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ABSTRACT

Keywords:
Circular Economy, Organic Fertilizers, The coffee industry, vital to many national economies, faces challenges in
Quality Management, Process sustainability and efficiency, particularly due to the use of chemical fertilizers
Improvement, Bioplant, Technological ~that degrade soil and foster dependency on external inputs. Circular
Surveillance. bioeconomy provides a strategic framework to promote sustainability by

. transforming coffee residues and other organic materials into organic
Original research fertilizers. This article explores, through a case study, how emerging

technologies such as the Mixed Pile, ERP systems, and Lean Manufacturing,
combined with continuous quality improvement strategies, enable producers to
reduce costs, enhance soil quality, and boost competitiveness in international
markets. Key findings emphasize the role of technological surveillance, quality
management systems, and advanced tools like the Mixed Pile and ERP systems
within a global circular bioeconomy framework. These strategies improve
operational efficiency, lower costs, and support sustainability across diverse
coffee-producing regions, showcasing their potential to transform the industry
and enhance global market competitiveness.
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1. INTRODUCTION country. The analysis focuses on available technologies
for transforming waste into organic fertilizers,
Coffee production is one of the leading agricultural emphasizing improved quality management and cost
activities in many countries worldwide, contributing reduction. It highlights technological strategies that can
significantly to local economies and global trade. be implemented across various global contexts,
However, the industry's reliance on chemical fertilizers contributing to a more sustainable and efficient coffee
has raised environmental and economic concerns. In sector.
response, there is an urgent need to adopt sustainable Coffee production is a cornerstone of agricultural activity
approaches that maximize resource utilization and worldwide, significantly contributing to local economies
minimize waste. In this context, the circular bioeconomy and global trade. However, the industry's reliance on
represents a paradigm shift, enabling the reuse of organic chemical fertilizers has led to pressing environmental and
waste to produce eco-friendly fertilizers with direct economic concerns. These challenges underscore the
benefits for soil quality, production efficiency, and need for sustainable approaches that maximize resource
environmental sustainability. This article, while based on utilization and minimize waste generation. The circular
a specific case in Colombia, has international relevance bioeconomy represents a paradigm shift, offering
as its findings are applicable to any coffee-producing solutions to transform organic waste into eco-friendly
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fertilizers, directly benefiting soil quality, production
efficiency, and environmental sustainability. While this
issue is global, the findings in this article, grounded in a
specific case from Colombia, demonstrate how such
approaches can be applied universally in coffee-
producing nations (Martinez & Ramirez, 2020).

Known as “black gold,” coffee is not only a globally
beloved beverage but also a pillar of Colombia’s
economy. In the strategic coffee-growing region of Huila
(Gémez, 2019a; Gomez, 2019b;), the Riveras del
Magdalena Association plays a crucial role in producing
and marketing high-quality coffee. This association has
begun pioneering the production of organic fertilizers by
repurposing waste generated during coffee production.
Currently, the process remains largely manual and
artisanal, leading to inefficiencies and variable product
quality. To address these issues, the association is
implementing innovative technologies to transition to a
biofactory model. This transformation aims to enhance
production efficiency and sustainability while optimizing
quality standards.

Despite coffee's economic and cultural importance, the
sector faces several challenges threatening its long-term
sustainability. Colombian coffee producers are
particularly vulnerable to climate change, environmental
degradation, and social inequality. Tackling these issues
requires collaborative strategies involving businesses,
producers, consumers, and governments, all committed
to promoting  sustainability.  Effective  waste
management, particularly for solid and liquid residues,
must be integral to this effort, supported by training and
governmental aid (Martinez & Ramirez, 2020).
Additionally, global competition and volatile coffee
prices have pushed producers to explore innovative ways
to add value to their products and boost competitiveness
in international markets (Sanchez, 2018a).

In this context, the circular bioeconomy emerges as an
innovative approach that offers comprehensive solutions
to the current challenges faced by the coffee industry
(Lépez et al., 2021). This strategic model addresses
issues such as resource scarcity, environmental
degradation, climate change, and the need for sustainable
economic development. Its practices include the efficient
use of renewable biological resources, the promotion of
recycling and product reuse, the production of biofuels
and bioenergy from organic waste, nutrient recovery for
agricultural  fertilization, the implementation of
sustainable agroforestry systems, and the advancement of
technological innovation in biomaterial transformation
and waste management.

