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Urban organic waste valorization represents a strategic opportunity to integrate renewable energy production
within circular-economy frameworks, particularly in decentralized and community-based contexts. This study
assesses bioenergy conversion pathways for an urban eco-community in Bogota, Colombia (ASOFAHIMCO),
combining physicochemical substrate characterization with a participatory decision-support framework. A
Participatory Action Research (PAR) design was implemented integrating: (i) a participatory diagnostic of
organic waste generation, (ii) physicochemical characterization of dominant organic substrates, (iii) multi-criteria
decision analysis (MCDA) for technology prioritization, and (iv) capacity building workshops. The diagnostic
identified potato (PP) and plantain/banana (BP) peels as main waste streams. Substrate characterization
indicated acidic conditions and high organic content: BP exhibited pH 5.5, C/N = 39, and volatile solids (VS, dry
basis) of 86.6%, whereas PP presented pH 5.6, C/N = 31, and VS (dry basis) of 94.2%, indicating suitability for
anaerobic co-digestion. The participatory MCDA framework, weighted through community consensus (social
acceptance 35%, economic costs 30%, environmental impact 20%, technical feasibility 15%), ranked anaerobic
digestion and alcoholic fermentation as the most suitable options. Results demonstrate that integrating technical
and participatory evaluation enables socially accepted bioenergy pathways. This approach supports early-stage
(TRL 3-4) decentralized bioenergy deployment for urban eco-communities transitioning toward integrated
waste-to-energy systems.

1. Introduction

Urban waste management systems face growing challenges as cities continue to expand. Urban populations
are projected to reach 70% by 2050, particularly in emerging markets and developing economies, where urban
growth must align with inclusive and clean energy transition pathways (IEA, 2024). In this context, bioenergy
from biomass and the conversion of organic waste offers an environmentally sound alternative: it can mitigate
GHG emissions, reduce dependence on fossil fuels, create employment, and support economic development
while addressing urban waste challenges (Alao et al., 2024). Within the circular bioeconomy framework,
bioenergy technologies are therefore positioned as key instruments for helping cities transition toward more
sustainable energy systems. Colombia in 2019 generates approximately 24.8 million tons of solid waste
annually, with organic residues comprising 11.8% (DNP, 2022). Despite policy frameworks promoting renewable
energy diversification including Law 1715/2014 (Non-Conventional Renewable Energy integration), Law
2099/2021 (Energy Transition), and CONPES 3874/2016 (Waste Valorization) biomass bioenergy represents
only 1% of the national energy matrix, which remains concentrated in hydropower (64%). Although agricultural
biomass residues offer a potential of 8 million tonnes of oil equivalent (OECD, 2022), urban organic waste
valorization remains limited by inadequate small-scale technologies, low community technical capacity, and
absence of participatory decision frameworks.
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In response to persistent shortcomings in urban waste management and limited citizen engagement, eco-
communities have emerged as examples of insurgent urbanism that reshape urban spaces through innovative
socio-environmental practices (Pickerill, 2021). Although community-scale AD experiences across Latin
America have demonstrated technical viability with reported capital costs ranging from USD 100-700 per unit
depending on design and local materials availability (Garfi et al., 2016).

These initiatives integrate ecological principles with participatory community organization, serving as pilot units
for decentralized waste-to-energy systems at early technology readiness levels in rural settings; nevertheless,
this technology is promising in large urban eco-communities. ASOFAHIMCO, a Bogota eco-community
recognized for recycling and sustainable agriculture, illustrates this potential.

For technology selection at community-scale MCDA provides a structured framework for evaluating competing
criteria and stakeholder preferences; Lerche et al. (2019) demonstrated this in a rural German village where
participatory MCDA enabled residents to define criteria, assign weights, and evaluate alternatives while
increasing acceptance.

This study assesses bioenergy options for valorizing organic waste in an eco-community using a participatory
approach that integrates community engagement with technical evaluation. The objectives are to (i) characterize
the main organic waste streams and their physicochemical suitability for bioenergy conversion, (ii) identify and
prioritize appropriate technologies through a participatory multi-criteria analysis incorporating social, technical,
economic, and environmental criteria, and (iii) deliver capacity-building workshops within a PAR framework. The
study clarifies how community-driven processes can support local energy transitions and provides a replicable
waste-to-energy framework that strengthens community autonomy.

