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Abstract

Small-scale fisheries and aquaculture play a crucial role in securing food, income, and
nutrition for millions, especially in the Global South. Rural small-scale aquaculture (SSA) is
characterized by limited investment and technical training among farmers, diversification
and dispersion of farms over large areas, reduced access to competitive markets for inputs
and products, and family labor. Small-scale integrated circular aquaponic (ICAq) systems,
in which systems’ component outputs are transformed into component inputs, have signif-
icant potential to increase circularity and promote economic development, especially in
a rural context. We offer an integrated and comprehensive approach centered on aquapon-
ics or aquaponic farming for small-scale aquaculture units. It aims to identify and describe
a series of circular processes and causal links that can be implemented based on deep study
in SSA and ICAq. Circular processes to treat by-products in ICAq include components
like composting, vermicomposting, aerobic and anaerobic digestion, silage, and insect
production. These processes can produce ICAq inputs such as seedling substrates, plant
fertilizers, bioenergy, or feed ingredients. In addition, the plant component can supply
therapeutic compounds. Further research on characterization of aquaponic components
outputs and its quantifications, the impact of using circular inputs generated within the
ICAq, and the technical feasibility and economic viability of circular processes in the context
of SSA is needed.

Keywords: agri-aquaculture systems; circular food production; circular economys;

aquaponics waste management

1. Introduction

By 2032, aquatic animal production from aquaculture is expected to increase by 17.4%
compared to 2022, primarily through intensified and expanded sustainable aquaculture
practices [1]. It is also projected that in 2032, aquaculture will supply 60% of global fish
food consumption [1]. Aquaculture externalities can be either negative or positive, and the
way aquaculture develops could positively influence human well-being and environmental
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health outcomes, especially in regions where economic policies focus on social equity and
environmental sustainability [2]. Primary negative environmental impacts come from
fed aquaculture (specifically pollution and global warming) and water access and usage;
thus, promoting recycling systems that reduce water consumption and promote nutrient
recovery and reuse is essential [3].

Currently, 95% of aquaculture production occurs in developing countries in the so-
called Global South, with 70-80% of individuals involved in aquaculture being small-
scale, defined by FAO as “aquaculture that use relatively small production units with
relatively low input and low output, and limited levels of technology and small capital
investment” [4,5]. Globally, the fisheries and aquaculture sector provides jobs and secures
livelihoods for approximately 61.8 million people [1]. This primarily occurs in Global
South countries, specifically within small-scale fisheries (SSFs) and small-scale aquaculture
(SSA) [1,6,7]. SSA has the potential to contribute to sustainable rural development through
various means such as ensuring food security, fostering wealth generation, diversifying
livelihoods, generating employment opportunities, and leveraging family labor, among
other benefits [6,8]. Rural SSA systems involve farms that own or have access to aquatic
resources, typically with limited investment in assets and operational costs. These farms
may operate with family or community ownership and labor, and they may or may not be
the main source of livelihood [6]. Integrated systems that include the SSA often combine
the use of terrestrial manure or sewage as fertilizer for fishponds, along with fertigation
for culture fields and fruit trees [6,9]. These systems typically operate with informal
management structures and often have limited access to technical resources, expertise,
formal education, and information—including market information—which can be reflected
in the low sales values achieved on farms, local markets, or through intermediaries [6,9,10].

Farming diversification through the integration of diverse resource-sharing farming is
a characteristic of small-scale aquaculture farming in rural and peri-urban areas, especially
benefiting impoverished communities [11]. Integrated aquaculture-agriculture value chain
activities are appropriate for resource-poor households [12]. Furthermore, according to
FAOQ [3], circular and sustainable food systems that promote sustainable management and
use of resources are required to ensure the sustainable development of aquaculture. In this
context, aquaponic farming is a production technique that integrates aquaculture with plant
cultivation, utilizing the aquaculture water as a nutrient solution. This technique encom-
passes two plant culture methods: hydroponics (aquaponics), where plants draw nutrients
directly from aquaculture-derived water, and non-hydroponics (trans-aquaponics), which
employs a combination of soil and nutrient-rich aquaculture water [13]. Aquaponic farm-
ing diversifies production systems and represents a pathway toward a more sustainable
production system by recycling resources such as water and nutrients.

In recent years, aquaponics (Figure 1), a technology that couples tank-based animal
aquaculture with hydroponics involving microbiological processes—using water from
aquaculture for plant nutrition and irrigation [13]—has attracted the attention of researchers
and entrepreneurs worldwide, as it is considered a sustainable system that can potentially
improve food security in developed and developing countries in the face of drought, soil
fertility loss, climate change, and urban growth [1,14,15].

Aquaponics integration into urban and industrial settings focusing on circular econ-
omy principles has been studied, particularly for the Global North [16,17]. However, even
though these and other similar studies provide valuable insights, they often rely on con-
trolled environments and commercial, high-tech aquaponic systems, which may not be
directly applicable to conditions of small-scale rural aquaculture. In addition, implement-
ing circular economy policies in the Global South, modeled after those in the Global North,
can limit their ability to drive sustainable development and innovation [18]. Still, aquapon-
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ics has the potential to drive socioeconomic development in rural areas of developing
countries, as it can increase and diversify production and incomes [19-21]. However, it
is crucial to consider local contexts when designing aquaponic systems to promote sus-
tainable development [15,22]. Moreover, aquaponics or aquaponic farming could serve
as the foundation of an integrated system where not only the dissolved nutrients in the
water are recycled, but also renewable resources, defined as the “‘wastes’ or by-products
and outputs generated by its components (aquaculture and plant culture), are utilized and
recycled via appropriate circular processes. This would result in a small-scale integrated
circular aquaponic system (ICAq), defined here as aquaponics or aquaponic farming with
additional modules that utilize material flows to increase the sustainability of the system
by improving internal circularity. ICAq can be designed using some of the principles
of ecological engineering (EE) and the circular economy (CE) so that the outputs of the
aquaponic components would be the inputs of other ICAq components or circular entities.
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Figure 1. Basic aquaponic system scheme adapted from Baganz et al. [13]. The aquaponic system
combines aquaculture with hydroponic or soilless plant cultivation. It involves nitrifying bacteria
and reuses water and dissolved compounds from the recirculating aquaculture unit, which serve as
nutrients for plants. In these systems, beyond fish and plants, the main inputs typically include fish
feed, electrical energy, and often, plant fertilizers. Water flow between aquaculture and hydroponic
plants may be permanent or on-demand depending on the system configuration.

The circular economy is based on various principles that can generally be grouped
into four categories known as the 4R principles: reduce, reuse, recycle, and reverse
logistics [23]. Specifically for the agribusiness sector, the United Nations Industrial Develop-
ment Organization [24] mentions three principles: “(1) Pollution and waste are transformed
to become regenerative, (2) Preserve value over time and design for durability, reuse, reman-
ufacture and recycle in the technical cycle, prioritizing biological-based material before it
returns to the natural system, and (3) Avoid the use of non-renewable resources and return
valuable nutrients to the soil to support natural regeneration”. As for ecological engineering
(EE), Schonborn and Junge [25] state, “Ecological engineering integrates ecological princi-
ples, processes, and organisms with existing engineering practice to a holistic approach for
problem-solving”. In EE, design is the foundation for achieving the goals for developing
new sustainable ecosystems with human and ecological value [26]. An EE design relies on
a network of species to perform specific functions [27], and some designs are inspired by
ancient human management practices, as seen in ecological aquaculture [27,28]. Thus, EE
designs can draw inspiration from ecological wisdom or nature-based solutions [29].
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The circular bioeconomy offers significant potential for enhancing both aquaculture [30]
and agricultural systems [31], as evidenced by several reviews. In the realm of aquaponics,
research on sustainable or circular bioeconomy products and processes with potential
applications within the system or in aquaponic farming is available [32,33]. Recently, the
integration of system-internal resource streams for aquaponics has been explored for fish
feed [34]. Given that a significant portion of aquaculture is conducted on a small scale in
the Global South, making actions to improve the sustainability of production are critically
needed. This review aims to contribute to this effort. It proposes and provides an overview
of causal links relating inputs and outputs of aquaponic systems through a series of circular
processes previously studied in aquaculture, agriculture, or aquaponics, and which are
suitable for small-scale application. This research also aims to provide insights that can
inspire future studies to develop innovative solutions adapted to specific regional needs
and to identify research needs for advancing circularity in small-scale rural aquaponics
through integrated circular aquaponics.

2. Materials and Methods

Given the multidisciplinary approach of the review and the objectives of it, an ad hoc
review methodology was proposed, and it is described in Figure 2.

