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Abstract

The transition towards a circular bioeconomy in developing regions is frequently hindered
by operational failures caused by feedstock discontinuity. Whilst biochemical potential is
traditionally the primary selection criterion, this study postulates that logistic reliability
serves as the governing constraint. To validate this strategic reorientation, a decision-
making framework was developed and applied to a representative tropical agro-industrial
region. A sensitivity analysis comparing objective, subjective and neutral weighting sce-
narios identified annual residue production as the dominant factor. Results established
cattle manure as the universal baseload substrate essential for mitigating seasonality, out-
weighing higher-yielding but intermittent agricultural residues. Spatial analysis revealed
distinct territorial vocations, identifying a high-availability rice-livestock cluster in the
south suitable for centralised industrial plants and dispersed cassava-livestock nodes in
the centre favourable for decentralised digestion. Furthermore, the assessment of energy
autonomy demonstrated that the prioritised co-digestion scenarios could cover local resi-
dential electricity demand between 1.5 times and 81 times. Crucially, residues favoured by
expert judgement proved logistically unfeasible despite superior theoretical yields. This
data-driven approach demonstrates that successful substrate selection must transcend
theoretical yield maximisation to prioritise supply chain reliability, providing a robust
roadmap for de-risking bioenergy investments and ensuring regional energy autonomy.

Keywords: anaerobic co-digestion; circular bioeconomy; feedstock logistic reliability;
bioenergy clusters; multi-criteria decision analysis (MCDA); lignocellulosic biomass;
livestock waste; agricultural residue

1. Introduction

Globally, the transition towards sustainable energy systems constitutes one of the most
pressing challenges of the 21st century [1]. The agricultural sector plays a paradoxical role
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in this scenario, since while it is responsible for feeding a growing population, it generates
approximately 180 billion tonnes (Gt) of lignocellulosic waste annually worldwide [2].
Despite the immense potential of these residues, it is estimated that only 1.6% to 2.2% of
the global biogas potential is currently exploited, representing a missed opportunity to
mitigate between 3.29 Gt and 4.36 Gt of CO; equivalent emissions per year accounting for
10% to 13% of Greenhouse Gas (GHG) emissions worldwide [3,4].

In Latin America, a region that serves as a global food basket, the disparity between
biomass availability and energetic valorisation is stark [5]. Colombia, for instance, generates
an estimated 71.9 Mt/year of agricultural residues and 105 Mt/ year of livestock waste [6].
However, waste management infrastructure often lags behind production capacity, leading
to open-air disposal and environmental degradation [7]. The Caribbean region of Colombia,
and specifically the department of Sucre, epitomises this scenario. This territory is charac-
terised by a vigorous agro-industrial vocation, contributing significantly to the national
starch supply. Sucre produces over 576 kt/year of agricultural products, including cassava,
rice and maize, accounting for approximately 10.8%, 4.6% and 3.5% of the national produc-
tion area, respectively [8]. Simultaneously, the region sustains a consolidated livestock
sector with an inventory that supports the local dairy industry but generates over 3.6 Mt of
livestock manure [6].

This high productivity brings an intrinsic challenge for the department of Sucre re-
garding the management of these organic streams. In rural areas of Sucre, crop residues like
cassava stems and rice straw are typically left to decompose in open fields or burned [9-11].
Additionally, the improper handling and direct discharge of livestock manure into wetlands
has accelerated nutrient pollution [12,13], leading to eutrophication, harmful cyanobacteria
growth, and the release of GHGs [14], which severely compromise local food security and
water supplies. Consequently, there is an urgent need to transition from a linear waste
disposal model to a circular bioeconomy approach, transforming these thousands of tonnes
of waste, for instance, into renewable energy vectors [15].

Anaerobic digestion (AD) stands out as a mature technology for treating organic
waste while producing biogas and digestate [16]. However, the mono-digestion of single
substrates often faces biochemical limitations that hinder process stability. For instance,
cattle manure, despite its high buffering capacity [17], typically presents low Carbon-to-
Nitrogen (C/N) ratio and modest methane yields [18]. Conversely, lignocellulosic residues,
such as cassava stems and rice straw, possess significant biochemical methane potential
(BMP) but are hindered by their complex structural composition. Their high lignin content
acts as a recalcitrant barrier, leading to slow hydrolysis rates and incomplete degrada-
tion [19]. Furthermore, these substrates often exhibit rapid acidification and nutritional
imbalances, particularly high C/N ratios and low buffering capacity, which can lead to
process instability and even failure in standalone digestion systems [20].