2. Methods
2.1 Participatory Action Research framework

The research methodology was based on PAR, a collaborative approach that integrates scientific inquiry with
sustained community participation to co-produce practical and context-appropriate solutions. PAR is consistent
with Colombia’s Open Science Policy (Ministry of Science, Technology and Innovation, 2022) and has proven
effective in waste-management initiatives by supporting technology appropriation and long-term sustainability.
Accordingly, the study maintained continuous dialogue between researchers and community members across
all stages, from problem definition to the implementation of actions.

The PAR process was organized into three interrelated phases: (i) participatory diagnostic, (ii) physicochemical
characterization of the main organic waste streams; (iii) joint evaluation and prioritization of bioenergy
technologies using a multi-criteria analysis (MCDA); and (iv) capacity building through experiential workshops.
Accordingly, the methodological scope of this study is limited to early-stage bioenergy technologies (TRL 3-4),
focusing on technology screening and suitability assessment rather than pilot-scale validation.

This iterative design ensured that PAR directly influenced technical decision-making: community input shaped
MCDA criteria selection, excluded technologies incompatible with local conditions, and validated operational
assumptions, ensuring socially acceptable, technically feasible solutions aligned with community priorities.

2.2 Study area and participatory diagnostic

This study was conducted with ASOFAHIMCO, an urban eco-community located in the EI Regalo neighborhood
(Bogota, Colombia). As of 2025, the eco-community includes 26 families who manage 80 urban garden plots
and operate integrated waste-management infrastructure, including a 2,250 L composting unit and systematic
source-separation practices. The community has also developed seed-exchange networks to support food
autonomy and established circular-economy partnerships with local enterprises that transform recycled plastics
into furniture and other products. In addition, residual cooking oil is valorized into artisanal soap through
community workshops.

A participatory diagnostic assessment was conducted to document current waste-management practices and
to identify the dominant organic waste streams. Data were collected through (i) surveys documenting
consumption patterns of 20 common food products across 54 households, (ii) a semi-structured interview with
a community leader regarding composting operations and infrastructure capacity (~6 tons/week), and (iii) direct
field observations of waste sorting and composting practices. Survey data informed the identification of primary
waste streams for physicochemical characterization. Organic waste samples (1 kg per stream) were collected
weekly for five consecutive weeks (August—October 2024) from four community households to ensure
representativeness across consumption patterns. This diagnostic served as a preliminary mass balance to
assess the eco-community's bioenergy potential.
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2.3 Physicochemical characterization of organic substrates

Based on the preliminary diagnostic, representative samples of the two dominant organic waste streams (potato-
plantain and banana peels) were collected and subjected to physicochemical characterization following
Standard Methods for the Examination of Water and Wastewater (APHA, 2017). A total of 10 samples (5 per
waste stream, one per week) were analyzed. Prior to analysis, samples were homogenized using a blender and
stored at 4 °C. The analyzed parameters included pH, total alkalinity (TA, SM 2320 B), volatile fatty acids (VFA),
total solids (TS, SM 2540 G), volatile solids (VS, SM 2540 E), total nitrogen (N, SM 4500-Norg B), organic
carbon (C), and elemental analysis (CHON, ASTM D 5373-21.

Method A) from which the carbon-to-nitrogen ratio (C/N) and biomethane potential were calculated (Achinas &
Euverink, 2016), these properties are critical for evaluating suitability for both biological and thermochemical
conversion processes and inform technology selection and process design. All analyses were performed in
triplicate to ensure data quality.

2.4 Multi-criteria participatory technology evaluation

A MCDA was conducted to evaluate and prioritize bioenergy technologies for organic-waste valorization in
ASOFAHIMCO, informed by the preliminary diagnostic and physicochemical characterization of the dominant
substrates to reflect local feedstock properties and operational constraints. Six technology alternatives were
considered: anaerobic digestion, alcoholic fermentation, gasification, pyrolysis, Organic Rankine Cycle (ORC),
and co-combustion, adapted from Colombia’s National Energy Transition Roadmap (Ministry of Mines and
Energy et al., 2025). Following Lerche et al. (2019) for local-scale bioenergy initiatives, the evaluation framework
integrated four criteria with differential weights reflecting community priorities: social acceptance and
appropriation potential (35%), economic costs (30%), environmental impact (20%), and technical feasibility
under local conditions (15%), consistent with evidence that social acceptance is a determining factor for
successful implementation of decentralized bioenergy projects where resident participation is required. Prior to
the evaluation, capacity-building workshops introduced participants to the six bioenergy technologies, covering
operational principles, resource requirements, and implementation considerations, ensuring informed
assessment based on technical understanding rather than uninformed preferences.