Two main circular entities

AQUAPONIC INPUTS Identification of: Inputs for aquaponics and aquaponic outputs with the potential to be
AND OUTPUTS reutilized in low-resource small-scale rural contexts.
IDENTIFICATION

For inputs

“sustainable aquaculture feed”, “aquaculture feed ingredients”, “aquaponic plant
nutrition”, “aquaculture phytotherapy”, “bioenergy”, “aquaponic plant fertilizer”.

For outputs

“agricultural waste”, “aquaculture waste”, “fish processing waste”, and “vegetal waste”,
combined with “treatment”, “disposal”, and “circular economy”.

LITERATURE
SEARCH
in recognized scientific
publishers

To state-of-art reviews

Priorizing the lattest or most related with Integrated Circular Aquaponics (ICAq)
SPECIAL ATTENTION context.

To identify processes

SNOW BALL Feasible to be implemented in ICAg, emphasizing circular ones.

TECHNIQUE

Focusing on circularity
Focusing on small-scale aquaculture
CRITERIA FOR

PROCESS AND As potential routes for advancing Circularity in Small-Scale Rural Aquaponics.
INPUT SELECTION

lidentification and visual representation of link chains for ICAqg with aquaponic

CAUSAL LINK farming as a center.
CHAINS

Research papers from the selection phase were examined.

LITERATURE 2ND Additional literature was searched and examined concerning the selected processes
SEARCH and inputs. Papers were discriminated using selection criteria.

Aquaponic by-product or waste processes: Dissolved nutrients, solid waste.

PDD'ESP?'IBI.IAPLTIIQSUQTFES Aquaponic inputs feasible to be produced directly within the system: Fish feed

FOR ICAq ingredients, plant production for fish phytotherapy

Figure 2. General scheme of research methodology proposed.

Initially, the concept of circular entities [35] was utilized to identify inputs from
aquaponics and outputs or by-products with the potential to be reutilized in low-resource,
small-scale rural contexts that could be potential routes to advancing circularity in small-
scale rural aquaponics.

Following this identification, a literature search was conducted on the ISI Web of
Knowledge and Google Scholar databases. For inputs, the search included the terms “sus-

tainable aquaculture feed”, “aquaculture feed ingredients”, “aquaponic plant nutrition”,
“aquaculture phytotherapy,” and “bioenergy.” For by-products, the search terms included
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“agricultural waste”, “aquaculture waste”, “fish processing waste”, and “vegetal waste”,
combined with “treatment”, “disposal”, and “circular economy”. The search was limited
to peer-reviewed articles, books, and book chapters of recognized scientific publishers such
as Elsevier, Springer, MDPI, PLOS, Frontiers, Wiley, etc.

Since a wealth of information is available on specific topics related to aquaculture,
agriculture, bioenergy, and waste or by-product disposal and treatment, special attention
was given to the state-of-the-art reviews. Additionally, the snowball technique was em-
ployed to identify several processes described in the research and review papers, facilitating
a literature review aimed at identifying possible circular processes for ICAq.

Processes and inputs selection as potential routes for advancing circularity in small-
scale rural aquaponics through ICAq was performed through the literature examination
using a multicriteria approach. The selection emphasized circularity and small-scale,
on-farm feasibility. Specific criteria are described in Figure 3. This approach leveraged
the authors’ expertise in aquaponics and small-scale aquaculture (SSA) and adhered to
previously defined SSA boundaries.

Selection Criteria for Potential ICAq Routes

Existing scientific evidence demonstrating the successful utilization of the production outputs or processes in
aquaculture, agriculture or aquaponics.

Focusingon #° ™\ Focusing on small-scale, (2.

==

circularity ‘-l on-farm feasibility S

Processes that do not necessitate highly specialized
technical expertise.

( Primary inputs generated in aquaponics ) ( Processes that do not require high-cost facilities or

equipment
Processes using aquaponic outputs, including
by-products, as inputs to generate aquaponic
inputs

 \

Knowledge acquisition for process management does not
require highly specialized formal education

\_/

Processes that can be implemented on a small scale, or for
which industrial symbiosis is feasible without costly or high-
technology storage facilities

In the case of by-product transformation, the processes are
considered as a sustainable option

Y

Figure 3. Multicriteria approach applied for processes and inputs selected as possible routes for
advancing circularity in small-scale rural aquaponics through integrated circular aquaponics (ICAq).

Utilizing the identified processes, causal link chains for small-scale aquaponics and
aquaponic farming production within the framework of the circular economy were estab-
lished and visually represented. Considering the theoretical foundations of the circular
economy (CE) and ecological economy (EE), the literature review of the processes was
performed to examine the advances in each topic that could be relevant to the development
of small-scale ICAq. To further support the review, additional literature on the selected
processes and inputs was searched and examined. This involved applying the initial search
criteria for process and input selection and specifically targeting up-to-date reviews and
criteria-aligned studies.

The acquired information was structured as a narrative review. This review aimed
to provide a comprehensive overview of identified processes for by-product or waste
valorization and on-farm input production within ICAq. Areas where information was not
found regarding the quantity of inputs or outputs generated, mass balances, or the reuse
percentage of any compound, input, or element within ICAq or aquaponics were designated
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as research gaps. This also includes the lack of data on the technical-biological, productive,
or economic effects, as well as the environmental or economic sustainability analyses
resulting from the adoption of the described circular processes within the identified ICAq
causal links.

3. Results

This section presents several options that, in conjunction with the CE and EE principles,
could be employed to promote research and development of ICAq for rural small-scale
aquaculture farms. Figure 4 summarizes several processes identified as options that can be
implemented within ICAq. In this figure, causal links representing the possible resource
flows and transformation processes that can convert products and by-products from the
two primary aquaponic entities (recirculating aquaculture and aquaponic plant production)
into inputs for the same system are presented.

Outputs of small-scale Potential processes for
aquaponic farming employed | Inputs for small-scale aquaponic farming | circularity enhancement in
in different processes for L . small-sclae aquaponic

circularity enhacing A = farming
Energy |2 -—__ . 2.,
.'I:: 'w @ ~2 A Recirculation aguaculture system
A4 Feed L85 g L) - 4.3 .| Seediing @ P Agquaponic plant production
&7 ingredients a N & e @ | substrate f
enquaculture production R R 3 1 Aerobic digestion
Plant producti [ ;| Therapewte (€5 ' Plant |\ 4 2 Anaerobic digesti
ant production 2 o naerobic digestion
e P @ 5 | cempounds " ' fertilizer | 4\ \'l 9
@ Fish waste ’ - 1 3 Composting
6 Mutrient 2 |
@DIssolved nutrients ] Water : I|| 4 Vermicomposting
@Aquaculture sludge I (s ﬁ / 5 Waste feed insect production
B = J
@Agricultural waste ' ln / J 6 Fish feed manufacturing
/
aFiltered { evapotranspired water ﬁ 4 // // 7. Fresh or dry plant biomass
e
v ﬁ/ -y 8| Biofiltration
o
9
-~ // // Ensilaging/fermentation
- s
-~ -
~
-~
-
Recirculatin | Aquaponic plant Aguaculture ~] Plant primary
aquacultureglnputs pr%dup:tlon ?nputs " pr?mary production \3?// production
Human . Aquaculture product or Plant culturetpmduct Processes for aquaponics and
consumption by-product . or by-produc by-products transformation
== Plant input =3 Plant human consumption — —3 Plant output as aquaculture input ——3> Aquaculture output as plant input
==l Aquaculture input —3» Aquaculture human consumption > Plant output as plant input = > Aquaculture output as aquaculture input

Figure 4. Potential processes to enhance circularity in rural small-scale aquaculture (SSA) farms
through small-scale integrated circular aquaponics (ICAq) with aquaponic farming as a center. These
processes represent an option for farms with restricted investment in assets and operational costs,
farming dispersed over large areas, family or community labor, limited access to competitive markets,
and inadequate access to formal education and technical resources.

For a more specific and in-depth analysis, the displayed processes could also represent
a circular entity in which they are carried out. However, since the paper focuses on
processes and given that circular entities analysis incorporates concepts such as energy
flows and site allocation, which are not covered in this review, these processes are presented
solely as concepts.

3.1. Dissolved Nutrients

In feed-based aquaculture, only 20 to 40% of the nitrogen and phosphorus supplied
with the feed is recovered in the harvested biomass. For commonly fed aquaculture species,
only an average of 30.9% and 19.4% of the feed protein (calculated by protein efficiency
ratio) is recovered in the harvested biomass and processed fillets, respectively [36].
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Options for the reuse of aquaculture wastewater included use for permanently coupled
and on- demand coupled aquaponics, trans-aquaponics, and the cultivation of algae and
daphnia [13,37,38]. Given the high protein content in fish feed, nitrogen (N) is typically the
most abundant element in aquaculture wastewater, with most of it present as NO3-N in
recirculating systems [39]. Modern aquaponics systems originally emerged as an option for
N recycling in recirculating aquaculture systems [40]. This principle was previously applied
by the ancient Aztecs in the Chinampas [13], which is an example of using traditional
ecological knowledge and wisdom. However, there is no evidence that the pioneers of
modern aquaponics were aware of the Aztec Chinampas.