Anaerobic co-digestion (AcoD), defined as the simultaneous digestion of two or
more substrates, emerges as a potential solution to these constraints [21]. By blending
complementary substrates, AcoD balances the C/N ratio, dilutes potential inhibitors (such
as ammonia or volatile fatty acids), and optimises the moisture content [22]. The synergistic
effect achieved in AcoD not only enhances methane production kinetics but also improves
the rheological properties of the digestate [23], potentially making the process more techno-
economically feasible for regional implementation.

While the synergistic effects of AcoD offer clear metabolic advantages, the successful
deployment of this technology requires transitioning from theoretical potential to territorial
feasibility. Maximising methane yields becomes irrelevant if the substrates suffer from
seasonal scarcity [24], prohibitive logistic-associated costs [25] or high competition from
existing local markets [26]. Consequently, the selection process must transcend purely bio-
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chemical parameters to evaluate the specific bioenergy vocation of each territory grounding
the assessments on relevant multidimensional criteria [27,28]. To address this complexity,
Multi-Criteria Decision Analysis (MCDA) coupled with Geospatial Information Systems
(GISs) has become a standard approach for bioenergy planning focusing on identifying
optimal locations for centralised facilities based on aggregated regional availability [29-32].

For instance, studies by Soha et al. [29] and Shi et al. [30] utilise GIS-MCDA to opti-
mise supply areas and spatio-temporal stability for large-scale plants, while others like
Akther et al. [31] and Venier & Yabar [32] focus on suitability analysis for single-site in-
frastructure in metropolitan or provincial contexts. Furthermore, contemporary research
highlights the necessity of systematic methodologies to quantify trade-offs in dual-use
agricultural systems [33] and the integration of cluster analysis to identify optimal residue
concentrations [34]. This spatial logic is increasingly complemented by sophisticated
weighting and ranking techniques to manage the uncertainty inherent in rural waste man-
agement [35] and ensure robust decision-making processes regarding biomass valorisation.

However, a critical gap persists in these assessments as they predominantly treat
territories as homogeneous supply basins. By evaluating feedstock availability based
on regional aggregates [36,37] or prioritising purely biochemical synergies determined
in laboratory settings [38,39], current frameworks often overlook the local spatial co-
existence of substrates. This oversight results in a significant divergence between theoretical
potential and operational viability where blends identified as biochemically optimal are
presumed feasible without verifying their coexistence within an economically sustainable
collection radius. Consequently, the prevailing focus on facility siting tends to obscure the
necessity for a prior substrate prioritisation framework that accounts for the intra-regional
heterogeneity of agro-ecological systems.

To bridge this gap, the determination of criteria importance must be rigorously de-
fined. The Shannon Entropy method offers an objective perspective by deriving weights
solely from the data dispersion mitigating human bias, whereas the Analytic Hierarchy
Process (AHP) incorporates expert knowledge yet may struggle with the ambiguity of
human judgement. To overcome this, extensions such as Stratified AHP [40] and Fuzzy
AHP [41] allow for structured decomposition and the management of expert vagueness,
respectively. Recognising that no single weighting method is universally superior, this
study evaluates four scenarios including Entropy, Stratified AHDP, Stratified Fuzzy AHP
and Equal Weights to demonstrate how method selection adapts to data availability and
specific study objectives.

Subsequently, the Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) is selected to rank the alternatives. Unlike utility-based methods like VIKOR
that seek a maximum group consensus [41] or outranking methods such as PROMETHEE
that rely on complex pairwise comparisons of preference flows [42], TOPSIS identifies
the alternative geometrically closest to the positive ideal solution and farthest from the
negative ideal [43]. This mathematical logic effectively handles the trade-offs between
physicochemical and logistic properties ensuring that the selected substrate mixtures
represent the most balanced compromise between yield potential and operational feasibility.

This study addresses the methodological gap by establishing a spatial decision-making
framework that prioritises anaerobic co-digestion mixtures prior to defining plant loca-
tions. By implementing a comparative sensitivity analysis across Entropy, Stratified AHP,
Stratified Fuzzy AHP and Equal Weights scenarios coupled with the TOPSIS method, this
research moves beyond generic regional assessments to rank specific residue combinations
across twenty-six municipalities in a representative tropical region. Unlike traditional
studies seeking a universal optimal substrate, this work assesses the hypothesis that terri-
torial heterogeneity dictates the formation of distinct bioenergy clusters where feasibility
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depends on local dominant crops rather than theoretical yield maximisation. The primary
objective is to provide a data-driven roadmap shifting the selection paradigm from biochem-
ical potential to logistic feasibility serving as a risk mitigation strategy for policymakers
and investors.

