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Abstract: Circular economy is emerging as a regenerative concept that minimizes emissions, relies
on renewable energy, and eliminates waste based on the design of closed-loop systems and the reuse
of materials and resources. The implementation of circular economy practices in resource-consuming
agricultural systems is essential for reducing the environmental ramifications of the currently linear
systems. As the renewable segment of circular economy, bioeconomy facilitates the production of
renewable biological resources (i.e., biomass) that transform into nutrients, bio-based products, and
bioenergy. The use of recycled agro-industrial wastewater in agricultural activities (e.g., irrigation)
can further foster the circularity of the bio-based systems. In this context, this paper aims to provide a
literature review in the field of circular economy for the agrifood sector to enhance resource efficiency
by: (i) minimizing the use of natural resources (e.g., water, energy), (ii) decreasing the use of chemical
fertilizers, (iii) utilizing bio-based materials (e.g., agricultural/livestock residues), and (iv) reusing
wastewater from agrifood operations. The final objective is to investigate any direct or indirect
interactions within the water-energy-nutrients nexus. The derived framework of synergetic circular
economy interventions in agriculture can act as a basis for developing circular bio-based business
models and creating value-added agrifood products.

Keywords: agrifood sector; agricultural waste; bioenergy; biofertilizers; wastewater; water reuse;
resource management; circular economy; bioeconomy

1. Introduction

As the world population is estimated to reach 9.7 billion (approximately 25% growth
in current population) in 2050 [1], the increased consumption of primary natural resources
(e.g., water, energy, raw materials) to cover the growing needs will undoubtedly lead to an
unstainable ecosystem [2]. In light of this challenge, Circular Economy (CE) has emerged
a non-linear regenerative concept that minimizes emissions, relies on renewable energy,
and eliminates waste through the careful design of closed-loop systems and the recycling
and reuse of materials and resources [3]. Notably, Circular Economy is gaining traction
within the policy-making, business, and academic circles [4,5]. CE was initially introduced
by regulators for practitioners [6]. At a European level, CE has recently gained importance
as the EU developed a CE Action Plan, which constitutes one of the main pillars of the
European Green Deal for Sustainable Growth [7]. The CE Action Plan was introduced in
2015 and then evaluated and reshaped in 2020, highlighting that the CE concept is a critical
ever-evolving topic for the EU [8]. In this respect, at an enterprise level, innovative CE
business models should be developed to replace the existing linear ones with the aim to
design closed-loop supply networks and create sustainable products [9,10]. At an academic
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level, researchers in the CE field often have rather different disciplinary backgrounds [11].
Thus, a lack of a standard CE definition [12], and a conceptual framework for connecting
CE and sustainable development [13,14], is still evident in the literature.

Focusing on the agrifood systems, agriculture is the largest consumer of the world’s
freshwater resources (accounting for 70% of the global water withdrawals), while more than
one-quarter of the energy used globally is attributed to food production and supply [15,16].
Water and energy footprints, as environmental indicators, are critical in terms of agricultural
sustainability [17,18]. Further considering that food demand is expected to increase by
59-98% between 2005 and 2050 [19], the implementation of CE practices in agriculture is
considered critical to eliminate the ramifications of the currently linear agrifood systems on
the environment. In this respect, the CE principles for agriculture include: (i) the reduced
use of primary natural resources (e.g., water, energy) throughout the crop production
and animal farming processes, (ii) the minimization of polluting activities (e.g., synthetic
fertilizers” use), and (ii) the recycling, transformation, and reuse of agricultural waste
to produce bioenergy, nutrients, and biofertilizers [20]. However, transforming the CE
concept from a theoretical framework into an integrated practical approach for the agrifood
sector is still challenging [21].