In essence, the circular bioeconomy integrates the
responsible use of biological resources with the
principles of circular economy, projecting a more
sustainable, efficient, and environmentally friendly
model. This approach benefits not only the natural
environment but also communities, enhancing the
resilience of production systems against the impacts of
climate change (Hodson de Jaramillo et al., 2023).
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In response to these challenges, the Riveras del
Magdalena Association has initiated the production of
organic fertilizers by repurposing waste generated in
their production processes. This transition to a circular
bioeconomy model enables not only waste reutilization
but also improvements in product quality and process
efficiency. This article examines the technological
transition towards a biofactory within the circular
economy framework, analyzing how adopting innovative
technologies can enhance production quality standards,
increase efficiency, and reduce environmental impacts.
The proposal is based on a detailed analysis of the current
situation of the Riveras del Magdalena Association and
the integration of technological tools to optimize
processes and ensure efficient quality control.

2. BACKGROUND

The implementation of circular bioeconomy in the coffee
industry has been the focus of various studies,
highlighting its potential to address challenges related to
sustainability, efficiency, and value creation in the
production chain. Multiple investigations have explored
innovative alternatives for utilizing solid and liquid waste
generated during coffee production, demonstrating their
technical feasibility and environmental and economic
benefits.

Bairwan et al. (2025) identified the need to repurpose
coffee cherry solid and liquid waste, proposing
biocomposites for concrete reinforcement as a
sustainable alternative. This approach not only mitigates
environmental pollution but also aligns with green
chemistry principles, contributing to efficient material
flow utilization. Similarly, Yong et al. (2022) evaluated
the production of furfural from residual coffee biomass,
demonstrating its environmental feasibility but
highlighting economic constraints, underscoring the
importance of process optimization for practical
implementation in a circular bioeconomy context.
Sanchez (2018b) proposed an integrated system for
transforming coffee husks into products such as biofuels
and fertilizers, emphasizing its replicability in other
countries. Carmona et al. (2023) highlighted
vermicomposting as a solution for converting waste into
organic fertilizer, enhancing agricultural productivity and
contributing to Sustainable Development Goal 12 on
responsible production and consumption.

Murthy and Naidu (2012) discussed the negative
environmental impacts of coffee production, such as
water pollution and greenhouse gas emissions, while
identifying the potential of residues, such as pulp and
mucilage, for producing biofuels and fertilizers. These
findings underscore the need for sustainable practices
that reduce such impacts and generate benefits for coffee-
growing communities.

Other studies have explored specific applications for
coffee residues. Rybicka et al. (2015) analyzed the use of
solid waste for manufacturing composite materials, while
Visco et al. (2022) demonstrated the feasibility of using
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coffee husks to produce particleboards, a functional
solution aligned with circular bioeconomy principles.
Garza-Garcia et al. (2023) explored mucilage as a raw
material for natural sweeteners, highlighting its
antioxidant properties and market-added value.

The production of bioethanol from coffee pulp was
investigated by Guerrero-Martin et al. (2024), who
identified enzymatic hydrolysis as the most promising
technique to increase yields and reduce production costs.
These findings, along with those of Arias et al. (2023),
who evaluated strategies for utilizing coffee pulp in
applications such as fertilizers and biofuels, demonstrate
the extensive potential of coffee by-products within a
circular economy model.

At the international level, studies such as Rahmah et al.
(2023) have emphasized the positive impact of coffee
pulp biomass in reducing CO: emissions and adding
economic value to sustainable agricultural production.
Research from Ain (2024) and Glatzel, et al. (2024)
highlighted the importance of bio-inputs like fertilizers
and biogas, underscoring the need to design
technological and administrative systems that optimize
the transformation of waste into new products.

These investigations provide a robust foundation for
understanding how coffee residues can be fully utilized
within the framework of circular bioeconomy. Each of
these findings supports the approach of this article, which
seeks not only to implement a biofactory for organic
fertilizer production at the Riveras del Magdalena
Association but also to contribute replicable strategies
that enhance quality, efficiency, and sustainability in
coffee production processes globally.