2. Materials and Methods

The research methodology followed a structured, multi-stage decision-making frame-
work designed to address the complexity of bioenergy planning in tropical agro-industrial
contexts. As illustrated in Figure 1, the workflow was organised into five sequential phases
to ensure a robust and data-driven substrate prioritisation process.

PHASE 1:
Expert Panel Municipal Biomass Local Market Experimental DATi
Survey Inventory Assessment Characterisation ACQUISITION
/
4 Y y
Logistics (LOG) Physicochemical (PHY) Lignocellulosic (L1G) PHASE 2:
C1: Annual Production C4: BMP C7: Cellulose Fraction
C2: Total Solids C5: C/N Ratio T Henicellllose Brattion CRITERIA
C3: Market Use Cé: Volatile Solids C9: Lignin Fraction DEFINITION

Y

Matrix Nermalisation
& Pre-processing

e et A PHASE 3:
: ( y \' ) MULTI-METHOD
Scenario A Scenario B Scenario C Scenario D NHCRTING
Entropy Stratified AHP Fuzzy AHP Equal Weights
(Objective) (Subjective) (Uncertainty) (Neutral)
A v J
N TOPSIS ]
= Algorithm
PHASE 4:
l RANKING
Substrate Prioritisation
& Sensitivity Analysis
SR l : PHASE 5:
Co-digestion Scenarios DECISION &

Formulation

:

Impact Assessment
(GMP & PCR Indicators)

S PLANNING

Figure 1. General methodological workflow of the spatial multi-criteria framework.

In Phase 1, the study focused on data acquisition by compiling a comprehensive dataset
from primary and secondary sources. This included a municipal inventory of biomass
availability derived from official agricultural statistics, an experimental characterisation of
the physicochemical properties of local residues, and a local market assessment to quantify
the existing competition for each substrate based on current uses.

Subsequently, Phase 2 established the decision criteria to capture the multidimen-
sional nature of the problem. A set of nine conflicting criteria (C1 to C9) was defined
and categorised into three functional domains. The Logistics domain focused on supply
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chain viability, evaluating parameters such as annual production volume and total solids
content. The Physicochemical domain addressed energy efficiency and process stability,
incorporating indicators like BMP and the C/N ratio. The Lignocellulosic domain assessed
the biodegradability of the biomass based on its structural composition, specifically the
fractions of cellulose, hemicellulose, and lignin.

During Phase 3, a sensitivity analysis was integrated into the weighting process to
mitigate the bias inherent in single-method approaches. The framework implemented
four distinct weighting scenarios. Scenario A utilised Shannon Entropy to derive objective
weights based solely on data dispersion. Scenario B applied a Stratified AHP to incorporate
subjective expert judgement. Scenario C employed Stratified Fuzzy AHP to account for
uncertainty and vagueness in human decision-making. Finally, Scenario D assumed equal
weights for all criteria to serve as a neutral baseline for comparison.

Phase 4 executed the prioritisation of substrates using the TOPSIS method. This
algorithm ranked the alternatives by calculating their geometric distance to the positive
ideal solution (best possible performance) and the negative ideal solution (worst possible
performance). To ensure a realistic selection suited to local production capabilities, the
ranking process was applied independently to the agricultural and livestock subsets within
each municipality.

Finally, at Phase 5, the results were translated into actionable bioenergy strategies.
Using the prioritised substrates, anaerobic co-digestion scenarios were developed for each
municipality by combining the highest-ranked agricultural residue the highest-ranked
livestock waste. The potential impact of these scenarios was then quantified using two
key indicators such as the Global Methane Potential (GMP), estimating theoretical energy
yield, and the Potential Demand Coverage Ratio (PCR), assessing the capacity to meet local
residential electricity demand.

