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ABSTRACT

The proper management of waste generated during agro-
industrial activities is currently one of the greatest challenges
for achieving a circular economy. The considerable increase
in population, along with technological and industrial ad-
vances, has negatively affected optimal waste management,
posing environmental, social, and economic challenges. The
circular economy emerges as an alternative to promote the
reduction and impact of agro-industrial waste, encouraging
its valorization with a more innovative and sustainable ap-
proach. The objective of this study was to analyze the current
state of waste generation and propose sustainable strategies
through the circular economy. To this end, a review of scienti-
fic literature published between 2020 and 2025 was conduc-
ted, consulting databases such as Scopus, Web of Science,
and ScienceDirect. The main findings indicate that the most
relevant strategies focus on bioenergy production and the
development of value-added bioproducts. Composting,
anaerobic digestion, and biotechnology were identified as
emerging technologies with the greatest application. Finally,
technical, economic, and regulatory barriers limiting the
implementation of these strategies were recognized. These
findings provide a basis for improving the management of
agro-industrial waste and contribute to mitigating its envi-
ronmental impact.

Keywords: By-products, circular economy, recycling, sustai-
nability, valorization.

RESUMEN

El correcto manejo de los residuos que son generados du-
rante las actividades agroindustriales es actualmente uno
de los mayores retos hacia la econémica circular. El aumento
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considerable en la poblacién y los avances tecnolégicos e
industriales han afectado negativamente su 6ptimo manejo
planteando desafios ambientales, sociales y econdémicos. La
economia circular surge como alternativa para fomentar la
reduccion e impacto de los residuos agroindustriales, promo-
viendo la valorizacién de estos con un enfoque mas innova-
dor y sustentable. El objetivo del presente estudio fue anali-
zar el estado actual en la generacién de residuos y proponer
estrategias sostenibles a través de la economia circular, para
ello, se realizé una revisién de literatura cientifica publicada
entre 2020y 2025 consultando bases de datos como Scopus,
Web of Science y ScienceDirect. Los principales hallazgos
indican que las estrategias mas relevantes se enfocan en la
produccion de bioenergia y la obtencién de bioproductos de
valor agregado. Se identifican como tecnologias emergentes
con mayor aplicacién el compostaje, la digestién anaerobia y
la biotecnologia. Finalmente, se reconocen barreras técnicas,
econdmicas y regulatorias que limitan la implementacién de
estas estrategias. Estos datos permiten garantizar un mejor
manejo de los residuos agroindustriales y ayudara a mitigar
sus efectos sobre el medio ambiente.

Palabras clave: Economia circular, reciclaje, sostenibilidad,
subproductos, valorizacion.

INTRODUCTION

The agroindustry, which encompasses everything from the
initial acquisition of raw materials to food processing, gene-
rates large amounts of both organic and inorganic waste.
When these wastes are not properly managed, they can cau-
se negative environmental impacts such as the deterioration
of water and soil quality, the release of gases, and the spread
of diseases through vectors (Jiménez-Robles et al., 2025;
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Vicente-Zurdo et al., 2025; Llanes and Pérez, 2024; Anacona
and Piamba, 2023; Alcantara-Revilla et al., 2022; Marchan-
Solier et al., 2021). However, many of these residues contain
high-value compounds such as proteins, fiber, antioxidants,
vitamins, and minerals (Jiménez-Robles et al., 2025; Salazar-
Lépez et al., 2023; Arun et al., 2020), which could be used in
the production of functional foods, nutritional supplements,
and other value-added products. Despite their potential, the
lack of infrastructure, appropriate technologies, and effective
waste management policies limits their use, resulting in both
environmental and economic losses.

The circular economy proposes a production and con-
sumption system focused on extending the use of resources,
optimizing their utilization, and recovering materials once
they have completed their life cycle (Tseng et al., 2020).
Specifically, in the agroindustrial sector, this perspective
allows for the transformation of waste into valuable inputs,
promoting both the economic and ecological sustainability
of the sector.

Processes such as composting, anaerobic digestion, or
the extraction of bioactive compounds make it possible to
reduce the use of non-renewable resources and decrease
pollutant emissions. This approach also drives innovation,
fosters cooperation among different stakeholders in the va-
lue chain, and strengthens the sector’s ability to face climate
change and economic instability.