3. METHODOLOGY

This study employs a mixed-methods approach,
incorporating  both  quantitative and qualitative
methodologies. Field analyses were conducted to identify
the main challenges in implementing circular
bioeconomy practices in fertilizer  production.
Additionally, a technological surveillance study was
carried out to identify innovative solutions aimed at
improving process efficiency and quality (Hernandez &
Ramirez, 2019; Garcia, 2020).

3.1. Technological Surveillance

Technological surveillance was employed to identify
emerging technologies applicable to the transformation
of coffee waste into organic fertilizers. This tool enabled
the collection, analysis, and synthesis of information on
innovations in the field of circular economy, facilitating
the identification of technologies such as the Mixed Pile
and ERP management systems.

3.2. Process Analysis

Process analysis was conducted using the SIPOC tool to
map inputs, processes, and outputs in the production of
organic fertilizers. The goal was to optimize production,

reduce time, and improve product traceability and
quality.

The Material Flow Analysis (MFA) was utilized to
identify inputs and outputs within the coffee production
chain, mapping the flow of solid and liquid waste. This
analysis highlighted critical points where waste
generation was highest, leading to the proposal of
technologies such as the Mixed Pile to optimize waste
management.

3.3. Case Study

A case study was conducted with the Riveras del
Magdalena Association in Colombia. This association's
challenges and opportunities are globally relevant,
representing the issues faced by coffee producers
worldwide.

To collect qualitative data, semi-structured interviews
were held with the manager of the Riveras Coffee
Association and other key members of the organization
(Martinez, 2021). These interviews provided detailed
insights into the perceptions, experiences, and specific
challenges faced by coffee producers in adopting circular
practices. Additionally, farm visits were conducted to
directly observe production practices and gather
additional information on the processes and technologies
in use.

For qualitative data analysis, techniques such as content
analysis and thematic coding were employed (Sanchez,
2018a). Content analysis identified patterns and
emerging themes from the interviews and field
observations,  while  thematic  coding  helped
systematically organize and categorize the data. These
qualitative techniques provided a deep understanding of
the producers’ perceptions and experiences regarding
circular bioeconomy practices.

In addition to the qualitative approach, statistical
techniques were employed to analyze the quantitative
data collected during the field study (Gémez, 2019a).
This included the use of descriptive analyses to examine
the distribution of respondents' answers and hypothesis
testing to explore relationships between key variables,
such as the adoption of circular practices and the
economic performance of coffee farms.

4. RESULTS

4.1 Characterization of the Current Process

The initial phase of this study involved an exploratory
field investigation in the municipality of Pitalito, located
in the Department of Huila, Colombia, with a specific
focus on the coffee production practices of the Riveras
Coffee Association. Fifteen representative farms were
selected from the fifty that comprise the association.

The association has been recognized for its quality,
achieving 5th place in the 2020 National Roasted Coffee
Brands Competition** in the "Exotic" category,
competing against over 200 participants. This
achievement highlights the association's commitment to
quality and customer satisfaction. Additionally, the group
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has implemented good agricultural and manufacturing
practices, using both organic and chemical inputs to
enrich the soils according to the nutrient requirements of
their coffee plants.

During the farm visits, diverse agricultural practices were
observed, showcasing the adaptability and innovative
approaches adopted by coffee producers in the Huila
region. For instance, some producers have implemented
water conservation measures, such as constructing
reservoirs to capture and store rainwater, and using
efficient irrigation systems to maximize available water
resources. Integrated crop management practices were
also noted, aimed at preserving soil moisture and
reducing irrigation needs. These strategies demonstrate
the Huila coffee producers' commitment to sustainability
and responsible natural resource management.

On one of the farms, a noteworthy process was observed:
the production of biofertilizers using organic waste from
coffee production, such as pulp and husks, alongside
plantain residues. An innovative aspect of this process
involved incorporating specific types of rocks [specify
type if known] into the composting process to further
enrich the resulting natural fertilizer.

This approach not only reduces reliance on chemical
fertilizers but also naturally enhances soil properties. The
addition of rocks to the compost provides essential
minerals that support the growth and development of
coffee crops, promoting soil health and long-term
fertility. Furthermore, this practice contributes to
agroecosystem biodiversity and supports a healthy
environment for producing high-quality coffee in the
Huila region.

