2021). Research has shown that integrating a
package of digital agriculture techniques to settle spatial and temporal var-
iation in environmental factors like soil, weather, and topography using
hindcasting, nowcasting, and forecasting datasets can significantly improve
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nutrient-use efficiency and climate mitigating risk (Basso et al., 2019;
Martinez-Feria and Basso, 2020).

In applying the circular economy strategy, many researchers study the
obstacles to a smooth transition from linear to circular (Ritzén and
Sandström, 2017; Aznar-Sánchez et al., 2020; Dieckmann et al., 2020;
Grafström and Aasma, 2021; Velasco-Muñoz et al., 2021). Cavicchi et al.
(2022) research which focuses on obstacles faced by Australian farming en-
terprises indicated that initial innovation costs, lack of energy knowledge,
insufficient time, inability to assess energy-efficiency initiatives' success,
tax complexity, and inflexibility of practices must be addressed to promote
circular economy strategy. According to Dieckmann et al. (2020), there are
six barriers related with the implementation of CE including financial,
structural, regulatory operational, attitudinal and technological issues. In
the same sense, Galvão et al. (2018), highlight that the main obstacles for
the transition to CE related with policy and legislation, technological inno-
vation, financial and economic aspects, customer behaviour and habits.

Business success requires circular product and bioeconomy production
financial incentives. Regarding Circular products, the business should
focus to design products that could be repaired, reused, resold, recycled,
producing less waste as possible and enabling a systemic shift towards a
CE (Rótolo et al., 2022a, 2022b) SMEs may lack financial or technical re-
sources for cleaner production technology. Incentives are intended to ad-
dress market failures that obstruct or delay the transition to circular
products and services. Those incentives should have the potential to add
value, minimized risk investments, and boost the competitiveness of
value chains, resulting in gross environmental benefits when contrasted
to linear economies. Furthermore, targeted financial support could play
an important role in promoting innovation and encouraging CE practices.
Lowering tax rates on reuse, repair, and remanufacturing actions, such as
value added taxes, could encourage circular designs and business models
while also promoting the circulation of valuable products. Other financial
intensives could alsomotivate the use of recycledmaterials and the adapta-
tion of restorative production of food (EC, 2021).

Proper regulation should foster business-government-investor coopera-
tion (Fanelli, 2021; Jalo et al., 2021; Arora et al., 2022). According to
Borrello et al. (2016), regulatory restrictions, a lack of reverse logistics,
geographic dispersion of industries, customer awareness, demand for tech-
nology innovation, and uncertain investment opportunities and incentives
are the main barriers to adopting the circular economy model. Rótolo
et al. (2022a, 2022b) found that citizens, entrepreneurs, educators,
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administrators, and politicians must collaborate to overcome circular econ-
omy adoption barriers while incentives, financial support, education,
awareness, research, innovation, and circular strategies are deemed neces-
sary for a holistic approach towards agri-circular transition (Sgroi, 2022).

Xia and Ruan (2020) examined farm stakeholders (government,
farmers, enterprises) and their key considerations for circularity. Regarding
government weaknesses they concluded that policies, legislation, and ad-
ministrative mechanisms are inadequate as there are no scientific priority
policies or financial incentives. Tax policy is given less weight by the gov-
ernment and lastly the existing infrastructure is insufficient. Farmers have
a limited environmental awareness level, as well as inadequate knowledge
and skills. Finally, for enterprises the production costs remain high, there is
a clear lack of technological innovation, and there is a significant imbalance
between market demand and supply.

4. Conclusion

To reduce natural resource overconsumption and restore environmental
impacts, the existing economic model must be reshaped to allow for a
smooth transition from linear to circular supply chains. In this context,
the circular economymodel is a promising approach for conserving natural
resources and providing sustainable, restorative, and regenerative agricul-
ture in the face of resource scarcity, climate change, pollution, and rising
food demand. Reusing and recycling farm waste can help local economies
while also reducing environmental impact. Recycling and reusing agricul-
tural waste may improve industrial symbiosis, while farm or cooperative
components that circulate may increase profits while decreasing environ-
mental impact. According to EU legislation, strategies, and incentives, com-
bining the circular economy and bioeconomy can maintain and strive for
food security and sustainable development. The implementation of a circu-
lar economy in farming practices could significantly contribute to the UN
SDGs for the creation of an innovative and sustainable society (SDG 11),
characterized by responsible consumption and production (SDG 12). At
the same time, aside from recycling, other market opportunities include
sustainable biomass, increased product life cycle, waste reuse, biofuels
and bioenergy, composting, and recycling, while the use of bio-fertilizers
in combination with inorganic fertilizers is suggested as a more environ-
mentally friendly and cost-effective option. According to the study's find-
ings, SC and PP are the organic and pruning residues with the highest
total N content and the lowest C/N ratio among the wastes examined. As
a result, both residuesmay provide the best conditions for Nmineralization.
Considering 150 kg ha−1 of N input as the optimumdemand, the amount of
pruning and harvesting residue (farming wastes) must be applied, approxi-
mately, between 400 and 1000 timesmore than urea fertilizer. Organic and
inorganic fertilizers have advantages and disadvantages; therefore, a bal-
anced combination can be critical for sustainable farming, taking advantage
of both positive and negative effects. However, other minerals besides ni-
trogen nutrients should be considered in order to have a holistic approach
to organic waste utilization in the farming sector.
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