In addition to reducing the volume of waste, circular
strategies enable the production of high value-added
products. One example is the reuse of residues such as
peels, bagasse, and plant residues to develop ingredients
with functional, antioxidant, and antimicrobial properties
applicable to food, cosmetic, and pharmaceutical industries
(Minjarez et al., 2025; Narvaez et al., 2024; Campos-Rodriguez
etal, 2023; Chel et al., 2022; Jideani et al., 2021; Nieto, 2020).
Likewise, this model significantly contributes to combating
climate change by reducing greenhouse gas emissions.

Current technologies such as anaerobic digestion make
it possible to convert waste into biogas (a renewable energy
source) and produce biofertilizers, thereby reducing the use
of fossil fuels and synthetic fertilizers, while also lowering
pollutant emissions (Balakrishnan, 2024). It also encourages
a more rational use of water and energy, which is crucial in
agricultural areas facing water scarcity.

From an economic standpoint, circularity opens new
business opportunities by transforming residues previously
considered “waste” into useful materials. This stimulates the
rural economy, creates green jobs, and strengthens local
production networks. Examples such as the development
of materials from agroindustrial residues, demonstrate how
technological innovation can become a competitive advan-
tage (Hussain et al., 2025; Pagliuso et al., 2025; Orozco et al.,
2024).

Finally, the circular economy promotes intersectoral
and interdisciplinary cooperation, encouraging collaborati-
ve innovation and the development of joint solutions. It is
essential for universities, public institutions, and companies
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to foster strategic alliances to research and scale up circular
models that are sustainable from economic, ecological, and
social perspectives. Such collaboration is key to structurally
transform the agroindustrial sector and advance toward the
fulfillment of the Sustainable Development Goals (SDGs) of
the 2030 Agenda.

The implementation of circular approaches in the agro-
industrial sector not only helps to address environmental
challenges, but also represents an opportunity to foster
sustainable growth, enhance competitiveness, and contri-
bute to food security and the global economy. Therefore,
the objective of this review was to analyze innovative stra-
tegies for the valorization of agro-industrial residues from
a circular economy perspective, highlighting their potential
to mitigate environmental challenges, promote sustainable
growth, improve the competitiveness of the agro-industrial
sector, and contribute to food security and global economic
development. The study was conducted as a thematic litera-
ture review, with the aim of analyzing the environmental and
socioeconomic impacts of plant- and animal-based agro-
industrial residues, as well as innovative strategies for their
valorization within the framework of a circular economy. The
search was carried out using databases such as Scopus, Web
of Science, and ScienceDirect, employing keywords in Spa-
nish and English related to agro-industrial residues, circular
economy, by-product valorization, nanotechnology, and
sustainability. Scientific articles, reviews, and technical do-
cuments published between 2020 and 2025 were included,
prioritizing those addressing innovative, technological, and
environmentally applicable approaches in the agro-industrial
sector. Out of approximately 245 documents initially identi-
fied, 100 were selected for the final analysis after applying
criteria of relevance, currency, and thematic pertinence. The
information was organized into categories such as environ-
mental and socioeconomic impacts of residues, circular eco-
nomy principles (reduction, reuse, and recycling), innovative
valorization strategies, and emerging technologies such as
nanotechnology. The synthesis allowed the identification
of promising approaches for waste reduction, value-added
generation, and sustainability in the agro-industrial sector,
as well as limitations related to study heterogeneity and the
uneven availability of information across regions and types
of residues.

Current Outlook on Agroindustrial Waste of Plant and
Animal Origin

The latest UN figures (2023) indicate an annual production of
more than 11,000 tons of solid waste worldwide, a scenario
expected to increase by up to 70 % by 2050. The variability of
the sources of this type of waste in agroindustry prevents the
existence of accurate statistical data on how much agroindus-
trial waste is produced globally. However, products such as
sugarcane generate more than 30% waste for every 100 tons
of milled cane. This figure represents a considerable amount
of waste that, if mismanaged, will have negative effects on
the environment due to its ability to produce high emissions
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of gases such as CO, and particulate matter from combustion,
as well as direct contamination of water deposits in rivers
and aquifers, in addition to generating unpleasant odors and
pests such as rodents and insects (SEMARNAT, 2023).