As the foundation of aquaponics technology, the reuse and recycling of N generated
in recirculating aquaculture systems (RASs) has been one of the most studied topics in
aquaponics. N removal in aquaponics systems occurs when the outputs of RASs are used
in the hydroponic component of the system. This fact has been demonstrated by several
authors, with different results depending on the system configuration, species, water
composition, and location [41-43]. Wongkiew et al. [44] conducted a comprehensive review
on this topic, detailing the effects of pH, dissolved oxygen, hydraulic loading rate, ammonia
and nitrite concentrations, and carbon-to-nitrogen ratio (C:N) on nitrogen transformations
in aquaponic systems and their components.

Efforts to improve nitrogen use efficiency (NUE) in both the plant and recirculating
aquaculture system (RAS) components of aquaponic systems, in alignment with the recy-
cling and narrowing resource flow cycles used in CE practices [45], have been carried out
using various approaches. Zou et al. [46] evaluated two strategies: the incorporation of
specific microorganisms to enhance nitrification and the modification of plant component
design to increase the area for microorganism fixation. These authors reported that the
second strategy was more efficient for improving NUE. In a different approach, Yang and
Kim [47] assessed several feeding management practices in the RAS component, demon-
strated their effects on nitrogen use efficiency, and reported that maintaining a constant
quantity of feed throughout the culture cycle increased the NUE in aquaponic systems
compared to an incremental feeding strategy. While these examples are not exhaustive,
they illustrate that multiple options exist for enhancing the efficiency of nitrogen use. Other
combinations of different methods should also be explored to further improve input use
efficiency in aquaponic systems.

In aquaponics, phosphorus (P) is the second nutrient of interest when discussing
wastewater remediation, given the potential risk of eutrophication when discharged into
water bodies. Cerozi and Fitzsimmons [48-50] have studied the balance, availability, and
methods to enhance its availability for plant uptake. Complementarily, Shaw et al. [51,52]
demonstrated that the protein sources used in fish feed formulation impact the concentra-
tion of certain micronutrients that are important for aquaponics. They found a higher re-
lease of Ca and P in the RAS water when fish diets with higher animal protein content were
used and a higher release of K, Mg, and B when increasing plant protein contribution [51].
In a second trial Shaw et al. [52] examined differences in dissolved nutrient excretion
patterns of Nile tilapia (Oreochromis niloticus) reared in recirculating aquaculture systems
(RASs) when fed diets containing black soldier fly meal (BSFM), poultry by-product meal
(PM), poultry blood meal (PBM), or fishmeal (FM) as individual protein sources. Fish fed
FM and PM showed better growth performance and higher dissolved nitrogen (N) and
phosphorus (P) levels. In contrast, BSFM and PBM resulted in reduced fish performance.
While the BSFM diet led to higher dissolved potassium (K), magnesium (Mg), and copper
(Cu), the PBM diet was associated with the lowest overall dissolved nutrient levels in
the water.
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In this case, it has been shown that aquaponics aligns with the recycling and narrowing
resource cycles used in the circular economy (CE), not just for N, but also for P and other
micronutrients involved in plant nutrition. Further research on this subject is necessary. For
example, the impact of inputs for fish feed produced within the system (ICAq) on dissolved
nutrient concentration, mass balance, and circularity indicators, among others, needs to
be investigated.

3.2. Aquaponics Solid Waste: Aquaculture Sludge, Fish Waste, Agricultural Waste

In aquaponics, solid waste is produced in both the RAS and the plant components. To
the best of the authors” knowledge, research on the agricultural wastes (AWs) produced
in the plant component of aquaponics or trans-aquaponics is scarce. Agricultural waste is
rich in cellulose, lignin, and hemicellulose (lignocellulosic biomass), and its treatment and
disposal currently pose a global issue since the vast majority is either burned or buried in
soil for landfill [31]. Ganesh et al. [53] and Koul et al. [31] reviewed several treatments for
reusing agricultural vegetable and fruit waste and proposed their use to produce biofuel,
biofertilizers, biobricks, bio-coal, bioplastics, paper, industrial enzymes, organic acids,
adsorbent materials, and bioactive compounds. From these, some treatments to produce
biofuel (anaerobic digestion) and fertilizers (anaerobic digestion and composting) are recog-
nized as viable technologies for rural areas and can be used in ICAq. However, considerable
variability exists across farms, biodigesters and composting methods regarding expenses,
revenue, opportunities, environmental constraints [54-56], and specific contexts must be
considered to evaluate their environmental and economic impact. Aquaculture solid waste
mainly consists of aquaculture processing waste (APW), sludge (AS), and, eventually, dead
organisms due to parasites, diseases, faulty equipment, or other unexpected events [57].
Depending on the level of processing or type of fish, 30-70% of the original fish is APW [58]
while the composition and quantity of AS vary among different types of systems (pond,
raceway, recirculating), species, and food provided [59,60].

The organic matter resulting from APW and dead organisms consists of fish tissue
such as heads, scales, viscera, tails, and backbones, being thus high in protein and lipid
content, and highly perishable [57]. Some of the proposed uses include fertilizers, fish
silage, and biogas production [58].

In aquaculture recirculating systems, aquaculture-suspended solids represent 25% of
the feed provided, while the sludge quantity and composition depend on the efficiency
rate of removal devices [61]. AS is characterized by a low content of total solids (TSs),
varying from 1.5% to 3% [57,61]. However, AS is rich in proteins and lipids, with a volatile
solid (VS) content ranging from 17% to 92%, depending on the fish species and feed
composition [57,62]. When inadequately treated or disposed of in the environment, these
wastes may pose social, economic, and environmental issues [63].

Incineration and/or landfills, which are non-sustainable methods, remain the pri-
mary means of solid waste management for food and aquaculture [64]. The discharge of
sludge into the environment is a common practice for pond culture in several developing
countries [57,65].

The appropriate method for sludge treatment depends on the sludge type [66], which
is influenced by the characteristics of the aquatic culture. For example, Nhut et al. [64]
reported that the sludge dry matter produced per kilogram of fish was six times higher in
ponds than in RASs. However, solid waste from RASs had a much higher concentration
of nutrients, thus being better for compost and anaerobic digestion than that from ponds.
Other factors that define the sludge treatment include the economic, social, and climatic
conditions on site [66]. Thus, for rural small-scale ICAq, the specific context must be
considered and evaluated when implementing processes to enhance circularity.
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3.2.1. Composting, Ensilaging, and Organic Fertilizer

A relatively simple and cost-effective method for reusing AS and AWs is to apply them
directly to the soil, where they act as a fertilizer after successive applications, particularly in
combination with the mineralization of nutrients [67,68]. In developing countries, windrow
composting of APW and AS is often employed as a low-cost method that facilitates the
recovery of several nutrients within 40-55 days, allowing the resulting compost to be used
as fertilizer [60,63]. Composting requires a C:N ratio of approximately 30; therefore, when
composting low C:N ratio materials, such as AS and APW, co-composting with high C:N
ratio materials such as agricultural waste can help achieve the optimal C:N ratio [67,69].

In ICAq, incorporating locally produced waste as a C source to balance the C:N ratio
in the composting process increases the efficiency of resource utilization and localization.
Additionally, using the resulting compost as a substrate medium for seedlings is considered
a promising approach to waste reuse [70]. Other proposed options include vermicompost-
ing with Eisenia andrei earthworms and black soldier fly (Hermetia illucens) larvae [71,72].
These options also provide the added advantage of protein production, which can serve
as a nitrogen source for fish feed in ICAq as discussed later in this work. In the case of
vermicomposting with E. andrei, after an 18-week experiment composting 200 g of RAS
sludge and shredded wheat straw in various proportions, the species showed an orig-
inal stock survival rate ranging from 40% to 70%, depending on the substrate mixture
percentage, and the juvenile yield varied between 256 and 309 individuals, stabilizing
by week 12; also, the original sludge and final vermicomposts were found suitable for
use in agriculture [71]. Vermicompost of bread and aquaculture waste with H. illucens
larvae increased the larvae size by 35% and body protein content by 60% (45%DM) within
11 to 12 days of treatment, but inclusion of only 15% aquaculture waste is recommended
since the addition of aquaculture waste in the treatments was negatively correlated to
larvae survival [72].