Another farm showcased agroecological practices,
including planting native shade trees and fostering
biodiversity within the agroecosystem. These measures
not only help conserve the environment and natural
resources but also improve coffee quality and enhance
the resilience of farms to climate change effects.
Interviews with coffee producers revealed a series of
perceived challenges affecting farm production and
sustainability in the region. These included climate
variabilities, a shortage of skilled labor, high production
costs, and global competition in the coffee market.

In summary, the exploratory field study of the
association’s farms provided a comprehensive overview
of coffee production practices among the members of the
Riveras Coffee Association, as well as the challenges
perceived by producers in their agricultural context.
These findings are crucial for understanding the specific
context in which the investigation on challenges and
opportunities in adopting circular practices in the
Colombian coffee sector takes place.

The research findings indicate that Riveras Coffee
Association producers face several challenges in
transitioning to a circular bioeconomy. These include a
lack of access to appropriate technologies, limited
financial  resources, and inadequate recycling
infrastructure. However, significant opportunities were
also identified, such as product diversification and
improved energy efficiency. Additionally, a high level of
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environmental —awareness was observed among
producers, suggesting considerable potential for adopting
sustainable practices.
The current production process at the Riveras del
Magdalena Association relies on manual techniques,
including draining, composting, maturation, grinding,
sieving, and storage. A closer analysis reveals that
draining takes 8 days, while composting, the most time-
consuming stage, lasts up to 60 days and is entirely
manual. Maturation adds another 10 to 15 days, also
handled manually. On the other hand, grinding and
sieving are more efficient, requiring just 1 day each to
process 5 to 6 tons, using grinders and sieves (100 and
150 micrometers).
The production of organic fertilizers from coffee residues
presents several operational challenges:
e Extended composting times (up to 60 days),
which significantly limits production capacity.
e Lack of appropriate technologies for controlling
leachates and reducing odors, which hinders
process optimization.
e Low levels of mechanization, resulting in
reduced efficiency and higher labor demands.
While the association has successfully produced high-
quality fertilizers, these challenges underscore the need
for modernization. The heavy reliance on manual
processes contributes to production delays and
complicates traceability and quality control. Composting,
the longest and most resource-intensive phase,
exemplifies the system’s inefficiencies.
Addressing these challenges through the introduction of
innovative technologies—such as systems to accelerate
composting, improve leachate management, and reduce
odors—could  significantly  enhance  efficiency.
Furthermore, automating key stages like draining and
composting would not only optimize production times
but also improve product consistency and sustainability,
positioning the association as a leader in sustainable
fertilizer production within the coffee sector.

4.2 Material Flow Analysis: Discussion and Process
Improvement Potential
The material flow analysis (MFA) of the Riveras del
Magdalena Association provides a detailed view of the
coffee production process, highlighting significant
inefficiencies and opportunities for quality-driven
optimization. The evaluation reveals that 97.7% of
material inputs become waste, illustrating a pressing need
for strategies to enhance resource utilization and reduce
environmental impacts.

The production process comprises seven stages:

harvesting, pulping, fermentation, washing, drying,

hulling, and packing. Each stage contributes to material
losses, with notable inefficiencies in pulping,

fermentation, and washing (show Figure 1):

e Harvesting: Of the 1,837,500 kg of coffee cherries
collected, 7.5% (137,813 Kkg) is discarded due to
quality issues, reflecting the need for improved pre-
harvest quality controls.
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e Pulping: The largest contributor to waste, this stage
generates 968,822 kg of mucilage, equivalent to 60%
of the input weight, which is currently underutilized.

e Washing: Although essential for ensuring quality,
this stage consumes 2,583,525 liters of water, of
which 89% becomes liquid waste, emphasizing the
need for water recycling systems.

e Drying: This stage loses 150,852 kg as husks and
284,188 kg as water vapor, which could be
recovered or repurposed for added value.

Despite these inefficiencies, the association produces

422,729 kg of export-quality coffee, reflecting the

commitment to quality despite the challenges posed by

traditional, manual methods.
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Figure 1. Sankey diagram

However, the lack of mechanization and reliance on
resource-intensive practices impede scalability and
consistency.