In Mexico, agriculture and livestock are the most impor-
tant economic activities due to their capacity to generate
employment and are among the main sources of food supply
for millions of Mexicans (Acosta et al., 2020). In the country,
agriculture represents 4 % of the annual GDP, with 13% of
the national territory dedicated to this industry, producing
harvests of approximately 200 products (FAO, 2023). In 2022
alone, the agricultural sector was responsible for generating
91% of Mexico's total food volume, with 271 million tons
(SIAP, 2023a). That same year, in Northwestern Mexico, 31.9
tons of food were produced from this activity, equivalent to
approximately 162.2 million pesos (SIAP, 2022). Meanwhile,
the animal-based industry, specifically the meat sector,
represents one of the main production and consumption
industries in Mexico, where in the last decade, the consump-
tion of beef, pork, and poultry increased by 33% (Consejo
Mexicano de la Carne, 2022b).

Due to the high demand of the agroindustrial sector,
large quantities of waste are produced, with more than one
billion tons of food produced worldwide ending up discarded
(Ogbu and Okey, 2023). This is due to natural decomposition
or treatments applied during processing, resulting in most
foods not being fully utilized (Diaz Montes, 2022).

Among the main by-products of the agricultural industry
are mango peel and seed, grape pomace, pineapple, apple,
kiwi, potato, papaya, coffee, beans, avocado, and guava (Pre-
ciado et al., 2022). Multiple studies focusing on plants and
their characteristics highlight that plant-based by-products
contain a wide range of bioactive compounds (Figure 1). The
amount and quality of these compounds depend on several
factors such as variety, genetics, maturity stage, soil compo-
sition, cultivation conditions, and the type of processing to
which they are subjected (Nurzynska-Wierdak, 2023; Leyva-
Lépezetal., 2020).

Plants such as grape, coffee, apple, soy, wheat, mango,
pineapple, and banana, which undergo minimal processing,
produce large amounts of by-products, often exceeding
the edible portion and in many cases accounting for more
than 50 % of the original product (Lopez-Escobar et al., 2025;
Asma et al., 2023; Galanakis et al., 2022; Preciado-Saldafna et
al.,, 2022). Most of the time, these by-products have equal or
even higher nutritional or functional value than the edible
portion itself. These by-products have been associated with
biological properties of interest, such as high antioxidant and
antimicrobial activity (Nieto, 2020), antiviral and antifungal
potential (Coman et al., 2020), anticancer activity (Jideani et
al., 2021), anti-inflammatory (Chel et al., 2022), and antimuta-
genic (Chamorro et al., 2022) effects, among others. On the
other hand, residues such as parts, trimmings, peels, stems,
seeds, husks, bran, and others produced after the extraction
of juice, oil, starch, and sugar from various plant products
are a considerable source of compounds such as phenols,

carotenoids, vitamins, polysaccharides, and dietary fibers.
Furthermore, they are usually a rich natural source of carbo-
hydrates, polysaccharides, proteins, vitamins, minerals, and
antioxidants (Mateus et al., 2022).

Figure 1. Bioactive compounds reported in plant residues. Source: As
reported in Sdnchez, 2024; Urrialde et al., 2022; Stegmayer et al., 2021.
Figura 1. Compuestos bioactivos reportados en residuos vegetales. Segun
lo reportado en Sanchez, 2024; Urrialde et al., 2022; Stegmayer et al., 2021.

In Mexico, beef production ranks as the leading activity
within the livestock sector, representing 27.9 % of the total
national livestock production value in 2022, equivalent to
approximately 164 billion pesos. This marked a 7.9 % increase
compared to the previous year. According to preliminary data
from SIAP-SADER, in 2023 a historic production of 2.21 million
tons of beef was achieved, setting the highest level recorded
to date. The states leading this production nationwide are Ve-
racruz, Jalisco, Durango, San Luis Potosi, and Chiapas, which
together account for 64 % of the national total (FIRA, 2024a).
Regarding pork, its production has shown sustained growth,
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increasing from 1.2 to 1.7 million tons, driven by a per capita
demand that reaches 18 kilograms (SADER, 2022a). This pro-
duct is currently the second most consumed type of meat
in the country, after chicken. Over the last decade, pork pro-
duction has recorded an average annual growth rate of 3.6
%, reaching a new historic high of 1.77 million tons in 2023,
representing a 2.2% increase compared to the previous year
(FIRA, 2024b).