Ensilaging is another process considered feasible for small-scale units [12,73,74]. Pro-
duction of fish silage involves homogenizing fish waste, followed by preservation by
adding an organic acid or by adding a fermentable substrate and a bacterial culture to
attain a pH below 4, with an ideal target of approximately 3.5. Fish silage includes a
complete hydrolysis of the product due to the proteolytic enzymes from the fish gut and it
can be stored for at least 6 months or even years [74]. It allows for the recovery of nutrients
from fish processing waste (FPW) and thus APW, with potential use as an organic fertilizer
to replace commercial options [75]. This process requires adding a carbon source, such
as AW, and is considered one of the simplest, cheapest, and most efficient preservation
methods for raw fish [12]. However, for acidic silage, safety measures must be taken, use of
protective glasses/safety face shields, acid resistant gloves, rubber boots, and protective
clothing is recommended, and good ventilation in storage deposits is necessary for workers’
safety for both ensilaging methods [74,76]. Furthermore, besides serving as a fertilizer, fish
silage can provide easily digestible and absorbed ingredients or additives for aquafeed and
may be more valuable as an animal feed ingredient [73,77].

In aquaponics, trials to evaluate the use of APW, AWs, or AS silage as fertilizer
for plant production and fish feed ingredients are needed. ICAq can benefit from co-
composting and ensilaging of APW, AS, and AWs as sources of nitrogen (N) and carbon (C)
for seedling production. Co-composting can be conducted on-farm, extending the resource
value of the fish and plants produced, or it can follow an industrial symbiosis strategy via
enterprise agreements [45].

In ICAgq, if trans-aquaponic systems co-exist with aquaponics, the use of organic
fertilizers produced from outputs of the aquaponic system through processes such as
composting, vermicomposting, or silaging, for non-hydroponic plant fertilization, can
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increase farm circularity. This aligns with the circular economy principle of returning
valuable nutrients to the soil for the agribusiness sector as proposed by UNIDO [24].

3.2.2. Aerobic and Anaerobic Digestion Inputs and Outputs for Aquaponic
Circular Farming

Two methods for treating AS and/or APW that allow an integrated biological process
with multiple uses for their by-products are anaerobic (AnD) and aerobic digestion (AD).
Anaerobic digestion has been used for stabilizing and reducing wastewater sludge and
APW, being considered a straightforward method to decrease by-products and produce
biogas [57]. Anaerobic digestion outputs are liquid digestate (centrate), solid digestate, and
methane [78]. In ICAq, all these outputs (or by-products) could be used to preserve their
value over time and throughout the process. In this regard, Choudhury et al. [79] reviewed
the challenges of resource recovery opportunities from land-based aquaculture waste and
seafood processing by-products and concluded that AnD, together with aquaponics, could
further enhance the value of the waste streams from aquaculture facilities. According to
their finds, outputs of anaerobic digestion of aquaculture by-products are influenced by
a variety of factors. These include the type of feed used (e.g., algal slurry, animal processing
waste), the total solid content (%VS) in the digester feed, and the reactor type and scale.
Additionally, co-digestion with other substrates like sewage solids, manure, or food waste,
and the presence of inhibitory factors, also contribute to the variability in results. For
example, a methane production of RAS aquaculture sludge AnD in lab-scale batch reactors
of 76.0 mL CHy4 /g VSgeq, when feeding with 100% of weeber aquaculture sludge, has been
reported; in contrast, the methane yield of turbot RAS sludge was ~330 mL CHy/g VS¢eq
according to the Automatic Methane Potential Test System (AMPTS II), and salmon and
trout sludge produces up to 519 mL/g VS.q [80-82]. For fish waste, according to the data
reviewed by Choudhury et al. [79], methane yield from AnD ranged from 261 CHy /g VSteq
when fish scales were used to 933 mL CHy /g VS¢.q when intestines (viscera) were used.
On the other hand, studies linked to aquaponics show that centrate anaerobic digestion of
recirculating aquaculture AS can recover between 26-71% of phosphorus (P), potassium
(K), and calcium (Ca). According to Goddek et al. [83], this process yielded centrate with
concentrations ranging from approximately 50-60 ppm of total ammoniacal nitrogen (TAN),
20-50 ppm of P, and 20—40 ppm of K when catfish sludge was used and 230 ppm of TAN
and 50 ppm of P and K when tilapia sludge was used. Similarly, Goddek et al. [84] reported
concentrations of ~60 ppm pf NHy, ~2 ppm of POy, and ~14 ppm of K in AnD centrate of
Nile tilapia culture fed with Hokovit Tilapia Vegi feed.

Recovering nutrients from fish sludge through AnD and reintroducing them into
plant production as liquid fertilizer has become attractive, as this practice enhances system
sustainability [85]. However, this practice is still controversial since the main source of
N for plants is nitrate (N-NO3), and total ammonia nitrogen (TAN) could be toxic for
them. In the AnD of aquaculture sludge, N-NOj is lost while TAN increases in both the
effluent and solid digestate [84,86]. Nevertheless, several authors have evaluated the use of
the centrate of anaerobic sludge digestion for aquaponic plant production with varying
results. Goddek et al. [84] reported better lettuce production using the centrate compared
to production with a conventional hydroponic solution. In contrast, Lobanov et al. [87]
reported lower performance for lettuce produced with centrate compared with a conven-
tional hydroponic solution, and Delaide et al. [88] indicated toxicity symptoms in plants
fertilized with centrate from anaerobic sludge digestion.

On the other hand, in ICAq, the centrate from aquaculture processing waste (APW)
and anaerobic digestion (AnD) is rich in TAN and can be reused for the production of
microalgae or duckweed. This approach has been evaluated successfully for the use of
the anaerobic digestion centrate derived from food waste, wastewater treatment, poultry,
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and dairy residues, among others [78,89,90]. Aerobic digestion (AD) of AS has also been
studied to produce liquid plant fertilizer using the centrate [91,92]. The most commonly
reported N compound in the centrate resulting from AD is nitrate nitrogen, NO3-N [86,91].
The liquid centrate from aerobic digestion of aquaculture sludge is a good option for use
as a hydroponic solution for lettuce cultivation, as the production levels are comparable
to those obtained with standard hydroponic solutions [88]. Nevertheless, according to
Delaide [88], K, P, and Mn deficiency can be observed when using the centrate from the
aerobic digestion of pikeperch aquaculture sludge. Similarly, Goddek et al. [84] reported
that the lettuce production was lower using the centrate of aerobic AS digestion compared
to the centrate of anaerobic digestion of aquaculture sludge. Additionally, according to
Khiari et al. [33], in the digestion process of fish sludge, under aerobic conditions, controlled
pHof 5.5, 6.0, and 6.5, and temperatures of 30, 35, and 40 °C, only ammonification occurs,
resulting in the production of ammonium nitrogen (NHy-N). In contrast, during aerobic
digestion without pH control, nitrification occurs, producing nitrate nitrogen (NO3z-N)
when the temperature is <40 °C.

The circularity concerning the use of anaerobic and aerobic digestion in aquaponics
is advancing for fertilizer production. Zhu et al. [33] demonstrated that a permanently
coupled aquaponic system integrated with an upflow anaerobic sludge blanket (UASB)
reactor increases nitrogen and phosphorus recovery, as well as plant aerial productivity,
compared to both a permanently coupled system and an on-demand coupled system.
Similarly, focusing on aerobic digestion, Madady et al. [93] proposed an aquaponic system
coupled with an aerobic digestion bioreactor (ADBR), from which the fertilizer obtained
was applied to the aquaponic system. This application increased the concentrations of
PO43 ~, K, Fe, Zn, Cu, and Mn in the water compared to a conventional aquaponic system.
Furthermore, the same study reported improved performance of tilapia and mint cultures
in the aquaponic system integrated with the ADBR for specific variables, such as the feed
conversion ratio for tilapia and the total fresh weight, aerial fresh weight, and number
of leaves for mint. In both studies, fish sludge waste was utilized for digestion. Further
research is needed for aquaponics to evaluate the co-digestion of aquaculture sludge, as well
as fish processing and agricultural waste generated in the system. Additionally, research
is necessary regarding economic feasibility, mass balances, material flow, sustainability
indicators, and fertilizer production capacity in both small-scale aquaponics (SSA) and
integrated circular aquaculture (ICAq) contexts.

3.2.3. Aquaponics and Waste-to-Energy Technologies

In aquaponics, electric energy is a fundamental input for the whole system, involving
two main circular entities, the RAS and the hydroponics. Aquaponics is characterized
by the demand for electric energy, which is essential primarily for water recirculation
and aeration. Depending on the location, additional electric energy may be required for
heating, artificial illumination for plant growth, and controlling parameters and climatic
conditions [94,95]. The use of electric energy in aquaponic systems is the factor that
produces major environmental impact [96] and, in some cases, represents the first or second
highest operational cost [97,98]. Given the importance of electric power consumption,
the use of solar and geothermal energy has been proposed as alternative sources [99,100].
Similarly, the incorporation of waste-to-energy technologies could lead to more sustainable
food production in aquaponics and should be considered in ICAq design. These approaches
align with the avoidance principles regarding the use of nonrenewable energy proposed
by UNIDO [24] and the suggestion from Schonborn and Junge [25] to avoid harmful
constituents and outputs in the design.
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Waste-to-energy production technologies allow the transformation of waste into useful
energy forms [101]. The AWs, APW, and AS could be used to generate bioenergy (modern
bioenergy), which, along with sun and wind energy, is considered one of the forms of
renewable energy that can contribute to achieving the SDGs of affordable and clean energy.
This renewable energy refers to the energy derived from biofuels, which are fuels produced
directly or indirectly from biomass [102]. The utilization of aquaponic wastes for bioenergy
production could help close the resource loops for food production in ICAq.