4.3 Potential Quality Improvements Through

Circular Practices

e Valorization of Residues: The 60% mucilage waste
generated during pulping presents an opportunity for
circular practices. By leveraging technologies to
convert mucilage into biofertilizers or biofuels, the
association can reduce waste while adding economic
value. Similarly, husks discarded during drying
could be repurposed for energy generation or soil
amendments.

e Process Efficiency Through Mechanization: The
reliance on manual processes, particularly in
composting and pulping, extends processing times
and introduces variability in quality. Integrating
mechanized solutions, such as automated pulping

and drying systems, would streamline operations and
ensure consistency in final outputs.

e Water Management:  Washing  contributes
significantly to liquid waste, with 2,299,337 liters of
water discharged per cycle. Installing water
recycling and treatment systems could drastically
reduce consumption, aligning with sustainability
goals while maintaining quality standards.

e Digital Tools for Traceability: Implementing ERP
systems and digital tools could enhance traceability
across the production chain, enabling real-time
monitoring of quality parameters and compliance
with international export standards.

Aligning Efficiency with Quality Objectives: The
findings from the MFA highlight a dual challenge:
maintaining the association’s recognized quality
standards while addressing significant resource
inefficiencies. The association’s existing manual
methods reflect a deep commitment to traditional
practices but limit the scalability of their operations and
create bottlenecks in production. Addressing these
inefficiencies through quality-focused research and
technological adoption would support the transition
toward a circular bioeconomy, reducing waste and
enhancing sustainability.

Integrating circular practices not only aligns with

environmental objectives but also positions the

association to meet the increasing market demand for
sustainable, high-quality coffee. By focusing on
innovations in residue valorization, process automation,
and water management, the Riveras del Magdalena

Association can set a precedent for other coffee

producers globally, showcasing how quality and

sustainability can coalesce to drive competitive
advantage in the coffee industry.

This discussion underscores the need for further research

into tailored solutions that optimize both production

processes and quality outcomes, offering a roadmap for a

sustainable future in coffee production.

4.4 Qualitative Insights: Producer Perceptions and

Practices

A qualitative analysis conducted with 30% of the

association’s coffee producers revealed key themes

reflecting their perceptions and experiences regarding
circular practices:

e Environmental Awareness: 85% of participants
expressed concern for the environmental impact of
their agricultural practices, indicating a shift toward
sustainability in their mindset. Producers highlighted
the importance of adopting eco-friendly methods to
align with global sustainability goals.

e Adoption of Circular Practices: 70% of participants
reported implementing at least one circular practice,
such as composting organic residues or planting
native shade trees. These practices contribute to soil
health and agroecosystem resilience, reflecting a
gradual shift toward sustainable production models.

e Need for Support: 95% of producers identified
technical and financial support as critical for
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effectively transitioning to circular practices. This
underscores systemic barriers, such as limited access
to funding and technology, that hinder widespread
adoption.

4.4.1 Socioeconomic and Environmental Impacts:

The Riveras Coffee Association has demonstrated

significant economic and social contributions within the

Huila region, strengthening small-scale farmers through

collective action. This has resulted in:

e Enhanced productivity and financial resilience
among  farmers, enabling intergenerational
continuity in coffee farming.

e Integration of former guerrilla members into
productive activities, contributing to post-conflict
reconciliation.

e Empowerment of women in rural communities
through targeted initiatives.

Environmentally, the association has prioritized
biodiversity conservation and circular economy
practices, such as producing organic fertilizers and
reducing contaminant waste. These efforts align with the
association’s goal to achieve zero contamination in the
medium term, advancing a sustainable and efficient
production model.

4.4.2 Quality-Driven Innovation for Circular Systems:
The findings reveal a critical interplay between resource
inefficiencies, producer perceptions, and systemic
challenges that shape the association’s production
processes. While producers demonstrate environmental
awareness and a willingness to adopt circular practices,
significant barriers—such as extended composting times,
high material losses, and limited access to technology—
impede progress.