2.1. Study Area and Identification of Alternatives
2.1.1. Agro-Industrial Profile of the Department of Sucre

The study focuses on the Department of Sucre, Colombia, comprising twenty-six
municipalities distributed across five natural sub-regions, each characterised by distinct
agro-ecological conditions and residue generation profiles. The Montes de Maria sub-
region includes the municipalities of Chaldn, Colos6, Morroa, Ovejas, and Sincelejo, known
for their tuber and avocado production. The Mojana region, a major agricultural hub for
rice, comprises Majagual, Sucre, and Guaranda. The San Jorge sub-region includes San
Marcos, Caimito, La Unién, and San Benito Abad, balancing agriculture with livestock. The
central Sabanas sub-region, the epicentre of intensive cattle ranching, encompasses Corozal,
San Luis de Sincé, El Roble, Sampués, San Pedro, Los Palmitos, Buenavista, Galeras, and
San Juan de Betulia. Finally, the Golfo de Morrosquillo sub-region covers the coastal
municipalities of Coverias, Santiago de Tolt, San Onofre, Toluviejo, and San Antonio de
Palmito. This spatial subdivision is critical as the availability of biomass varies significantly.
The analysis treats each municipality as a distinct spatial unit for residue quantification.

This spatial heterogeneity is illustrated in Figure 2, which presents the localised
density of agricultural production and livestock inventory across the department. Figure 2a
highlights agricultural production, which is primarily concentrated in the Mojana sub-
region (e.g., Majagual and Guaranda) and specific areas of Montes de Marfa (e.g., Ovejas),
driven by intensive rice and tuber farming. In contrast, Figure 2b reveals the livestock
inventory density, showing a high concentration in the central Sabanas sub-region (e.g.,
Corozal and Sampués) and ranching hubs in San Jorge sub-region (e.g., La Unién). This
spatial distribution of primary production and livestock is a key determinant for estimating
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the biomass potential and the logistic feasibility of implementing anaerobic digestion plants.
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Figure 2. Spatial distribution of agricultural production density (t/km?) and livestock inventory den-
sity (animals/km?) in the Department of Sucre: (a) Agricultural production; (b) Livestock inventory.
Source: own elaboration with data from: [8].

2.1.2. Selection of Substrates and Residue Generation Factors

The selection of substrates for this study was driven by the predominant agro-
economic activities in the Department of Sucre, ensuring that the proposed co-digestion
scenarios are regionally relevant and logistically feasible. Consequently, the analysis fo-
cuses on the most abundant lignocellulosic residues from staple crops (e.g., cassava, yam,
maize, and rice) and organic effluents from the livestock sector (i.e., cattle, poultry, and
porcine manure).

Theoretical availability of these substrates at the municipal level was quantified by
adopting specific Residue Generation Factors (RGF) from specialised literature. These
factors, presented in Table 1, represent the ratio of residue generated per unit of main prod-
uct harvested or per animal head, enabling the conversion of agricultural statistical data
into biomass potential. Specifically, these factors serve as the primary input coefficient for
calculating the Annual Residue Production (ARP) as defined in Equation (1) (Section 2.3.1).
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Table 1. Residue generation factors. Source: own elaboration with data from: [6,44-54].
Sector Source Specific Residues (Alternatives) Residue Generation Factor (RGF)
Agriculture Avocado Crop Al: Avocado Prunings 0.06 t/ fruit
Agriculture Cassava Crop A2: Cassava Leaves 0.09 t/ vubers
Agriculture Cassava Crop A3: Cassava Stems 0.41 t/ tubers
Agriculture Cassava Crop A4: Cassava Stump 0.13 t/ tubers
Agriculture Coconut Crop A5: Coconut Prunings 0.59 t/ truit
Agriculture Maize Crop A6: Maize Stover 1.07 t/ grain
Agriculture Mango Crop A7: Mango Prunings 0.37 t/ truit
Agriculture Oil Palm Crop A8: Oil Palm Prunings 1.83 t/ ¢ruit
Agriculture Plantain Crop A9: Plantain Leaves 0.39 t/ truit
Agriculture Plantain Crop A10: Plantain Pseudostem 417 t/ fruit
Agriculture Rice Crop A11: Rice Straw 1.16 t/ grain
Agriculture Watermelon Crop A12: Watermelon Stubble 1.50 t/ ¢ruit
Agriculture Yam Crop A13: Yam Stubble 0.36 t/ tubers
Livestock Cattle Farming Al4: Cattle Manure (Calf < 1 year) 1.46 t/ animal
Livestock Cattle Farming A14: Cattle Manure (Small 1-2 years) 2.92 t/ animal
Livestock Cattle Farming A14: Cattle Manure (Medium 2-3 years) 3.65 t/ animal
Livestock Cattle Farming A14: Cattle Manure (Large > 3 years) 5.48 t/ animal
Livestock Pig Farming A15: Pig Manure (Small 0-6 months) 0.37 t/ animal
Livestock Pig Farming A15: Pig Manure (Adult > 6 months) 0.73 t/ animal
Livestock Poultry Farming A16: Poultry Manure (Large/Adult) 0.08 t/ animal