There are several technologies to transform waste into bioenergy, which can be di-
vided into four conversion methods: biochemical, physicochemical, chemical, and physical.
A complete review of these methods, including their applicability to various types of waste
(biomass), their advantages, disadvantages, scale-up, economics, feasibility, and status, was
published by Banerjee [103]. Additionally, Saravanan [104] summarized the bioproducts
derived from different biowastes, their elemental analysis, conversion process, and energy
content. Each of the waste-to-energy technologies is suitable for transforming different
types of biomass [103,104]. Based on our findings and specifically for aquaponics, evidence
regarding biogas production from anaerobic digestion using aquaculture sludge or aquacul-
ture processing waste is available and might be the best match. Therefore, an inventory and
characterization of the biomass generated as waste in aquaponics or aquaponic farming
systems is essential to determine which waste-to-energy technology is appropriate for each
case. Concurrently, research is necessary to determine which waste-to-energy technolo-
gies are best suited for specific aquaponic waste streams, thereby fostering the circularity
essential for developing integrated circular aquaponics (ICAq) systems.

Indeed, a waste-to-energy technology that has been studied for aquaponics is AnD;
however, these studies were conducted focusing on the fertilizer potential or nutrient
recovery from aquaponic fish or plant wastes [84,86,88].

Fish sludge AnD has been pointed out as a promising biogas (methane)-producing
technology [105]. Additionally, in aquaponics, the anaerobic digestion of plant waste was
efficient in reducing pollution burden, producing high-quality biogas, and recovering
nutrients [106]. However, as indicated by Choudhury et al. [79], several challenges need to
be addressed for fish sludge AnD, such as low solid concentrations, low carbon/nitrogen
ratio, and high lipid content in the waste streams. In the case of plant waste, AnD presents
challenges like low biogas yield, poor buffering capacity, low-quality end products, and po-
tential variability [107]. In this sense, one of the suggested techniques for improving biogas
production from both agricultural and inland aquaculture waste is co-digestion [105,107].
The co-digestion of waste derived from aquatic animals and plants has been successfully
tested to increase methane generation [108].

Thus, the co-digestion of agricultural and fish waste could improve the circularity in
ICAq, as its bioproducts might be used to meet several energy and fertilizer requirements.
Additionally, since the co-digestion inputs are naturally present in aquaponics and/or
aquaponic farms, the on-site anaerobic co-digestion of plant and fish wastes would embody
some principles of circular economy and ecological engineering design. This approach
has been explored theoretically by Yogev et al. [109] for aquaponic production. This study
suggests the need for a system capable of producing 3.4 tons of fish annually and approxi-
mately 35 tons of tomatoes per year to generate sufficient fish sludge and agricultural waste
for an anaerobic digester to yield 70 kWh/day of biogas, thereby powering the system.

Biogas production through anaerobic digestion of agricultural and aquaculture waste
has been identified as an economically viable alternative for biogas production [110] and
may involve small-scale farms and even households, offering an alternative for bioenergy
production in rural areas [54]. However, several issues previously identified concerning bio-
gas technology in the rural small-scale context, such as the need for technical improvements,
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potential lack of social acceptance, and high investment costs, must be considered [55].
Additionally, other factors, including technical training, policy enforcement, public—private
partnership funding, and record keeping, need to be taken into account for successful
biogas implementation [111]. Consideration of strategies such as industrial symbiosis may
also be relevant, depending on the context.

3.3. Production of Aquaculture Feed Ingredients for Small-Scale Aquaculture

Aquaculture feed has a crucial role in industry growth [112]. However, aquaculture
feeds are the main source of pollution in aquaculture effluents and account for about half
of the variable costs in aquaculture production [113]. In rural small-scale aquaculture,
access to formulated commercial feed at competitive prices has been identified as one of
the main obstacles to self-sustainability, leading to a common reliance on supplementary
and artisanal feed [9,11]. For small-scale producers, another pathway to achieving more
sustainable aquaculture feed production is through the concept of self-sufficient fish feed.
This approach aims to manufacture fish feed using locally available materials derived from
natural wastes and by-products [113,114]. The use of feed ingredients produced in the ICAq
by recycling and narrowing resource flow cycles could improve the circularity of fish and
plant production and also boost nutrient availability for aquaponic plant cultivation [34].
Strategies for implementing these practices could include industrial symbiosis or extending
resource value [45], depending on the scale and other specific conditions. For rural small-
scale aquaculture, field schools for feed formulation present an option to enhance fish
production and generate income [11].

Regarding ingredients for the aquafeed formulation, a suitable option for ICAq could
be the utilization of aquaponics waste to produce insect meals, which can serve as an
indirect replacement for fishmeal. The intensive production of insects provides an opportu-
nity to break down organic waste and generate insect biomass, such as Hermetia illucens
and Tenebrio molitor [115] that could be used as a protein source for fish feed. Insect pro-
duction has been successfully tested using both agricultural and fish wastes [116,117].
Furthermore, the combination of these types of waste could be ideal for enhancing
insect production [118].

Several reviews exploring this subject are available, for example, a systematic re-
view and meta-analysis of the production performance of aquaculture species fed di-
etary insect meals published by Tran et al. [119]. In this work, larval defatted mealworm
(Tenebrio molitor) and pupal full-fat silkworm Bombyx mori were identified as having the
potential to increase the specific growth rate (SGR) and decrease the feeding conver-
sion rate (FCR) for aquatic animals. In another review by Maulu et al. [120], Tenebrio
molitor and Hermetia illucens were identified as species with high potential to replace
fishmeal in aquafeed. A specific review on the use of T. molitor as aquafeed has been
written by Shafique et al. [121] while another focused on H. illucens was published by
Mohan et al. [122].

Specifically for aquaponics, Maranga et al. [123] evaluated diets containing H. illucens
larvae as a substitute for fishmeal in feed to Clarias gariepinus. According to their findings,
H. illucens larva meal has the potential to substitute fishmeal for C. gariepinus up to 75%.
Additionally, it has been demonstrated that the use of H. illucens in fish feed has no negative
effects and may even enhance the growth of L. sativa and Ocimum basilicum in on-demand
aquaponic systems [124,125]. All these studies could be beneficial for future ICAq trials.

Moreover, recent examples of the production of insect meals using fish and agricultural
waste, as well as the use of insects as feed ingredients, are presented in Table 1. However, it
is important to highlight that insect meal production is considered a high-cost product, and
some of the processing methods to obtain meal require sophisticated techniques, resources,
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and knowledge. In their review, Maulu et al. [120] list several processing methods to obtain
insect meal, including boiling, air-drying, hydrolysis, grinding, and milling, which can be
explored for ICAq. The use of insects as aquafeed ingredients in ICAq requires further
research on insect production, decontamination, processing methods, and performance
as aquafeed.

Another option for fishmeal substitution, in a small-scale rural context, could involve
the use of suitable plants for aquaculture feed [32]. Some examples include water spinach
(Ipomoea aquatica), duckweed (Lemna spp.), and water hyacinth (Eichhornia crassipes), which
have been cultivated in aquaponics systems [60,126]. Table 1 shows recent studies related
to macrophytes used for fish feeding. A comprehensive review of macrophytes as fish
feed ingredients has been conducted by Naseem et al. [127], and research on macrophyte
composition focusing on aquaculture feed ingredients has been developed by Ma et al. [128].
Specifically focusing on aquatic plants, a detailed review by Hossain et al. [129] summarized
studies on the composition of aquatic plants and algae in aquaculture, their direct use as
fish feed, and their application as feed ingredients, presenting relevant findings.