Meanwhile, the poultry industry, which includes the
breeding, reproduction and use of domestic birds, is one of
the most important branches of livestock farming in Mexico,
both for its nutritional and economic value (Delgado et al.,
2025; Romero-Lépez, 2021). Between 2010 and 2020, poultry
product exports from Mexico increased from 2.8 to 3.7 million
tons, while per capita consumption rose from 29 to 35 kg in
the same period. More recently, in 2023, national production
reached a historic record of 3.89 million tons, with an annual
growth of 2.8 %, demonstrating greater dynamism than
other livestock sectors such as beef and pork (FIRA, 2024).

The animal-based industry plays an essential role in
both the economy and food security worldwide by provi-
ding essential products such as meat, milk, eggs, leather,
and other derivatives. This industry not only meets the
nutritional demand of millions of people but also generates
employment in rural and urban areas, fosters national and
international trade, and contributes to the development of
multiple productive sectors. However, despite its benefits,
this industry is also one of the main generators of organic
and inorganic waste. Inadequate management of manure,
effluents, animal remains, and packaging can cause severe
consequences, including the alteration of terrestrial and
aquatic ecosystems, along with the emission of compounds
responsible for climate change and the spread of diseases.
Therefore, although the animal-based industry is important
and necessary, it also implies a significant environmental
responsibility that requires sustainable practices to reduce
and properly manage the waste it produces.

The main animal-origin residues are generated prima-
rily by three industries: dairy, poultry, and meat. It has been
noted that, according to their composition, these residues
are rich in high-quality protein and are an important source
of zinc, iron, B-complex vitamins, and essential amino acids
(Shah et al., 2025). However, they are most often discarded for
aesthetic reasons. Most of the proteins contained in animal
residues can be easily extracted and are frequently used in
the production of hydrolysates, which are later incorporated
as ingredients in various foods (Rojas et al., 2022). However,
for optimal utilization of agroindustrial by-products, it must
be considered that they contain significant amounts of fat,
which increases susceptibility to oxidation and rancidity.
Therefore, proper processing and storage are necessary to
avoid microbial growth and/or contamination. It is also im-
portant to note that, compared to plant-based by-products,
those of animal origin represent higher costs but also greater
profitability (Ordaz et al., 2022).

In the meat industry, the largest proportion of residues
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is generated during slaughter (Trujillo Echeverria, 2023). The-
se are parts of the animal that cannot be marketed as meat
or used in meat products, and they vary by geographic area
due to differences in dietary habits and in what is considered
edible orinedible. These residues typically include organs, fat
or lard, skin, ears, feet, lungs, tripe, abdominal and intestinal
contents, bones, and blood from various animals such as
cattle, pigs, and sheep. They usually represent approximately
66.52 % to 68 % of the live weight (Abdulla, 2020).

According to 2021 data, poultry accounted for 28.5 %
of national livestock production, with per capita annual con-
sumption of 34.2 kg of chicken, 23 kg of eggs, and 1.3 kg of
turkey (SADER, 2021). In that same year, poultry farming re-
presented 0.75 % of Mexico’s GDP, while within the livestock
GDP it accounted for 36.8% (Union Nacional de Avicultores,
2021). Sonora recorded a production of 35.5 million tons of
poultry meat in 2022, equivalent to 1,163.4 million pesos
(SENASICA, 2022).

The poultry industry also generates large amounts of
by-products such as blood, bones, meat scraps, skin, fatty
tissues, feet, skulls, and viscera. These have been shown to
contain high amounts of proteins, fats, carbohydrates, mine-
rals, vitamins, and other nutrients, making them a valuable
option for obtaining different functional compounds and
ingredients (Romero et al., 2022). Furthermore, previous
studies have shown that peptides derived from poultry by-
products exhibit biological activity, including antihyperten-
sive and anticancer effects (Bravo et al., 2023; Romero-Garay
etal., 2022)

Environmental and Socioeconomic Impacts

Agroindustry, by encompassing the stages of cultivation,
processing, and marketing of agricultural and livestock
products, has become an essential component of economic
development in various regions of the world. However, its
expansion has been accompanied by a parallel increase in
the generation of both organic and inorganic waste. When
not properly managed, these wastes can cause serious envi-
ronmental and socioeconomic repercussions. In this context,
the sustainable management of such waste has become a
priority challenge in achieving more responsible and sustai-
nable models of rural and agricultural development.