With respect to agricultural waste management, bioeconomy can be considered as
“circular by nature” [22] and “the renewable segment of the CE” [23]. In fact, bioeconomy refers
to the production of renewable biological resources and their transformation into nutrients,
bio-based products, and bioenergy [24]. Notably, agriculture accounts for approximately
62% of the total biomass supply in the EU [25]. In the US, India, and China, the exploitation
of agricultural residues derived from cereal crops, such as wheat, maize, and rice, while
novel techniques for the agricultural waste recovery have been developed [26,27]. Except
for the crop residues, the livestock waste, such as cattle, pig, and poultry manure, may
constitute an important source for the production of bio-based products [28]. To that end,
the development and implementation of circular bio-based business models are imperative
for creating value-added products and improving resource efficiency [29]. However,
except for creating innovative bio-based solutions, ensuring the necessary amount of
biological resources for substituting fossil feedstock is demanding [30]; although future
agricultural productivity is expected to meet the growing food demand, the demand for
bio-based materials is often neglected. At the same time, the use of recycled agro-industrial
wastewater in agricultural activities (e.g., irrigation) may increase the circularity of the bio-
based systems [31]; dairy wastewater can be particularly challenging due to its high organic
load that increases eutrophication. By limiting its use as fertilizer, soy products” wastewater
can be a source of organic nutrients (e.g., proteins, oligosaccharides, isoflavones) and
minerals.

According to the abovementioned, part of the essential resource categories (wastewa-
ter, and nutrients) of various circular systems have been reviewed separately in the past,
regarding agricultural systems [26,31]. To the knowledge of the authors, there is no compre-
hensive review that combines research focused on agricultural systems that use circularity
of water, energy, nutrients, or any combination of them.

In this context, the present work targets to answer the following questions in a com-
prehensive manner:

1. How has CE been practically integrated into the agricultural and livestock sectors in
terms of bio-based production (e.g., energy, fertilizers) and water reuse?

2. Which are the actual benefits of the proposed CE solutions for the agrifood industry
in terms of sustainability?

3. Which are the interrelations within the water-energy-nutrients nexus?

Based on these questions, this paper aims to provide a review of the literature in
the field of CE practices for the agrifood sector that enhance resource use efficiency by:
(i) minimizing the use of primary natural resources (e.g., water, energy), (i) decreasing the
use of polluting synthetic fertilizers, and (iii) utilizing bio-based materials (e.g., agricultural
residues) and recycled wastewater. The ultimate scope of the analysis is to investigate
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any direct or indirect interactions within the water-energy-nutrients nexus to provide a
conceptual framework for synergetic CE interventions. Notably, the system boundaries
are set to include efforts in which both the inputs (e.g., agricultural waste, wastewater)
and the outputs (e.g., treated water, bioenergy, biofertilizers) are derived from and used to
agricultural activities, respectively.

The remainder of the paper is structured as follows. Section 2 captures the key inputs
and outputs of agricultural systems to act as the basis for transforming from open-loop
to circular models. Section 3 focuses on reviewing the sustainability benefits of CE and
bio-based applications in the agrifood sector to develop a comprehensive framework
for water-energy-nutrients synergies. Finally, Section 4 concludes with a discussion of
managerial insights and suggestions for future research directions.

2. System Mapping

Agricultural systems require major inputs, such as water [32], energy [33], and nu-
trients [34]. Focusing on freshwater resources, water is provided in the crops through
precipitation in the form of rainwater [35], as well as through irrigation in the form of
surface or groundwater [36] or reclaimed water after wastewater treatment [37]. To support
the sustainable management of water supplies in agriculture, several practices have been
proposed. For example, the use of rainwater in regions with increased precipitation could
reduce irrigation needs and reduce surface and groundwater depletion [38]. However, the
seasonal variation of rainfall should be considered when designing rainfed systems [39].
To that end, a supplemental precision irrigation system could be meaningful [40]. Even in
water-scarce regions, techniques including drip [41] or deficit irrigation [42] could support
efficient water use. Besides, the use of treated wastewater (i.e., from municipalities, agri-
cultural drainage, animal production facilities, agricultural /industrial processing) could
be a sustainable solution of freshwater preservation due to water reuse [43]. However, in
this latter case, the farmers’ willingness to use and pay for treated wastewater should be
considered [44].

In terms of energy resources, energy is essential for irrigation (e.g., groundwater
pumping) and wastewater treatment [45], as well as for machinery power and fertilizers’
production [46,47]. Several energy sources (e.g., fossil, hydropower, wind, sun, geothermal,
and biomass) can be utilized [48]; Farmers usually use the energy provided from the
national electricity mix [49]. To avoid fossil energy consumption, growers may exploit
renewable energy sources, such as solar [50] or geothermal energy [51], indicatively using
on-site installations in greenhouses [52,53]. At the same time, the use of biomass from
agricultural residues (also known as yellow biomass) or/and other types of biomass
(i-e., green and woody) is used as an alternative sustainable option for replacing fossil fuels
in agriculture [54,55]. The respective bioenergy can be produced locally and used directly
on-site or at national level powering the electrical grid and then used indirectly [56].
Moreover, except for the agricultural waste [26], specific energy crops (e.g., rapeseed,
sunflower, miscanthus, and switchgrass) [57,58] or any combination of them [59,60] can be
used to produce biofuels or bioenergy. However, given the dilemma between cultivating
crops for biofuel or food when considering social, environmental, and economic parameters,
the use of agricultural residues is proposed as a more viable alternative [61,62].