From a quality research perspective, opportunities to

integrate innovative solutions are evident:

e Waste Valorization: Technologies for repurposing
mucilage and husks into biofertilizers or biofuels can
reduce waste while enhancing product value.

e Water Management: Recycling systems for washing
processes would mitigate liquid waste and improve
resource efficiency.

e Mechanization and Digitalization: Introducing
mechanized systems for pulping and hulling,
combined with digital tools for quality control and
traceability, would streamline operations and ensure
product consistency.

The association’s socioeconomic initiatives further

illustrate the importance of integrating quality

improvement with community development. By
fostering environmental stewardship and empowering
local stakeholders, the Riveras del Magdalena

Association provides a model for how circular

bioeconomy principles can drive both sustainability and

economic growth in the global coffee sector.

This synthesis underscores the necessity of quality-

focused interventions to optimize production, elevate

sustainability standards, and enhance the association’s
competitive position in international markets.
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4.5 Technological Gaps and Quality Improvement: A
Path Toward Circular Bioeconomy

The Riveras del Magdalena Association exemplifies the
potential for transitioning to a circular bioeconomy
model while highlighting critical technological gaps that
hinder efficiency and product quality. An analysis of
these gaps has identified several areas where targeted
innovations can significantly enhance the sustainability
and productivity of the coffee production process.

451 Technological Gaps in Coffee Residue

Management

The absence of integrated systems for tracking and

controlling  production processes impacts both

operational efficiency and quality management. Key
challenges include:

e Extended Composting Times: Manual composting
requires up to 60 days, causing delays and variability
in the final product.

e Limited Use of By-products: The association lacks
systems to valorize significant volumes of waste,
including mucilage, husks, and washing water.

e Low Mechanization Levels: The manual handling of
materials between production stages reduces
efficiency and scalability.

To address these challenges, various technological

solutions aligned with circular bioeconomy principles

have been proposed:

e Mixed Pile with Forced Aeration: This technology
reduces composting times by 50% to approximately
30 days while controlling leachates, odors, and pests.
It has the capacity to transform 80 tons of organic
waste monthly into 32 tons of compost, significantly
enhancing operational efficiency (Michel et al.,
2022).

e Mucilage Valorization: Mucilage from fermentation
has shown high potential for producing biofuels,
such as bioethanol. Studies in Brazil demonstrate a
94% conversion efficiency for bioethanol from
mucilage, highlighting its role in reducing reliance
on fossil fuels (Orrego et al., 2018; Martinez, 2021).

e Husk Utilization: Coffee husks can be repurposed
into compost (Trujillo-Gonzélez et al., 2024),
biofuels (Dias et al., 2020), or construction
materials. These applications reduce waste while
contributing to economic diversification
(Tamilselvan et al., 2024; Thomas et al. 2024).

e Water Treatment and Reuse: Contaminated water
from the washing stage can be treated using reverse
osmosis (Macias-Bu et al. 2023) or demulsifiers,
enabling its reuse for irrigation or domestic
operations, thus minimizing environmental impact.

4.5.2 Key Technologies for Implementation

e Mixed Pile with Forced Aeration: Reduces
composting time by half, improves biodegradation
processes, and produces high-quality organic
fertilizer. Air circulation ensures uniform aerobic
decomposition, eliminating leachates and odors.
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e Stainless Steel Channels:  Streamlines the
transportation of materials between production
stages, enhancing efficiency and reducing labor
intensity.

e ERP System for Process Management: Facilitates
inventory control, production planning, and
traceability, ensuring quality standards at every
stage.

e Biofuel Production from Mucilage: Converts
fermentation residues into sustainable energy
sources, reducing dependence on chemical inputs
and fossil fuels. In Brazil, this strategy has
decreased reliance on fossil fuels by up to 20% in
certain coffee-producing regions.

4.5.3 Improving Product Quality Through Organic
Fertilizers

The production of organic fertilizers from coffee residues
not only addresses waste management but also
significantly enhances soil quality. Analyses have shown
that organic fertilizers increase soil nutrient content and
water retention capacity. These improvements reduce
dependency on chemical fertilizers, resulting in a more
competitive and sustainable product. Such benefits are
replicable in other coffee-growing regions, offering a
pathway to global adoption of circular practices.