From an environmental perspective, the accumulation
and inadequate disposal of agro-industrial waste can lead
to the deterioration of soils and both surface and ground-
water, as well as contribute significantly to greenhouse gas
emissions (Mohanta et al., 2025; Nair et al., 2022). Wastes such
as manure, bagasse, pulp, husks, and wastewater with high
organic matter and nutrient content, when untreated, can
increase nitrogen and phosphorus levels in water bodies,
fostering eutrophication processes (Tiwari and Pal, 2022).
Likewise, the anaerobic decomposition of these residues
in landfills generates methane (CH,), a gas with a climate
impact 28 times greater than that of carbon dioxide (CO,)
(Villegas-Henao et al., 2024). Recent research indicates that
agroindustry contributes approximately 10 - 12 % of global
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greenhouse gas emissions, mainly due to the inadequate
management of its waste (FAO, 2023).

In addition to environmental effects, the improper accu-
mulation of agro-industrial waste also poses a public health
problem, as it fosters the appearance of pests, the presence
of disease-transmitting vectors, and the spread of pathoge-
nic microorganisms. For example, in tropical regions, wet
and easily fermentable organic waste can become hotspots
of microbiological contamination, affecting both the sanitary
quality of food and the health of nearby populations. Added
to this is the intensive use of agrochemicals, whose toxic re-
sidues can harm ecosystems and endanger human health by
accumulating in living organisms and amplifying along food
chains (Gupta and Gupta, 2020).

On the socioeconomic level, the lack of effective policies
for waste valorization represents a substantial loss of econo-
mic opportunities. Residues that could be transformed into
high-value-added products such as biofertilizers, biogas,
functional foods, industrial enzymes, or construction mate-
rials are discarded due to the lack of appropriate technolo-
gies, investments, or technical knowledge. This inefficiency
particularly affects small and medium-sized producers, who
could greatly benefit from circular economy initiatives that
reduce production costs, diversify income, and increase
competitiveness. According to Gupta and Gupta (2020),
agro-industrial residues may contain up to 50 % reusable
bioactive compounds, highlighting the enormous potential
wasted under the current disposal-oriented model.

Moreover, the impacts of agro-industrial waste are
unevenly distributed among different social groups. Rural
communities, especially those with low levels of infrastruc-
ture and public services, face the most severe consequences
of environmental pollution generated by agro-industrial
activities (Senthilkumar et al., 2020). Exposure to poorly
managed waste not only degrades the natural environment
and public health but also perpetuates conditions of pover-
ty, exclusion, and vulnerability. This socio-environmental
inequality underscores the need to integrate environmental
justice approaches into waste management strategies. In
light of this scenario, it is essential to redesign public policies
and production models that incorporate principles of sustai-
nability, circularity, and social inclusion. Promoting environ-
mental education, encouraging applied research, facilitating
access to valorization technologies, and creating economic
incentives for responsible practices, are key actions to trans-
form agro-industrial waste management. Likewise, the role
of consumers is increasingly relevant: informed purchasing
decisions can encourage agro-industrial companies to adopt
more sustainable practices.

Principles of the Circular Economy Applied to the Agro-
Industrial Sector: Reduction, Reuse, and Recycling

The circular economy has emerged as an essential paradigm
for redesigning production and consumption systems
toward sustainability, particularly in resource-intensive and
waste-generating sectors such as agroindustry (Melendez,

2023). Unlike the traditional linear model, which is based on
extraction, transformation, consumption, and disposal, the
circular economy promotes closed material cycles in which
waste becomes an input, thereby extending the product life
cycle and reducing environmental impact (Imberné and Sou-
to, 2023). In this context, the principles of reduction, reuse,
and recycling represent a strategic pillar for transforming
agro-industrial processes into more efficient, resilient, and
regenerative systems.

One of the key principles of the circular economy is re-
duction, which constitutes a highly effective strategy within
the circular approach (Morseletto, 2022). It involves preven-
ting waste generation from the very design and logistics of
agro-industrial processes. In practice, this means optimizing
the use of inputs, water resources, and energy sources
throughout all stages of the production cycle. For example,
through the implementation of precision technologies,
smart sensors, and sustainable agricultural practices, it is
possible to significantly reduce the use of agrochemicals and
fertilizers, thereby avoiding hazardous waste and secondary
pollution (Palacios et al., 2025; Muhie, 2022).