Concerning nutrients (e.g., nitrogen, phosphorus, potassium), farmers may use them
directly on the soil (e.g., composted green waste or manure) [63,64], through soil amend-
ments (e.g., biochar) [65], as well as through fertilizers [66]. The latter may refer to chem-
ical/inorganic fertilizers, organic fertilizers, and biofertilizers [67]. Chemical fertilizers
are generally categorized based mainly on their content in the basic chemical elements
(N, P05, K;O) rather than in micro-nutrients which may be contained in traces or not [68].
Their valuable basic features include applicability, dissolution and quick nutrients release.
On the other hand, several drawbacks are associated with them; such as the high poten-
tial for toxic concentrations and root burns and their leaching in surface or subsurface
aquifers. In parallel, organic fertilizers are those connected to livestock waste and/or crop
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residues [69]. In this case, the fertilizers should be broken down into inorganic forms in the
soil in order to be able to be absorbed by the plants. Finally, biofertilizers contain living
micro-organisms which can create colonies in the rhizosphere of the plants when applied to
the soil. Consequently, biofertilizers promote the plants” growth and increase the nutrients’
availability [70].

Figure 1 summarizes the inputs and outputs of agricultural (crop and livestock)
systems to be taken into account in this review. Emphasis is placed on reused water,
bioenergy, and organic fertilizers /biofertilizers that constitute sustainable inputs to the
system. These, at a first stage, should be produced by using the outputs of agricultural
systems, such as crop (or livestock) residues and wastewater, and, secondly, be applied
in crop and livestock production systems pointing out the circularity of these closed-loop
systems. Urban or industrial wastewater was excluded from this system.
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Figure 1. Boundaries (inputs and outputs) of the system under the circular economy framework in agricultural processes.

For the scope of this review, a series of literature-related eligibility criteria were set.
More specifically, the studies should have been published: (i) in English, (ii) since 2015 up
to now, and (iii) in peer-reviewed scientific journals. Although the term of CE has been
introduced in both Europe and China by the 1990s, the current review focuses on the last
six years to highlight the novelty and innovation that occurred recently, further considering
the development of new technologies in agriculture. In this respect, this review does not
constitute a complete or rigid collection of all CE studies in the agricultural sector but
rather acts as a guiding map of the most pertinent state-of-the-art applications in the field.
A total of 51 studies were included, retrieved from electronic databases, such as Scopus
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and Web of Science. The literature search was conducted in April-May 2020 and, for this
reason, any newly published work after this period may not have been included. Finally,
no grey literature is included (e.g., technical reports, dissertations).

3. Resource Management Framework

The extant literature of closed-loop solutions was classified according to the resource
category that is related to, as follows: (i) water resources, (ii) energy resources, and (iii)
nutrients. Based on this classification, a summary of the most novel scientific literature
resources is categorized and presented below. After all, the water-energy-nutrients nexus
is assessed given the limitations of each category.

3.1. Water Resources

Water represents one of the main resources that are used in agricultural processes [71].
Uses of water in agriculture include mainly irrigation for crop production systems and
various other uses (e.g., animal water needs, washing services) in livestock systems [32].
To promote freshwater sustainability, several research efforts have focused on issues, such
as irrigation scheduling and control, by incorporating novel technologies (e.g., Internet
of Things, neural network models) [72-75]. Notably, this planning is directly connected
with the crop freshwater requirements and the local climatic and geographical condi-
tions [42,76]; the combination of annual precipitation with irrigation water should meet
the annual crop water needs. Beyond optimized precision agriculture scheduling, the
use of reclaimed/treated wastewater could enhance freshwater sustainability. In this con-
text, we review the main research efforts focusing on the reuse of agricultural wastewater
(i.e., drainage water) or livestock one in crop production systems to enlighten the CE
perspective in the field. To that end, a series of closed-loop solutions related to irrigation
water is presented.