5. DISCUSSIONS

The implementation of advanced technologies like the
Earth-Green Mixed Pile and ERP systems presents a
strategic opportunity to modernize production processes
at the Riveras del Magdalena Association. These
innovations directly address inefficiencies identified
through material flow analysis and producer feedback,
improving processing times, enhancing traceability, and
transforming waste into valuable by-products.

By closing technological gaps, the association can
achieve a dual objective: improving operational
efficiency and aligning with international standards for
sustainable, high-quality coffee production. These
interventions not only support environmental goals but
also enhance the association's competitiveness in global
markets, positioning it as a leader in adopting circular
bioeconomy principles within the coffee sector.

The adoption of technologies such as the Earth-Green
Mixed Pile and ERP systems will not only improve
fertilizer production efficiency but also enable the
Riveras del Magdalena Association to meet international
quality standards. This is especially important given the
growing interest in organic fertilizers that comply with
environmental and sustainability regulations.

Focusing on continuous process improvement will allow
the association to better position itself in the market and
reduce dependence on chemical fertilizers. Furthermore,
adopting a circular bioeconomy model creates
opportunities for local farmers to diversify their income

while contributing to environmental sustainability and
soil quality improvement.

The study shows that the circular bioeconomy is a viable
strategy for the sustainable production of fertilizers in the
global coffee industry. The implementation of
technologies like the Mixed Pile and ERP systems not
only enhances operational efficiency but also creates a
positive feedback loop that maximizes the use of organic
waste and minimizes environmental impact.

This approach can be adopted by coffee producers in
countries like Brazil, Vietnam, and Ethiopia, where the
industry faces similar challenges regarding sustainability
and dependence on chemical fertilizers. Circular
bioeconomy offers an integrated solution that not only
improves the quality of coffee produced but also
increases the resilience of agricultural systems to the
effects of climate change.

5.1 Challenges in Maintaining Sustainable Practices
Coffee associations in Colombia, including the Riveras
Coffee  Association, face several challenges in
maintaining sustainable practices:

e Price Volatility: The fluctuation of coffee prices on
the international market can affect producers' ability
to invest in sustainable practices.

e Climate Change: Climate change poses a significant
risk to coffee production, affecting growing
conditions and product quality.

e Market Access: Finding markets that value and pay
a fair price for sustainable coffee remains an ongoing
challenge.

e Certification Costs: Obtaining and maintaining
sustainability certifications can be expensive and
complex for small producers.

e Education and Training: Educating and training
producers in sustainable practices is essential but
also represents a challenge in terms of resources and
reach.

e Infrastructure and Technology: The lack of adequate
infrastructure and access to advanced technology
can limit the implementation of sustainable
practices.

These challenges require a coordinated response

involving producers, associations, governments, and

other sector stakeholders to ensure that sustainable
practices remain viable in the long term and continue to
contribute to the economic and social development of
coffee-growing communities. The importance of close
collaboration and strategic planning is emphasized to
maximize the benefits of the circular bioeconomy at the

Riveras Coffee Association and promote sustainable

development in the region.

5.2 Challenges in Adapting to Climate Change

The Riveras Coffee Association, like other coffee
organizations in Colombia and the region, is adopting
several measures to cope with the challenges posed by
the effects of climate change. These measures include:

119



Technological Transformation and Circular Bioeconomy in the Coffee Industry: Improving Quality Management

e Crop Diversification: Introducing more resilient
coffee varieties and diversifying with other crops to
reduce vulnerability to extreme weather events.

e Agroecological Practices: Implementing
agroecological practices that improve soil resilience
and biodiversity, such as using organic fertilizers
and integrated pest management.

e Water Conservation: Improving water management
through rainwater collection and storage systems,
and implementing efficient irrigation systems.

e Reforestation and Soil Management: Engaging in
reforestation activities and sustainable soil
management to conserve ecosystems and prevent
erosion.

e Training and Education; Providing ongoing training
and education to producers on climate change
adaptation and sustainable resource management.

These adaptation strategies are essential to ensure the

long-term sustainability of coffee production and the

economic viability of coffee-growing communities in the
context of climate change. The Riveras Coffee

Association is committed to implementing these

practices to address current and future challenges in the

sector.

6. CONCLUSIONS

The adoption of circular bioeconomy models can have a
significant global impact, not only on the coffee industry
but also on any agricultural sector seeking a transition to
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