Likewise, in the processing phase, the application of
engineering techniques to minimize losses during product
transformation can reduce the volume of discarded by-pro-
ducts. Efficient logistics planning also helps minimize post-
harvest and cold-chain losses, which is particularly important
for perishable products such as fruits, vegetables, and meat
products. This preventive perspective not only reduces envi-
ronmental pressure but also represents a clear and profitable
pathway for the sector.

In the second principle, reuse, the aim is to extend
the useful life of materials, equipment, and agro-industrial
by-products before they become waste. In rural settings, tra-
ditional practices such as reusing wastewater in crops or ani-
mal manure, are examples of circular economy approaches
that can now be integrated into more advanced systems. In
addition, solid residues such as containers, packaging struc-
tures, or metallic components can be refurbished and reused
multiple times if designed with durability and disassembly
in mind. From a more industrial perspective, reuse can also
involve the recirculation of by-products within the same agri-
food system. For example, whey, a bulky by-product of the
cheese industry, can be reused as an input for the production
of fermented beverages or nutritional supplements instead
of being discarded as a polluting waste (Jiménez-Robles et
al., 2025). Such solutions require process redesign and the
establishment of closed material loops, often through part-
nerships among different links in the value chain.

Finally, recycling constitutes an essential principle
to reintegrate residual materials into the economic cycle.
In agroindustry, this process often involves transforming
organic waste into useful inputs through physicochemical,
mechanical, or biotechnological processes. One of the most
established strategies is composting, which allows the con-
version of plant residues, manure, and other biodegradable
waste into high-quality organic fertilizers, improving soil
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Figure 2. Principles of circular economy in the material cycle.
Figura 2. Principios de la economia circular en el ciclo de los materiales.

fertility and reducing the use of synthetic fertilizers (Yin et al.,
2024; Ayilara et al., 2020).

Another relevant example is the production of biopoly-
mers from residues such as potato peels, sugarcane bagasse,
or maize waste (Choudhary et al., 2024; Ejaz et al., 2023;
Ebrahimian et al., 2022), an alternative that not only replaces
petroleum-based plastics but also promotes a closed life
cycle that minimizes environmental footprints.

The incorporation of circular economy practices into the
agro-industrial sector is not an automatic process but rather
requires structural transformation, technological innovation,
and collaborative governance. Public policies must promote
regulatory frameworks and incentives for sustainable waste
management, while companies need to integrate circula-
rity into their business models. Likewise, scientific research
and technology transfer should be directed toward solving
frequent challenges in waste valorization and promoting
context-specific solutions. The training and awareness of
producers, workers, and consumers are also fundamental to
accelerate this transition. A circular agroindustry will not only
be more environmentally friendly but also more competitive,
resilient to climate crises, and capable of meeting current
demands.

Innovative Strategies for Waste Valorization

Recently, there has been increasing interest in implementing
innovative strategies aimed at the valorization of agro-indus-
trial waste, driven by the need to transform these discards
into valuable resources that foster both environmental sus-
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tainability and economic development. Among these alter-
natives, biotechnology and bioconversion stand out, as they
employ controlled biological processes to transform organic
residues into high value-added products. These technologies
use microorganisms, enzymes, and biological systems to
break down or modify residual materials, generating useful
bioproducts such as biofuels, biofertilizers, bioplastics, and
bioactive compounds (Almeida et al., 2025; Silva et al., 2025;
Moisés et al., 2022).

The generation of biofertilizers, bioplastics, and biofuels
represents one of the most promising strategies in this field,
as it integrates technologies capable of transforming waste
into environmentally and economically valuable goods (Fa-
llah and Khoshru, 2024; Chaudhary et al., 2022; Daniel et al.,
2022). These solutions not only reduce dependence on che-
mical inputs and non-renewable energies but also promote a
more sustainable circular economy model. By using residues
as raw material, pollution and waste volumes are reduced,
while providing useful alternatives for strategic sectors such
as agriculture, industry, and energy.

Regarding biofertilizers, the agro-industrial sector
produces large quantities of organic waste (including crop
residues, manure, and food by-products) that can be trans-
formed into natural fertilizers through processes such as
fermentation and composting. These products are enriched
with essential nutrients and beneficial microorganisms that
enhance soil fertility, improve plant health, and optimize
nutrient uptake (Fallah and Khoshru, 2024; Chaudhary et
al., 2022). Moreover, their use reduces the need for synthe-
tic fertilizers, whose production and application generate
significant greenhouse gas emissions that intensify climate
change.