Agricultural primary or secondary processing facilities usually produce wastewater
that may be applied to crops for enhancing soil properties after appropriate processing [31].
A relevant study aimed to evaluate the reuse of wastewater coming from olive mill, as a
whole soil conditioner and fertilizer in olive grove [77]. Under the experimental trials,
various doses in successive years have been applied, resulting in a positive effect on soil
features and olive yield, while no negative impact presented on oil quality parameters.
Concerning animal-based wastewater, the application of swine wastewater (i.e., pig slurry)
on a soybean crop increased soil nutrient, reducing the need for mineral fertilization [78].
However, the authors highlight the need to monitor nutrients leakage to groundwater,
as some of them may downgrade water quality.

In addition, agricultural wastewater may be used purely for irrigation purposes after
removing any existing pathogens [79]. Indicatively, greywater (which may also result
from agriculture) is used for irrigation in a Romanian red pepper farm [80]. The authors
consider that the farm’s competitiveness can increase in case greywater resources substitute
freshwater consumption. Thus, using data from the red pepper farmer, authors perform
a simulation of virtual farms (resembling the real one to different degrees of greywater
consumption) to generate a representation of a more comprehensive system to find a
threshold above which farms obtain economic benefits regarding the greywater use. In
another simulation study, located in farms near the Nile Delta, the optimization revealed
that the reuse of agricultural drainage water could approximately satisfy 30.8% and 29.1% of
the total irrigation requirements during summer and winter, respectively [81]. In a similar
study in South Korea, the agricultural drainage water quantity reused represents 49.1% and
54.5% of the irrigation needs (substituting canal delivery) during summer and winter,
respectively [82].

In general, wastewater reuse can significantly contribute to the circular transformation
of the agrifood sector. Although the research in the field seems to be limited, the use of
wastewater as a soil conditioner or as a source for substituting freshwater use in irrigation
could be promising for closing the loop in agriculture. Notably, according to the system
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boundaries and in terms of circularity, this review was limited to wastewater deriving from
agricultural or livestock activities; in case municipal and industrial wastewater is further
considered, the potential and the positive impact of the practice could be increased [83].

3.2. Energy Resources

Energy consumption in agricultural processes is among the most significant factors
that inevitably contribute to crop production systems and their related field operations. The
highest energy consumption is related to field machinery use, fertilizers and agrochemicals
application, and other field operations, such as harvesting and irrigation [59]. Of course,
this fact directly impacts on the environment and, consequently, energy resources should
be among the primary resources to be considered under a CE framework. In this context,
a series of existing publications have been incorporated into this review, focusing on
closed-loop systems in agriculture related to energy and greenhouse gases emissions.

An overall supply chain evaluation is always a promising tool for policy makers not
only in conventional agricultural systems, but also in closed-loop ones [84-86]. A closed-
loop supply chain optimization has been attempted in citrus crop by using a mathematical
model under the objective of minimizing cost and carbon footprint [87]. Regarding lo-
gistics operations, in the cases where multiple vehicles were used, the emissions were
reduced. Similarly, a food waste-to-energy-to-food approach was conducted, including an
energy flow analysis of four stages (i.e., agricultural production, processing/packaging,
distribution and consumption) in food supply chains was performed regarding various
food categories [88]. In this study, the authors concluded that embodied energy loss is
up to 17% of the total primary energy demand. To produce one kJ of nutritional energy;,
8.7 K] of primary energy is required with the most critical stages being the distribution and
agricultural production.

Apart from a generic supply chain representation of closed-loop crop production
systems, livestock residues are used to produce green energy that may return to the
agricultural system. Toop et al. proposed the design and implementation of micro-scale
anaerobic technology applied on broiler chicken farms in the UK and Ireland [63]. Among
their main objectives was to transform the produced chicken manure and bedding substrate
materials (such as wood chips and straw) into energy (heat and power) for the local farmers’
needs. Similarly, except for the potential energy production by using poultry manure,
other livestock units may provide possible solutions for green energy production. An
on-site anaerobic digestion system in a Brazilian dairy cattle farm was techno-economically
assessed [89]. In particular, the co-digestion of cattle manure and sweet potato for the
production of biogas and its use in local farms was analyzed. Specifically, the scenario of
the maximum quantity of sweet potato mixed with dairy cattle manure produced biogas
capable of generating about 2.4 MWh daily. The conversion of mixed manures (chicken and
poultry) to bioenergy has been studied to cover the fuel needs for electricity and transport
in an average dairy farm and the associated facilities [90]. For this scope, the average biogas
to fulfil the needs of each unit was estimated to be 4163 M] per day, while the presented
results showed that the anaerobic digestion plant had the potential to provide biogas to
about 22 dairy farms.