The participatory evaluation engaged 10 eco-community members and 3 academic researchers through a
structured workshop and a survey-based instrument. The survey aimed to: (i) capture individual technology
perceptions across the four evaluation criteria before group discussion, (ii) identify areas of consensus and
divergence among participants, and (iii) provide structured input for deliberative dialogue leading to collectively
agreed scores. During the workshop, participants collectively discussed each criterion and technology option,
then assigned consensus scores on a 1-5 scale for each criterion, where higher values indicate better perceived
performance and greater suitability for implementation in ASOFAHIMCO. The weighted scoring procedure
enabled transparent comparison across alternatives and supported an informed, community-endorsed
technology prioritization aligned with both technical considerations and local values. Ranking robustness was
assessed through a one-at-a-time sensitivity analysis, varying each criterion weight by +20% of its baseline
value.

2.5 Participatory workshops

A series of technical and experiential workshops were conducted to build community capacity in bioenergy
technologies and waste valorization, ensuring informed decision-making during the MCDA process. Over 30
participants including ASOFAHIMCO members, indigenous communities, older adults, student research groups,
and government representatives attended sessions at university laboratories. Workshop activities included: (i)
theoretical sessions on bioenergy technology fundamentals, (ii) demonstrations of laboratory-scale operation,
and (iii) group discussions on technology adaptation to community context.

3. Results and discussion
3.1 Participatory diagnostic

A participatory diagnostic assessment characterized the eco-community's waste management practices and
identified the main organic waste streams. The assessment revealed that organic waste generation was
distributed as follows: potato peels (26%), banana peels (21%), plantain peels (20%), tomato residues (20%),
and carrot peels (15%). Weekly collection from the 26 participating families yielded approximately 184 kg of
these priority substrates (126 kg potato peels; 58 kg plantain/banana peels) not processed through composting
defining primary feedstocks for bioenergy technology evaluation, establishing the system scale (~6.5 tons/year),
and guiding the sampling strategy for physicochemical characterization of the two dominant waste streams.
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3.2 Physicochemical characterization

The physicochemical characterization results revealed complementary properties between the two dominant

organic waste streams (Table 1).

Table 1: Physicochemical characteristics of substrates

Parameters Plantain and Banana Peels (BP) Potato Peels (PP)
pH 5.56 £ 0.01 5.75 £ 0.01
TA (mg CaCOa/L) 770 + 26 500 £ 10
VFA (mg CH3COOHI/L) 944 + 44 540 £ 12
VFA/TA 1.23 1.08
Moisture (%) 83.93 £ 0.54 80.24 +0.22
TS (%, wb) 16.07 £ 0.54 19.76 £ 0.22
VS (%, db) 85.53 +0.74 90.57 £ 0.91
Ash (%) 2.65+0.10 1.86 + 0.09
NTK (%, db) 1.31+£0.03 1.92+0.03
C (%, db) 50.96 + 0.36 59.62 + 0.40
C/N 39 31
CHON Cs5H46023N Cs5H47027N

Abbreviations: TA: total alkalinity; VFA: volatile fatty acids; TS: total solids; VS: volatile solids; NTK: total nitrogen
Kjeldahl, C: organic carbon; wb: wet basis; db: dry basis. Values represent mean * standard deviation (n=3).

The physicochemical characterization focused on biochemical process conversion pathways most compatible
with high-moisture substrates >50%. Plantain and Banana peels (BP) exhibited slightly acidic pH (5.56), total
alkalinity of 770 mg CaCOs/L, and a carbon-to-nitrogen ratio of 39. On a dry basis, volatile solids content reached
85.5%, with low ash content (2.65%), indicating high organic matter concentration suitable for biological
conversion. Potato Peels (PP) showed pH 5.75, lower total alkalinity (500 mg CaCOs/L), and a C/N ratio of 31,
with exceptional volatile solids content of 90.6% (db) and minimal ash (1.86%). Both substrates exhibited
VFA/TA ratios above 1.0 (BP: 1.23; PP: 1.08), suggesting elevated acidification risk during anaerobic digestion,
as recommended values for this parameter range between 0.3 and 0.9 for process stability; co-digestion has
been proposed as an effective approach, since it can dilute inhibitory substances, increase buffering capacity,
and improve overall process stability (Franceschi et al., 2023). The complementary C/N ratios suggest
significant synergistic potential for co-digestion processes, which also helps mitigate potential inhibitory effects
such as the accumulation of ammonia or volatile fatty acids (VFAs), with fruit and vegetable wastes being among
the most used co-substrates due to their high organic content, moisture, and readily biodegradable compounds
(Azevedo et al., 2025). The optimal C/N ratio for anaerobic co-digestion ranges between 20 and 35, providing
an appropriate nutrient balance for microbial growth and maintaining a stable digestion environment (Shi et al.,
2017). The higher C/N ratio in BP indicates carbon excess, which can limit nitrogen availability for microbial
protein synthesis, while PP approaches the upper optimal threshold. The high volatile solids content observed
in both substrates (BP: 85.5%; PP: 90.6% on dry basis) represent the biodegradable organic fraction available
for microbial conversion (Pan et al., 2021), these properties (high moisture, complementary C/N ratios, and
elevated volatile solids) favor wet biological routes over thermochemical alternatives requiring energy-intensive
drying.