On the other hand, the production of bioplastics from
agro-industrial waste constitutes an emerging pathway of
valorization. Materials such as starch, cellulose, and oils ex-
tracted from agricultural by-products can be used to develop
biodegradable biopolymers (Jayarathna et al., 2022; Nigam
et al., 2022). These bioplastics represent an ecological alter-
native to conventional petroleum-derived plastics, whose
persistence in the environment generates significant conta-
mination and waste management issues. Using agricultural
by-products for their production helps close material life
cycles, reducing environmental impacts and fostering more
sustainable consumption patterns.

In the case of biofuels, agroindustry provides multiple
potential sources such as bagasse, shells, pulps, and manure,
allrich in fermentable organic compounds. These can be con-
verted into bioethanol, biogas, or biodiesel through different
technological processes (Dave and Hebbale, 2025; Mubarak,
2024; Munoz-Hernandez et al., 2023). The incorporation of
these technologies into the agro-industrial environment, not
only diversifies the economic sources of rural communities
and sectoral enterprises but also reduces pollutant emissions
and dependence on fossil fuels. Furthermore, it fosters the
development of more decentralized, resilient, and sustaina-
ble local energy systems.
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The synergistic combination of these three production
lines (biofertilizers, bioplastics, and biofuels) can amplify
the positive environmental and socioeconomic impact of
agro-industrial waste valorization. For instance, residues not
converted into biofertilizers can be used for biofuel produc-
tion, while certain lignocellulosic wastes can serve as raw
material for bioplastics (Dave and Hebbale, 2025; Mubarak,
2024; Munoz-Hernandez et al., 2023). This integration maxi-
mizes resource efficiency and enables multiple products to
be obtained from the same waste stream, optimizing the
value chain and fostering the circular economy. Neverthe-
less, the large-scale adoption of these technologies faces
technical, economic, and social challenges. Variability in the
composition and quantity of agro-industrial residues can
affect the efficiency of biotechnological processes, and the
lack of adequate infrastructure limits production scalability.
Additionally, it is necessary to develop public policies that
encourage investment in technological innovation for the
agro-industrial sector, as well as strengthen technical trai-
ning and knowledge among producers and entrepreneurs.

Nanotechnology: A Promising Emerging Technology
Among the most recent technologies with promising appli-
cations in the agricultural field, nanotechnology stands out
as a key tool to drive sustainability in farming. Its use in
processes such as nanoformulation, nanoencapsulation, and
the synthesis of nanomaterials has opened new possibilities
for achieving targeted and regulated release of various ac-
tive compounds in plants (Saritha et al., 2022). The growing
interest in updating and optimizing agricultural practices
has led to the implementation of nanoscale systems, such
as nanofertilizers, nanopesticides, nanoherbicides, and na-
nosensors. These technologies have shown a positive effect
on crop productivity and establishment (Rajput et al., 2021),
thanks to several mechanisms of action, with improved nu-
trient uptake efficiency being one of the most significant.

Nanoparticle-based systems greatly enhance the ab-
sorption of essential nutrients in plants (Mittal et al., 2020).
Their small size increases surface area contact and facilitates
penetration through roots, while also allowing greater
retention within plant tissues (Chugh et al., 2021). Likewise,
applying fertilizers or biostimulants in nanoform improves
the uptake of elements such as nitrogen and phosphorus,
reducing the number of applications required and thereby
decreasing the impact on natural nutrient cycles (Rani et al.,
2024).

In the agri-food sector, nanotechnology also plays a
fundamental role, particularly in mitigating climate change.
Studies such as those of Haider et al. (2024) and Quintarelli et
al. (2024) have shown that these technologies can contribute
to environmental protection by reducing compound lea-
ching, toxicity, pollution, excessive use of natural resources,
greenhouse gas emissions, and waste generation. One of
its main benefits is the reduction of water contamination.
Thanks to their physicochemical properties, nanoparticles
can be incorporated into slow-release systems, minimizing

both evaporation and water source pollution. This helps
maintain higher soil moisture availability for plants, reducing
the need for frequent irrigation (Lopez-Maldonado, 2023).
Such a feature is especially relevant in arid or water-scarce
regions, as highlighted by the UN (2024) in relation to SDG 6,
which focuses on efficient water management.