Moreover, agricultural waste may also come from crop production processes. In
such a case, the generation of biogas production by cotton crop residues (i.e., straws) was
investigated [56]. The generated bioenergy of an one-hectare field can be more than 4 MWh
of energy annually with the local cotton processing enterprises to be the potential end-users.
A more complex system that produces energy by the digestion (with the use of a small scale
anaerobic digestion unit) of agricultural waste and wood chips is assessed for covering the
heating needs of an aquaponic greenhouse [91]. This system presented up to 30% lower
energy costs compared to the conventional heating system. A closed-loop system in an
olive farm combined with olive mill may extract from the olive grove and olive mill up
to 13 and 11 tons of liquid and gas fuel, respectively, in order to be further used on farm
level [92].
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However, crop residues represent only a portion of feedstock sources for bioenergy
production and circularity in agriculture; more complex systems that use multiple resources
exist. Such a system was assessed with the use of life cycle assessment (LCA) of the
transformation of agrifood industry waste (i.e., crops residues and livestock manure) along
with energy crops (i.e., maize and rye) into energy production in biogas plants [93]. The
location of the biogas plant in relation to the agrifood processing plant ensures that the heat
can be transferred for the needs of the agrifood processing plant and the associated farms.
An expanded LCA analysis in the form of multidimensional sustainability assessment was
also performed in a decentralized farm-scale anaerobic digestion system [66]. In this case,
a mixture of pig slurry, food waste, slaughterhouse waste and grass silage was used as
feedstock for biogas production. The avoidance of fossil energy resources through biogas
production and utilization offers a circular potential to the local agricultural regions. Finally,
an additional closed-loop system is evaluated with LCA; this system includes a pig farm, a
dragon fruit, a forage, a mushroom plantation, a fishery unit, a biogas generation unit, and
an organic fertilizer production unit [94]. According to the results, the circular agriculture
model presents similar or worse results than the conventional agriculture model if the
potential environmental impacts are considered. However, this fact does not imply that
a circular agriculture system has zero emissions. In general, circular systems should be
evaluated from a wider perspective, taking into consideration all system components.

Overall, based on the reviewed research studies, it could be concluded that energy
and emissions assessment approaches should be integrated into CE systems in agriculture.
Given the boundaries set in this review, only a few studies comply with them. This fact may
highlight the significant potential in this area and showcase the complexity of agricultural
systems that circulate renewable energy resources, such as biomass. Complex systems that
combine various types of inputs emerge as promising in bioenergy production, though
without avoiding the key principles that should be followed for the development of circular
agriculture, namely reduce, reuse, and recycle [95]. These basic principles should be further
assessed under specific local constraints of each system under study.

3.3. Nutrients

Agricultural processes in crop and animal science embrace the nutrients’ cycle. A basic
principle in nature is the law of conservation of matter; based on this, nutrients’ manage-
ment in agriculture is of high importance under the scope of CE. The process options,
which may improve nutrients” management and recover residual nutrients to high-quality
products, can be achieved by efficient nutrient use and show off the key challenges that
should be faced [96]. In this light, a series of scientific research related to systems that
circulated nutrients under this review’s constraints are presented below.

Beginning with the livestock-based inputs through the prism of CE, the anaerobic
digestion of one cubic meter of pig manure can produce 49.4 kg of biofertilizer [97]. This
type of biofertilizers can improve the resource use efficiency and the sustainability of
agricultural farms [98]. Of course, certain agronomic and legislative guidelines should
be followed to distribute any kind of manure in fields. Targeting the minimization of the
annual cost of manure distribution on wheat and maize crops, a reduction up to 6% in
the annual cost was achieved [99]. Liquid manure application was used to enhance soil
condition and replace partially or exclusively chemical fertilizers. In particular, chicken
manure has been converted into fertilizers by using a decentralized screw pyrolysis re-
actor [100]. Going even further, a post-processed animal waste (i.e., calcined bone) was
utilized to subtract phosphorus and reintroduce it in the form of foliar fertilizer with a dose
of 3 kg-ha~! in the cultivation of maize plants [101]. This dose positively impacted plants
growth (both above and below ground), while the maize grain production was positively
affected up to 600 kg-ha~1.