For some specific cases, the use of fermented plant ingredients in aquafeed can im-
prove growth and health performance when comparing with non-fermented plant protein
sources by providing probiotic benefits, enhancing nutrient availability and feed bioavail-
ability, increasing the palatability and digestibility, and even eliminating anti-nutritional
compounds found in dietary feed ingredients [130]. For example, replacing 45% of fishmeal
with fermented soybean meal (using various bacteria) in feed significantly increased the
specific growth rate (SGR) of juvenile turbot compared to replacing the same percentage of
fishmeal with unfermented soybean meal. In this case, the SGR improved from 2.91 using
unfermented soymeal to a range of 3.20-3.41 using fermented soymeal. This improved SGR
was similar to the 3.35 SGR achieved with a pure fishmeal diet [131]. Similarly, including
30% of fermented Azolla pinnata, an aquatic macrophyte, in juvenile Nile tilapia diets dimin-
ished the feeding conversion rate (FCR) from 1.56 to 1.42 and increased the SGR from 1.38
to 1.52 [132]. Siddik et al. [130] presented a complete review on the subject; their review
summarizes the various methods of fermentation and explores the key characteristics of
fermented feed ingredients, the critical factors influencing fermentation, and the nutritional
quality of these ingredients for aquaculture production. The study discussed the various
methods of fermentation, key characteristics of fermented feed ingredients, critical factors
influencing fermentation, and the nutritional quality of these ingredients for aquaculture
production. Additionally, a systematic review and meta-analysis of replacement of fish-
meal with fermented plant proteins in the aquafeed industry revealed that in general, this
substitution is safe and represents a route to promote aquaculture sustainability. However,
the study also revealed that the feed conversion ratio (FCR) values were poorer compared
to diets containing fishmeal [133].

Prior studies offer valuable insights into the use of fish feed inputs that can be feasibly
produced within aquaponic systems for reuse in those same systems, thereby increasing
circularity. However, further research is necessary to address mass balance, system design,
nutrient use efficiency, circularity, economic viability, and other related subjects concerning
the production of insects and macrophytes and fermented ingredients, as well as their
subsequent reintroduction into the aquaponic system as feed ingredients.

It has been suggested that the use of FPW or APW as ingredients, processed in
various forms, can enhance the sustainability of aquafeed [134]. Sustainable fishmeal made
from FPW represents about 30% of the fishmeal produced globally [135]. In aquaponics,
successful intraspecies fish processing meal, in combination with ingredients such as
poultry by-products meal and insect meal, has been demonstrated as a viable option to
substitute commercial diets, and even to improve fish production performance as well as
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the nutrient profile in the water [34]. However, the FPW meal is not suitable for small-scale
operations due to the large quantity of material required and the high investment costs
needed to make it profitable [12].

Conversely, the use of fish silage, which is a mixture rich in hydrolyzed proteins,
lipids, vitamins, minerals, and other nutrients, offers a relatively simple and economi-
cal alternative in situations where a fishmeal plant is not economically viable, such as
small-scale operations. It is also an option in areas that are distant from fishmeal pro-
duction plants [12,74]. The silage process can be achieved through the addition of acids,
endogenous enzymes, or fermenting agents to the raw material, which, in this case, are
FPW, AS, or AW [57].

Fish silage for animal feeding has been widely studied [136-138]. Maksimenko et al. [73]
elaborated a review on the use of ensiling technology for fish waste as an aquafeed ingre-
dient. These authors conclude that the use of fish silage as aquafeed has advantages like
improving feed acceptance, stimulating nonspecific immunity, and enhancing growth rates,
while also highlighting the combined use of AW and FWP as an opportunity to add value
sustainably. Additionally, they present a structured compilation of research conducted to
test fish silage as an aquafeed ingredient while also proposing to encourage the application
of fish waste silage among smallholder producers to mitigate the improper disposal of
organic matter and prevent environmental contamination [77].

Nevertheless, considerations regarding the availability of raw materials, as well as
socioeconomic and environmental conditions, are important to evaluate the use of fish silage
as aquafeed for aquaponics or aquaponic farming. Additionally, it is essential to verify
and adhere to local regulations concerning intra-species use, as this practice is banned
in some regions. Where it is not banned, safety procedures and controls of processed
animal proteins must be considered and standardized [139]. In this regard, combining AW
and FPW ensilage as aquaculture feed might be an option for small-scale aquaponics or
aquaponic farming, but special attention must be given to safety regulations. To the best
of our knowledge, there are no reports on the use of FPW or AW as feed ingredients in
aquaponics; thus, further information is needed to evaluate the performance of FPW, AS,
and AW, and their potential use as aquafeed or organic fertilizer in aquaponic systems.
Some recent studies on silage as aquafeed relevant to aquaponics are presented in Table 1.

Table 1. Examples of recent studies (not covered by the aforementioned reviews) about the production
of aquaculture feed ingredients with potential application in rural ICAq.

Process

Plant Specie Animal Species Key Findings References

Production of insect
meal with fish and
agricultural waste

H. illucens larvae (BSF) can be

reared on agricultural and fish

waste and when produced on

by-products or waste rich in
provitamin A carotenoids could be
Hermetia illucens a sustainable strategy to recycle a [116,118,140,141]
fraction of vitamin A back into the
food chain; the combination of fish
and plant waste (fruit, vegetable,
and rice) can be utilized for better
mass production of BSF.
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Table 1. Cont.

Process Plant Specie

Animal Species

Key Findings

References

Lemna spp.,
Spirodela polyrhiza

Oncorhynchus
mykiss, Cyprinus
carpio, Oreochromis
niloticus

For O. mykiss culture 20% fed
protein regular sources (fishmeal
and soybean meal) can be
substituted with Lemna minor
without negative effects on the
growth performance; C. carpio
performs better when feeding with
diets with partial replacement of
soybean meal with Lemna minor
and S. polyrhiza; the inclusion of
15% of L. minor as protein source
for O. niloticus feed provides
a similar performance when
compared with an isonitrogenous
control diet.

[142-145]

Use of macrophytes as
feed ingredients

Ipomoea aquatica

Heteropneustes
fossilis,
Oreochromis niloticus

I. aquatica can replace up to 25% of
fishmeal without affecting O.
niloticus performance; 20% dietary
inclusion of I. aquatica can be used
to increase fatty acids in O.
niloticus. Fermented I. aquatica at
50% inclusion is an adequate
protein supplement for
H. fossilis feed.

[146-148]

Eichhornia crassipes

Sander
lucioperca

Diets containing 1.5% of Eichhornia
crassipes leaves powder (WLP)
increased the growth performance
of S. lucioperca when compared
with diets without WLP.

[149]

Cassava waste,
peel of Annanas
comosus, molasses,
and corn stubble

Ensilage/fermentation

Colossoma
macropomum,
mix of several
species of fish
waste,
Oreochromis niloticus

C. macropomum viscera and
cassava waste silage are well
digested by C. macropomum;
silage of fish, molasses, fruit, and
agricultural waste with
Lactobacillus B2 reaches
stabilization within 14 days and
presents high nutrient content;
trials on animal feed are
still needed.
Production of Nile tilapia
processing waste silages with 192
h of hydrolysis proved to be viable.
Fermented silage processing
revealed a better apparent
digestibility coefficient than
acid silage.

[77,137,150]

As an alternative protein source, additional benefits can be obtained by incorporating
insects and macrophytes, silage, or fermented ingredients into fish feed. The nutritional
composition of fish, particularly the increase in fatty acids, may improve with the inclu-
sion of macrophytes and/or insects in fish feed [144,145,147]. However, it is necessary
to conduct tests on specific combinations of different species, as improvements in fish
quality are not always guaranteed [120,142]. Additional benefits from incorporating insect
production into aquaponics systems have been observed for RAS and plant components.
The use of larvae frass tea (a by-product of insect production) has been shown to improve
the nutritional quality of aquaponic vegetable products without compromising fish pro-
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duction or water quality when added to the systems [151]. Furthermore, larvae frass tea
enhances the production of fish (Ictalurus punctatus) and plants (Stevia rebaudiana, Lavaridula
angustifolia) when included in fish feed [152]. In the case of silage or fermented ingredients
for aquafeed, these can improve fish growth and health performance by providing pro-
biotic benefits, enhancing nutrient availability and bioavailability of feed, increasing the
palatability and digestibility, and even eliminating anti-nutritional compounds in dietary
feed ingredients [130].

However, research on insect cultivation using aquaponic waste and plant production
as aquaculture feed must be undertaken to assess their technical, environmental, and
economic viability. Aschenbruck et al. [153] investigated the supply of H. illucens larvae
needed for O. niloticus feeding under controlled environmental conditions in developed
countries. Similar studies could be useful for developing countries, with adaptations made
according to the seasonal variations, as climate control is generally not available. This
evaluation will help determine their utility in enhancing the circularity of aquaponics and
advancing into ICAq.

3.4. Fish Welfare and Plant Production for Phytotherapy

Information regarding whether aquaponics has a beneficial effect on aquatic organisms
at the physiological level is still scarce. Moreover, one of the main challenges connected
with the cultivation of hydrobionts and plants in this culture system is the control of dis-
eases and pathogenic microorganisms [154]. Differences in species, the design of aquaponic
systems, water temperature and quality, initial sizes and stocking densities of fish, com-
position of feed, and feeding rates account for the varying results among studies [155].
The widespread lack of legislation regarding the use of antimicrobials, along with the
prohibition of all therapeutic antimicrobials in aquaculture in Europe and the tendency
to ban these substances in other regions of the world, has led to an increasing necessity
for developing and evaluating new alternative tools in these systems. As a result, there is
a priority for researchers to elucidate the effect of aquaponics on fish welfare, with results
from some relevant studies presented in Table 2.