3.3 Participatory technology evaluation and selection

Figure 1 shows that anaerobic digestion (4.55) and fermentation (4.50) emerged as the most suitable
technologies, excelling in social acceptance and cost-effectiveness while maintaining strong environmental and
technical performance. Gasification and ORC systems scored moderately (3.0 each), gasification penalized by
feedstock moisture incompatibility (<15%, substrates have 80-83%), while ORC demands larger scales (>500
kW) unfeasible for available feedstock. Pyrolysis (2.70) ranked lower due to energy-intensive drying
requirements and elevated costs, while co-combustion (2.20) faced technical complexity and environmental
concerns regarding emissions in urban settings. The community-endorsed prioritization aligns with
physicochemical characterization: high volatile solids (>85% db), balanced C/N ratios (31-39), and elevated
moisture (80-83%) favor wet biological processes without energy-intensive pretreatment. Sensitivity analysis
(x20% per criterion and equal weighting) confirmed ranking robustness, with anaerobic digestion and
fermentation consistently ranked first and second, with weighted scores ranging 4.45-4.60 and 4.46-4.55
respectively. Scores range from 1 (poor) to 5 (excellent). Weighted scores calculated based on criterion
importance.
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Figure 1: Multi-criteria assessment of bioenergy technologies considering social acceptance, economic costs,
technical feasibility, and environmental impact.

3.4 Integration of bioenergy in eco-community waste management

The integration of selected bioenergy technologies, anaerobic digestion and fermentation into ASOFAHIMCO's
existing waste management plan represents a transformative step toward circular economy implementation
(Figure 2). The proposed integrated system encompasses waste source separation at household level,
collection and pre-processing of organic streams, bioenergy conversion through anaerobic digestion (producing
biomethane and digestate) and fermentation (producing bioethanol and fermented products), and beneficial use
of outputs including renewable energy for community consumption and bio-based products for local markets.
PAR methodology, eco-community members including indigenous community members, government agency
representatives, elderly residents, and student research groups participated in workshops oriented toward
Social Appropriation of Knowledge (SAK), strengthening community understanding and use of selected
bioenergy technologies. The community conducted laboratory-scale demonstrations jointly with researchers to
evaluate production potential from both bioenergy pathways. With weekly available quantities of each residue
(126 kg PP and 58 kg BP),up to 10.0 m3 of biomethane can be obtained (adjusted by 80% conversion efficiency
factor), corresponding to approximately 100 kWh of energy using methane's lower heating value (9.97 kWh/m?)
(Achinas & Euverink, 2016). Meanwhile, fermentation of potato peels yielded bioethanol with 10% ethanol
content that can be purified to 80% and used as a cleaning product. Eco-community capacity building
transitioned members from passive adopters to informed decision-makers through physicochemical
characterization, MCDA implementation, and participatory evaluation.
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Figure 2: Waste management plan in the ASOFAHIMCO eco-community with the integration of bioenergy
technologies.
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4. Conclusions

The physicochemical characterization of the feedstock defines the set of technically viable technologies, while
the application of MCDA enables the prioritization of those options with greater implementation feasibility at
community scale. In this study, MCDA prioritized anaerobic digestion and alcoholic fermentation by integrating
technical, environmental, economic, and social acceptance aspects. The combination of feedstock
characterization and MCDA within a participatory approach proved to be an effective tool for early-stage
technology selection. This study is limited to TRL 3—4, offering a replicable framework for evaluating community-
scale options rather than industrial systems. Overall, the participatory integration of bioenergy technologies
enables eco-communities to transform organic waste into valuable bioproducts, advancing toward integrated
waste management and energy autonomy.
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