Regarding the crop-based input, the studies can be divided into those related to either
primary or secondary production processes. More specifically, various maize production
scenarios with catch crops rotation and different fertilization systems were analyzed; the
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analysis concluded that the replacement of a significant percentage of the mineral fertilizers
with digestate could contribute among others to offset resource depletion (94-96%) and
ozone depletion (96-99%) [102]. Furthermore, the effects of various management systems
under different inputs on the nutrients soil content and mineral content on olive trees
have been assessed [103]. In terms of the soil organic matter, nutrients were significantly
improved after consecutive years of biomass incorporation. A similar application of crop
residues, set as mulch on the ground, was assessed in two plant species (i.e., turnip and
barley) regarding soil nitrogen availability [104]. The fixed nitrogen by the legume crops
varied from 79.7 to 187.5 kg N per hectare. In the upcoming year, the available soil nitrogen
was increased. However, in case high nitrogen content biomass is used, mulching may
have adverse effects due to ammonia volatilization risk. In greenhouse crops (e.g., tomato
and pepper), crop waste may be transformed to some extent in green fertilizer [105]. Finally,
in the case of the use of various types of algal species, biomass has been assessed regarding
soil aggregate stability, nutrients, and overall crop growth and yield, showing that this
type of biomass has a significant effect on soils used in agriculture [106].

In addition, there are significant research efforts related to secondary agricultural
production processes or further processing (e.g., digestion) of the primary input before it is
reintroduced to the agricultural system. In the first case, after the industrialized bioenergy
production by crop residues, the by-product could be used as a biofertilizer in crop pro-
duction [56,63,89]. The use of such a fertilizer from corn straw may profoundly reduce the
greenhouse gas emissions up to 80% [107]. During the secondary processing of agricultural
products, a significant perspective for recycling nutrients exists. Residues produced across
the wine production chain (i.e., stalks, seeds, pomace) constitute a promising example,
especially for the Mediterranean countries [108]. More specifically, the high amounts of po-
mace (with high content in several nutrients) could be used solely or combined with other
material as compost for increasing the organic matter in the soil. By-products from cardoon
and cotton, as potential growth substrates for Cichorium spinosum, have been assessed
in comparison with (or in combination with) zeolite as a soil amendment, showcasing
promising results in production costs and yields [109].

As abovementioned, part of the research is related to biofertilizers produced after
further being processed. In these cases, the input in the system may come either from crop
production or from the combination of crop and livestock production. The production of
biochar by cotton straws indicated that a field of an one-hectare area might produce up to
130 kg of biochar annually to be used as an amendment for cotton growth and improve soil
condition, decreasing the use of conventional fertilizers up to 50% [56]. Treatments with
enriched biochar significantly improved soil organic matter up to 514% and macronutrients
up to 230%, compared to the non-enriched biochar and control operations. This affected
total biomass yield which varied from 75-85% compared to the conventional chemical
fertilizers [65]. The sustainability of the conversion of olive pruning waste into by-products
(i.e., biochar) was investigated based on a novel thermocatalytic reforming process [110],
while 11 tons of biochar were produced in a closed-loop olive mill-grove system after
pyrolysis processing [92]. The use of rice husks for generating ash as fertilizer was further
proposed [111]. The authors concluded that the utilization and processing of waste of
various rice value chains improve sustainability performance. Other authors focused on
the production of organic fertilizer under various compost rates, produced by rice bran and
husks [112]. Their results indicated that rice plants in all compost treatment processes had
increased growth (i.e., the height varied 8-64%), while the produced biomass was 32-113%
more compared to the untreated plants.