Table 2. Different studies evaluating the advantages of aquaponics on aquatic organisms’ health.

Species (Animal and
Plant)/Reference

Treatments Analysis (Aquatic Organism) Conclusion

Dicentrarchus labrax,
Beta vulgaris [156]

Control, reared at 20 ppt salinity; Growth: final body weight (g), survival rate
aquaponics AFI, reared in

(SR, %), hepatosomatic index (HSI, %), specific AFI is more similar to control.

freshwater (0 ppt), infected with
Amyloodinium ocellatum;
aquaponics, ASI, reared at 20 ppt
salinity and infected with
A. ocellatum

growth rate (SGR, %);

histology: gills, liver, intestine;

cortisol assay;

molecular analysis (RNA): 18 s, IGF I, NPY,

PPARa, IL-1, TNFa, GR

For Dicentrarchus labrax, an
aquaponics system may be used
as a solution against A. ocellatum

infection.

Clarias gariepinus,
Cucumis sativus [157]

Growth: final length, final weight, FCR, SGR, Co-cultivation of fish and plants

Aquaponics, daily growth rate (DGR, g/fish/day); might offer benefits to the welfare
control stress responses: cortisol, blood glucose, and of the fish by reducing skin
external injuries injuries.

Cyprinus carpio L.
[154]

Aquaponics without symbiotic, SO; physiological: HIS, viscerosomatic index
aquaponics with commercial (VSI, %);
symbiotic (Bio Balance®), S1

Growth: SGR, FCR;

Positive effect of symbiotic on
growth and feed utilization in
immunological: phagocytosis activity, carp fingerlings.
bactericide activity, and content of hemoglobin
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Table 2. Cont.

Species (Animal and
Plant)/Reference

Treatments

Analysis (Aquatic Organism)

Conclusion

Clarias gariepinus
[158]

PO,3~-P different concentrations
in mg/L: PO (control), P40, P80,
P120

Growth and feed efficiency: final weight, total
length, standard length, growth, fillet ratio,
SGR, FCR, total feed intake (TFI);
body and fillet composition: dry matter, ash,
protein, fat, calcium, phosphorus, sodium,
magnesium, potassium
Apparent net nutrient utilization (ANNU);
histology: gills;
plasma metabolites: calcium, ammonia, blood
glucose, plasma cortisol;
behavior: agonistic behavior, group and
individual air-breathing and swimming, and
biting wounds

Concentrations ranging from 40 to
80 mg/L of PO,43~-P fall within
safe levels for African catfish
aquaculture. Elevated values
(120 mg/L) affect fish welfare.

Carassius auratus,
Ipomoea aquatica,
Lactuca sativa, Lemna
minor, Amaranthus
tricolor, Ceratophyllum
demersum, Vallisneria
spiralis, and C.
demersum [159]

Control, only fish (CK);
aquaponics with Ipomoea aquatica
(Ia), Lactuca sativa (Ls), Lemna
minor (Lm), Amaranthus tricolor
(At), Ceratophyllum demersum (Cd),
Vallisneria spiralis (Vn), and C.
demersum-net (Cd-ns)

Growth: weight gain rate (WGR, %), SGR (%),
feeding ratio (FR, %), food conversion rate
(FCR, %);
blood chemistry: glucose (GLU), triglyceride
(TG), cholesterol (CHOL), creatinine (CREA),
urinary nitrogen (BUN)), total proteins (TP),
albumin (ALB), globulin (GLO) and A/G
(calculated by dividing the ALB by the GLO),
the activity of alkaline phosphatase (ALP),
alanine aminotransferase (ALT), aspartate
aminotransferase (AST)

Hydroponic plants were more
advantageous for C. auratus under
intensive conditions by providing

more energy to resist
environmental stress than the
aquatic plants.

Penaeus vannamei,
Ipomoea aquatica,
Chlorella pyrenoidosa
[160]

S0, aquaculture water without
vegetation and chlorella;
S1, aquaculture water with water
spinach;
52, aquaculture water with
chlorella;
S3, aquaculture water with
vegetation and chlorella

Growth: SR, SGR, weight gain rate (%);

activities of the immune enzymes superoxide
dismutase (SOD), catalase (CAT), glutathione
reductase (GR), glutathione (GSH),
glutathione S-transferase (GST), and
peroxidase (POD) in the hepatopancreas

Aquaponic shrimp cultivation
with water spinach and Chlorella
pyrenoidosa maintains good water

quality, which improves the
immunity of Penaeus vannamei.

Nile tilapia
(Oreochromis niloticus)
[161]

With and without fertilizer;
fertilizer: 580 ppm CaNOs,
280 mg/L KNO3, 490 mg/L
MgS0Oy, 270 mg/L K,POy, and
48 mg/LNutrel C YaraVita™

Growth: gain weight and length;

blood plasma stress indicators: cortisol,
glucose, and triglycerides

Fish production parameters were
not significantly different between
treatments, nor were
physiological indicators of fish
stress (plasma cortisol, glucose,
and triglycerides).

Carassius auratus,
Lactuca sativa
[162]

NG, control, no hypoxia,
hypoxia;
TO, plant water;
T1, fish water;
T2, fish and plant water

Growth: FW, SGR, relative growth rate (WGR,
%);
stress parameters: cortisol, serum glucose;
antioxidant parameters: catalase and
superoxide dismutase;
gene expression profiles: HSP70, Prdx3

There is evidence that the hypoxia
stress of crucian carp is reduced in
aquaponics.

Nowadays, phytotherapy has emerged in aquaculture as an eco-friendly alterna-

tive to chemical drug therapies. It can be administered in several ways, including injec-

tion, bathing, orally, and as feed ingredients [163]. Active compounds in plants such as
alkaloids, terpenoids, pigments, polyphenols, quinones, lectins, tannins, and polypep-
tides have demonstrated several of the following effects, including antibacterial, growth-

promoting, immune-boosting, appetite-stimulating, and anti-stress properties for aquatic

organisms in aquaculture [163-166]. Use of phytotherapy in aquaculture has been widely

reviewed [163-166]. For example, a meta-analysis conducted by Chakroborty et al. [167]

specifically examined 27 papers on medicinal plants used as feed additives in the Asian

region. Their study evaluated 27 papers on medicinal plants as feed additives, revealing

positive impacts on fish growth and immunity from plants such as garlic (Allium sativum)
(allicin), rosemary (Rosmarinus officinalis), oregano (carvacrol), . batatas, Astragalus sp., and
Psidium guajava, among others.
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A mini-review focusing on medicinal herbs successfully grown in aquaponics identi-
fied basil (Ocimum basilicum), coriander (Coriandrum sativum), parsley (Petroselinum crispum),
spearmint (Mentha spicata), thyme (Thymus vulgaris), oregano (Origanum vulgare), and dill
(Anethum graveolens) [168]. However, identification of medicinal plants with proved phy-
totherapeutic effects suitable for aquaponic culture and in this case suitable for ICAq
is needed. Aquaponics has the potential to increase the levels of specific compounds
in plants without affecting overall plant production [169-172]. Basil (Ocimum basilicum)
has shown higher levels of protein, rosmarinic acid, myrcetin, phenolics, antioxidants,
and antioxidant activity (on a dry basis) when cultured in aquaponics compared to soil
cultivation [169,170]. Also, parsley (Petroselinum crispum) cultivated in aquaponics ac-
cumulates more resveratrol compared to soil-grown parsley [170]. In addition to herbs,
aquaponically grown fruits, such as tomatoes (Solanum lycopersicum), exhibit improved
antioxidant activity and increased content of specific compounds, such as lycopene and
carotenoids, compared to those cultivated in traditional soil [170,173]. Specifically, regard-
ing phytotherapeutic compounds, aquaponics has been demonstrated to have the potential
to biostimulate or elicit medicinal plants, thereby increasing their bioactive compounds or
antifungal properties [171,172].

Thus, for ICAq, the incorporation of a circular system to produce phytotherapeutic
compounds or aquaculture medicinal plants on a farm could be economically advanta-
geous. Depending on several factors such as the application method, the process for active
compound extraction, farm size, location, investment capacity, etc., strategies for extending
resource value or industrial symbiosis can be applied [45].

Several plants used for therapeutic purposes in aquaculture are also consumed by hu-
mans, either for their health benefits or simply as food, including ginger [174], garlic [175],
and turmeric [175]. For small-scale or low-resource farms, these plants, along with their
extracts or powders, must be purchased at market prices and transported to the farm. There-
fore, implementing on-site production within a circular framework for cultivating plants
with phytotherapeutic objectives—and, when feasible, producing plant extracts—can offer
economic advantages. In this case, strategies for extending resource value could be applied
based on factors such as climate suitability, plant culture, and the method of application
or active compound extraction to integrate the output of one circular entity as the input
for another.