Another significant contribution of nanotechnology
is the more precise and effective control of pests and crop
diseases. The use of nanomaterials in phytosanitary pro-
tection represents an innovative approach that specifically
targets harmful organisms such as bacteria or insects, while
producing fewer negative environmental impacts compared
to conventional techniques. These nanoparticles can be en-
gineered to target specific pests, penetrate their cells, disrupt
metabolism, or induce mortality (Lépez-Trevifio et al., 2021;
Rajput et al., 2021; Herndndez-Diaz et al., 2021). Additionally,
they can stimulate plant defense responses, strengthening
natural resistance (Upadhyay et al., 2025; Francis et al., 2024;
Mishra et al., 2022). Controlled-release systems also allow
gradual and localized application of compounds, which sig-
nificantly reduces agrochemical use and, consequently, their
environmental impact. However, uncertainties remain regar-
ding the long-term effects and safety of these technologies
when used extensively.

From a technical standpoint, one of the main barriers
lies in the heterogeneity and variability of agro-industrial
residues, both in composition and quantity. This variability
complicates the standardization of biotechnological proces-
ses and may affect the efficiency and quality of derived pro-
ducts such as biofertilizers, bioplastics, or biofuels. Moreover,
many emerging technologies are still in experimental or pilot
phases, which creates uncertainty in scalability, operational
stability, and associated costs (Singh et al., 2022).

Economically, the initial costs of implementing inno-
vative technologies are often high, especially for small- and
medium-sized agro-industrial producers (Oiganji et al.,
2025; Petrunenko et al., 2021). Investments in infrastructure,
training, maintenance, and technological adaptation may ex-
ceed their financial capacity. Likewise, the lack of economic
incentives, subsidies, or specific financing mechanisms hin-
ders the adoption of such solutions, keeping a gap between
research and practical application.

On the social side, resistance to change and lack of
adequate information among producers, workers, and rural
communities constitute significant obstacles (Akimbekova
et al., 2025). Adopting new technologies requires training
and a cultural shift toward sustainable practices, which are
not always present. Negative perceptions or distrust toward
unfamiliar innovations may hinder implementation, as does
the absence of collaboration networks and technical support
(Yugsi et al., 2024). The regulatory and political framework
also presents important barriers. In many countries, the lack
of clear regulations, fiscal incentives, or specific policies for
sustainable agro-industrial waste management limits the
development of innovative projects (Ovalle et al., 2025).

Volume XXVIII



Lopez-Corona el al. / Biotecnia 28:€2792, 2026

Finally, integration and collaboration among different
actors in the agro-industrial value chain (producers, industry,
government, academia, and civil society) remain a funda-
mental challenge. The lack of synergies, effective communi-
cation, and collaborative projects limits technology transfer
and the joint implementation of solutions that maximize
waste utilization.

CONCLUSIONS

In the face of growing challenges such as climate change,
resource scarcity, and increasing pressure on production
systems, this work confirms that the application of circular
economy principles to the valorization of agro-industrial
residues represents a key strategy for advancing toward
more sustainable and resilient production models, in line
with the objectives established. Throughout the analysis, it
is demonstrated that the valorization of these residues not
only reduces environmental impacts but also extends the life
cycle of materials and generates high value-added inputs,
thereby strengthening the efficiency and competitiveness of
the agro-industrial sector.

Furthermore, the study highlights the role of emer-
ging technologies, such as nanotechnology, as innovative
tools for transforming residues into products with strategic
applications, representing a significant contribution to the
body of knowledge on sustainable technological solutions.
Complementarily, the inclusion of small-scale producers in
these value chains is emphasized as a central element for
promoting rural development, social equity, and the local
appropriation of innovation, aligning with the integrated
approach proposed in the objectives of this work.

Finally, it is concluded that the consolidation of this
model requires effective coordination among public policies,
economic incentives, accessible financing, and technology
transfer mechanisms, as well as the establishment of strong
partnerships among the public, private, academic, and com-
munity sectors. In this context, the work underscores that
fostering a culture of sustainability and waste valorization
through education, awareness-raising, and the active partici-
pation of all stakeholders is essential to achieving a structural
and lasting change capable of scaling from the local to the
global level.
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