On the other hand, the production of biofertilizers based on anaerobic digestion
was produced by mixed agricultural wastes, including pig manure (43%), cow manure
(20%), maize and triticale silages (25%), and cereal bran (12%) [113]. The produced biochar
was rich in macronutrients, suitable for enhancing soil fertility. Another study presented
the production of digestate stemming from anaerobic digestion processing of chicken
and poultry manure to be used in crop production as fertilizer [90]. Different mixtures
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of agricultural wastes applied as substrate supplement on mushroom crop production
increased yield by 11%, 26%, 30%, and 42% in the first application and by 86% and 31%
in the second one compared to the control substrate [114]. The use of biochar produced
by fruit, vegetable, and nutshell waste is another application of biofertilizer in wheat
plants. 0.5% mixture of biochar gave the optimum wheat growth, between 0.5% and 1%
gave almost similar results, while higher than 1% might suppress the growth of wheat
plants [115]. The effect of various doses of two bio-waste based fertilizers on soil properties
and pasture production was assessed compared with conventional practices [116]. The
obtained results showed that the high doses of the organic fertilizers improved soil fertility
and increased pasture production.

A series of research points out the use of mixed organic waste under the scope of CE
in agriculture. The utilization of recycled waste, such as animal-based residues and various
types of manures, along with the application of organic fertilizers, can enhance efficiency
during crop production. Notably, the agrifood system efficiency was 3-21% higher in
the case of the circular use of resources compared to the traditional consumption of raw
materials [117]. To this scope, dairy manure, combined with sweet potato for the production
of biofertilizers, led to the production of about 20-27 tons of N, P, and K annually [89]. The
combination of green manure with various types of agricultural waste by-products was
evaluated and compared with a commercial organic fertilizer [118]. Chicken manure and
palm oil mill effluent (i.e., treated and untreated) were applied as an organic fertilizer in
Ipomoea aquatica plants grown in pots [119]. Various treatments were assessed, and the
presented results were both positive (higher than 50% of fresh biomass than control plants)
and negative (retarded growth due to high concentration in residual oil). Moreover, pig
manure and mushroom slag in a dragon fruit production system were evaluated [120].
When the breeding of pig was increased by 10%, the average economic output and resource
efficiency of the system would increase annually by 0.2% and 0.66%, respectively. In case
that the planting of dragon fruit was increased by 10%, the corresponding parameters
would decrease annually by 0.17% and 0.57%, respectively.

Finally, given that food products undergo minor or major processing after agricultural
production, nutrients recycling may also be derived from food waste. In this case, by using
anaerobic digestion for food waste nutrients recycling, after testing various concentrations
of the digestate, the research concluded that the results were not significantly different
from the case of applying commercial fertilizers [121].

Nutrients circularity is considered to play a significant role in CE-based systems in
agriculture. There have been enough research applications based on crop or livestock
input or combinations of them; part of nutrients produced after minor or major process-
ing. This fact showcases that fertilization, especially in crop production systems, is one
of the main resource-consuming categories. Synthetic fertilizers have a negative envi-
ronmental, financial and, even social impact on crop production, highlighting the need
for organic/biological alternatives under the scope of CE principles. The combination
of various types of manures, crop residues, but also food waste is an indicative example.
However, agricultural and food waste management will always evolve towards nutrients
circularity research and applications.

3.4. Water-Energy-Nutrients Nexus

As abovementioned, the main pillars in designing a CE-based agricultural system are
water, energy and nutrients. It is profound that there are various correlations and links
between these pillars, creating technological bases for sustainable economic and social
development (Figure 2). For example, in most cases when water treatment is under study;
apart from the water that is supposed to be used for irrigation purposes, there will be a
by-product that may be exploited as fertilizer after specific treatment.
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Nutrients as by-products from Nutrients
bioenergy conversion

Energy savings from biofertilizers’
production

Figure 2. Potential Water-Energy-Nutrients synergies in agriculture.

In literature, there are research studies that profoundly target on the whole water-
energy-nutrients nexus. The identification of operational and resource inefficiencies in a
mango food supply chain may have substantial financial and environmental benefits in real-
time when a CE-based redesigning is implemented [122]. Similarly, the potential of circular
agriculture is assessed in an individual farm taking into account financial, environmental,
and social factors resulting, in the fact that circular agriculture can be achieved mainly
based on economic viability [123]. Undeniably, these are only indicative research studies
pointing out the linkages between water, energy, and nutrients without implying that the
nexus does not exist in the rest of the reviewed studies.

4. Discussion
In the present review, 51 research studies were included in total. Those were retrieved

from various journals, such as “Sustainability”, “Journal of Cleaner Production”, “Re-
sources, and conservation and recycling”, “Agronomy”. Among all these studies, the
majority (73%) were case studies assessment, while approximately half of them (49%)
referred to European conditions, with the rest referring to Asian (24%) or other regions.