Nevertheless, a higher phytochemical content in aquaponics plants is not always the
case, as it varies among different plant species and specific compounds of interest [170,172].
Therefore, for ICAq development, additional studies evaluating the production of diverse
medicinal plants used in aquaculture and the concentration of their active com-pounds
are needed.

Moreover, the challenges identified in using medicinal plants or plant extracts as
phytotherapy for aquaculture must be considered for ICAq. Factors such as plant origin,
identification, chemical composition, standardization of tests, identification, and the use of
a specific quantity of active molecules, as well as their comparison against a control, must
be assessed [165,176]. Additionally, measuring the toxicological effects of herbal remedies
in aquaculture requires further investigation to establish safe concentrations or dosages
for administration [163]. In the context of aquaponics, aquaponic farming, and ICAgq, it is
crucial to identify and quantify active compounds from plants with potential applications
in aquaculture phytotherapy, as well as to determine the factors affecting their synthesis
and accumulation.
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3.5. General Considerations for ICAq Research and Implementation

In rural small-scale aquaculture (SSA), aquaponics and aquaponic farming can enhance
circularity and/or diversification by integrating one or more of the several circular processes
presented in this review. This diversification can lead to increased income stabilization and
improved food availability while enhancing environmental sustainability [177,178]. How-
ever, at the rural and small-scale levels, food security might be achieved more effectively
through the purchase of food items using surplus income generated from fish and crop
sales, rather than by increasing personal consumption [178]. Similarly, the integration of
on-farm circular processes in ICAq has the potential to enhance the economic performance
of the farm by reducing the costs of self-produced inputs. However, it is important to note
that higher levels of regional economic benefits may be obtained compared to on-farm eco-
nomic benefits [177]. Therefore, the integration of one or several on-farm circular processes
in SSA, AF, or SSAA farming must be evaluated for its economic viability at the farm level,
and process combinations must be assessed.

In this regard, studies focusing on the design and modeling of aquaponics systems
within the context of the circular economy have been conducted [35,179,180], which could
provide valuable tools for the integration of one or several of the options presented. The
model developed by Baganz et al. [35] enables the management of data for circular entities,
facilitating the organization of their resource allocation and use within the circular city
while considering both material and energy flows. Based on site resource inventory [35],
an assessment of inputs and outputs for the design and modeling of ICAq in different and
specific contexts can be conducted.

Additionally, developing a framework for the integration of nature-based solutions
(NBSs) to address circular economy challenges [181] could be an option to facilitate the
incorporation of the potential circular processes described. Models of rural small-scale
aquaponic farming must account for seasonal environmental variations due to the lack
of climate control [11]. Leveraging ecological wisdom, traditional knowledge, and par-
ticipatory action can also serve as a strategy for designing and developing integrated
aquaculture, ICAq [28,182].

Ultimately, to advance circularity in aquaponics, particularly focusing on small-scale
rural applications and the circularity evaluation of integrated culture aquaponics (ICAq),
establishing pertinent indicators is vital. Even though research on waste or by-products is
available for agriculture and aquaculture, further research on the circular use of aquaponic
and IACq waste is needed. Building upon the work of Chary et al. [183], who grouped
and summarized farm-level nutrient circularity indicators for integrated aquaculture,
a dedicated set of circularity indicators for ICAq, including material, resource, economic,
and social aspects, remains necessary (Figure 5).

The future perspectives identified in the article primarily focus on the critical need to
advance circularity within small-scale aquaponic systems. Key areas for future investigation
include conducting detailed studies to quantify and characterize aquaponic by-products,
thereby defining their properties and potential circular uses. Another crucial area is
the evaluation of the actual impact and performance of circular inputs generated within
integrated circular aquaponics (ICAq) systems on overall production, product quality,
and system health. Additionally, demonstrating the technical and economic feasibility of
implementing the proposed circular processes in the context of small-scale aquaculture
(SSA) is highlighted as essential. Furthermore, the establishment of relevant and adapted
circularity indicators specifically for ICAq evaluation is emphasized. These indicators
should comprehensively cover material, resource, economic, and social aspects, enabling
more precise measurement and comparison. Ultimately, the goal is to encourage innovative
solutions that are tailored to specific regional needs and contexts.



Resources 2025, 14, 119

21 of 30

Food yields 2
T Output recycling
Food productivity Import/export

Food:non-food By-products in balance
feed

* Productivity *(Re)cycling * Regeneration
Specifically for
V' ICAq

v y W\ Social

r 9 A

/-\ /'\ Economic

* Efficiency * Self- * Diversity and

Nutrient-use sufficiency complementarity
efficiency (NUE) Nutrient self-sufficiency Trophic
Economic feed Synthetic and fossil ESmplemantaliy
conversion ratio fertiliser dependence Extractive:fed biomass

Nutrient emissions

* Chary, K.; Jaeger, C.; Jansen, H.M.; Harchaoui, S.; Aubin, J. Evaluating Nutrient Circularity in Integrated Aquaculture Systems: Criteria and Indicators.
J. Clean. Prod. 2025, 504

Figure 5. General criterion and selected circularity indicators proposed by Chary et al. [183] to
evaluate nutrient circularity in integrated aquaculture systems. Specifically, for ICAq, social and
economic criteria are recommended. Therefore, a dedicated set of circularity indicators for ICAq
remains necessary.

4. Conclusions

Aquaponic components offer a variety of possibilities for the development of circular
food systems. The diverse inputs required and outputs generated in these components
present an opportunity to design, redesign, and research production systems within the
framework of the circular economy and sustainable value chains.

We propose the term ICAq to refer to a circular production system based on aquapon-
ics or aquaponic farming, in which several processes, beyond aquaponics itself, can be
implemented within the farm to increase circularity. The development of ICAq might
include the production of fish, plants, compost, fertilizers, energy, fish feed ingredients or
additives, and fish therapeutic compounds.

Enhancing circularity of SSA by establishing small-scale integrated circular aquaponics
(ICAq) systems bears the potential to promote sustainable rural development, considering
the SSA boundary conditions of limited investment, family labor, low levels of formal edu-
cation among farmers, and the relative isolation of other industries due to their dispersion
over large areas, as well as limited access to competitive markets for inputs and products.

Processing technologies that can be implemented in ICAq systems have been studied
and are continually evolving for specific industries such as aquaculture, agriculture, phyto-
chemical production, energy generation, and waste treatment. Given the multidisciplinary
nature of aquaponics and aquaponic farming and the proposed ICAq, research and imple-
mentation of circular systems based on aquaponics should leverage the existing knowledge
and research from each discipline.

Study Limitations and Future Perspectives

Given aquaponics’ inherent multidisciplinary nature, along with the extensive litera-
ture available on agriculture and aquaculture waste treatment, aquafeed advancements,
and related processes, and a specific focus on small-scale aquaculture, this review adopted
an ad hoc methodology. The comprehensive scope of the review, combined with this
methodology and the vast amount of information, necessitated a careful selection of articles.
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While this selection process inherently involves some author subjectivity, it ultimately
ensures a focused and relevant synthesis. The review then provides a general overview of
these processes, offering valuable insights for future studies. However, for a more in-depth
understanding and application of these processes within the context of aquaponics or ICAq,
further investigation is recommended.

The future perspectives identified in this article primarily focus on the critical needs
to advance circularity within small-scale aquaponic systems. Key areas for future in-
vestigation include conducting detailed studies to quantify and characterize aquaponic
by-products, thereby defining their properties and potential circular uses. Another crucial
area is the evaluation of the actual impact and performance of circular inputs generated
within integrated circular aquaponics systems on overall production, product quality, and
system health. It is essential to demonstrate the technical and economic feasibility of
implementing the proposed circular processes in the context of small-scale aquaculture.
Furthermore, the establishment of relevant and adapted circularity indicators specifically
for ICAq, encompassing material, resource, economic, and social aspects, is emphasized for
evaluation. Finally, developing ICAq systems that are tailored to specific regional needs
and contexts is highly encouraged.
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Abbreviations

The following abbreviations are used in this manuscript:

SSA rural small-scale aquaculture

ICAq small-scale integrated circular aquaponics
SSFs small-scale fisheries

FAO Food and Agriculture Organization
EE ecological engineering

CE circular economy

RAS recirculating aquaculture system
NUE nitrogen use efficiency

AWs agricultural wastes

APW aquaculture processing waste

AS aquaculture sludge

TSs total solids

VS volatile solid content

FPW fish processing waste
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AnD anaerobic digestion

AD aerobic digestion

TAN total ammonia nitrogen

ADBR aerobic digestion bioreactor
SDGs sustainable development goals
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