Generally, closed-loop (or circular) agriculture is one of the most promising solutions
for facing the resources’ use throughout crop and livestock production processes. Various
applications have been developed by recycling water, energy and nutrients from crop
and livestock systems and reuse them after required processing in agricultural systems.
Concerning the provenance of the resources, the literature focuses on six discrete cate-
gories, with the most popular being the crop residues-related which includes 18 references,
seconded by wastewater-related which contains 11 (Figure 3). Of course, livestock manure
represents an additional category, while there are references that combine more than one
of the abovementioned categories, such as various types of manure with crop waste or
energy crops. Food waste is referenced in the reviewed papers only in 2 cases. The reuse of
food waste for agricultural purposes seems to be relatively low even though it could be a
significant source of nutrients for various crops.
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Agricultural drainage
water / Livestock
% wastewater
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Figure 3. Input-related allocation regarding the various closed-loop systems.

Given the various inputs inserted into a crop/livestock production system, specific
resources can be extracted, as outputs of the system, namely water, energy, and nutrients.
At an ensuing step, these resources will be recycled or reused in the same or another
agricultural system. In this review, the most highly referenced output category is nutrients
with 28 references, 9 articles discuss about water, 5 about energy, and 9 include both
energy and nutrients circularity (Figure 4). Fertilization is among the most consuming field
operations concerning energy and cost without excluding the environmental impact. This
is the key reason that most of the reference focus on nutrients circularity applications, by
avoiding as much as possible synthetic fertilizers. Reference that combines both energy and
nutrients as outputs they incorporate, in most cases, anaerobic digestion systems in order
to produce biogas and fertilizer as by-product from the digestion process. Overall, these
outputs will be the inputs to other agricultural systems, closing the resources’ cycle loop.

18% 18%
Water
Nutrients
10%
Energy
Nutriens + Energy
55%

Figure 4. Output-related allocation regarding the various closed-loop systems.

Based on the literature reviewed in the current work, the resources were reused in a
wide variety of crops (Figure 5). In most studies, the resources were applied in diverse
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crops (13 studies), 10 in cereals, 8 in orchard crops, 7 in vegetable crops and the rest in other
types, including livestock production systems. This allocation intimates that the reuse
of resources is applicable in almost any kind of crop, given the specific features of each
closed-loop system.

Non-edible crops - 4%

Fungus 2%
® Orchads
Grasses 6%
m Vegetables
Diverse crops + Livestock 10% m Cereals/legumes/rice/grains

Diverse crops

Livestock 4%
- ? m Livestock

Diverse crops 25% Diverse crops + Livestock
0

Grasses

Cereals/legumes/rice/grains _ 20% Fungus

= Non-edible crops

Vegetables _ 14%
orchacs | 16%

0% 5% 10% 15% 20% 25% 30%

Figure 5. Allocation of resources to crops/livestock systems.

5. Conclusions

The analysis conducted in the framework of the present review reveals an existing
trend, not only in the associated research community but also in the farming business.
Indicatively, farmers, policy makers, and agronomists recognize the necessity for CE in agri-
culture and propose and implement solutions based on this concept. The benefits resulting
from the reuse of resources are indicatively natural resources savings (including energy),
reduction of GHG emissions due to the production of synthetic fertilizers, reduction of
fossil fuels use and even more. It is indisputable that the associated parties (e.g., farmers,
agronomists) should invest adequate capital to create the right circumstances towards a
closed-loop system. However, in the long term, the actual benefits will be higher for the
whole system. Overall, the water-energy-nutrients nexus includes significant correlations
among them. For instance, a livestock production unit with manure treatment facilities may
produce bioenergy (biogas), and fertilizer as by-product, while the treated water that is
enriched with nutrients is suitable to be applied in specific crops under specific conditions.
Apart from the resources synergies presented throughout the review, further steps should
be realized to create strong bonds under the scope of CE between the food industry and
agriculture. Food waste quantities are massive globally. Apart from the other uses that
recycled food may already have, there is a high potential for organic fertilizers production
or even co-digestion with other wastes for bioenergy production. In the future, more
CE-based applications in agriculture are expected to focus on different types of secondary
food sector wastes to be reuse in agriculture. Still, it is even more crucial to advance
not only on efficiency and functionality of such closed-loop systems but also on research
and innovation.
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