2.2. Definition of Decision Criteria

A holistic assessment of substrate suitability for anaerobic co-digestion was achieved

by establishing a set of nine conflicting criteria. These criteria were selected to address
the multidimensional nature of bioenergy projects, encompassing supply chain reliability,
bio-energy efficiency, and biochemical stability. As detailed in Table 2, the criteria are
categorised into three domains:

Awailability and Logistics (C1 to C3): These criteria assess the feasibility of the supply
chain. High annual production and total solids content are desirable for reducing
collection and transport costs; while competing local uses (e.g., animal feed) represent
a barrier to energy valorisation.

Physicochemical Properties (C4 to C6): These parameters determine the theoretical energy
yield and process stability. Special attention is given to the C/N ratio and the content
of volatile solids, which indicate the organic fraction available for conversion.
Lignocellulosic Composition (C7 to C9): Reflecting the complexity of tropical biomass,
these criteria evaluate the biodegradability kinetics. High cellulose and hemicellulose
fractions are preferred for rapid conversion, whereas lignin acts as a recalcitrant barrier
limiting hydrolysis.

Table 2. Definition of decision criteria for the multi-criteria decision-making framework. Source: own
elaboration based on: [55-61].

Criteria Units Criteria Type Description
C1: Annual Residue . Determines process viability and scale;
Production t/year Benefit ensures continuous raw material supply.
C2: Total Solids % wb Benefit Optimises logistics and storage volume;
facilitates efficient reactor feeding.
C3: Local Market Use Scale: 1to 5 Cost Evaluatgs competition with existing local
applications (feed, compost, etc.).
C4: Biochemical ) Indicates biomass energy potential and
Methane Potential L of CHy/kg of VS Benefit N generation efficiency.
C5: Carbon-to-Nitrogen Ratio w/w Range Critical for process stability and biogas

Cé6: Volatile Solids

production balance (optimal: 20 to 30).
wt.% db Benefit Represerl;tls blodegradable fractlor} indicating
iogas production potential.
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Table 2. Cont.

Criteria

C7: Cellulose Fraction
C8: Hemicellulose Fraction

C9: Lignin Fraction

Units Criteria Type Description
Wt % daf Benefit Primary source of fermer}tgble sugars
influencing AD efflc1enc1y.
o . Secondary source of fermentable sugars
wt.% daf Benefit ) . -
affecting degradation efficiency.
Wt.% daf Cost Recalcitrant polymer that hinders biological

conversion efficiency.

2.3. Data Acquisition and Matrix Construction
2.3.1. Municipal Biomass Inventory and Data Collection

Data for estimating agricultural residue production were based on the main product
values of the evaluated crops reported by the Agronet database (Colombian Ministry of
Agriculture and Rural Development) [8]. Similarly, data required for livestock residue
calculations were obtained from the same source, determining the reported annual animal
inventory for each of the twenty-six municipalities.

The Annual Residue Production (ARP) for each specific residue i in municipality k was
calculated individually to serve as a criterion for that specific alternative. This calculation
follows Equation (1).

APR; = P;-RGF, (1)

where APR; is the estimated annual production of residue i in municipality k (t/year);
P; i is the reported annual production of the main crop or the animal inventory associated
with residue i in municipality k; and RGF; is the Residue Generation Factor for residue i, as
defined in Table 1. The APR represents the criterion C1 in decision matrix.

2.3.2. Experimental Characterisation

The thermal and physical properties of the substrates were determined through proxi-
mate analysis in accordance with international standards. Specifically, total solids (TS) were
evaluated following NREL/TP-510-42621, while ash content was assessed using NREL /TP-
510-42622. Volatile Solids (VS) was estimated by difference. The ultimate analysis was
performed to quantify the elemental composition, employing a Velp EMA 502 elemental
analyser and following the protocols outlined in ASTM D 5373 [62].

The lignocellulosic composition was analysed to determine the structural carbohydrate
fractions essential for methane yield estimation. The content of cellulose (X¢), hemicellulose
(XH), lignin (X1) and extractives (Xg) were quantified using the gravimetric Van Soest
method according to AOAC 973.18 standard. To estimate the BMP (C4), a theoretical
model based on the macromolecular composition of the volatile solids was employed.
Equations (2) and (3) define the calculation of the potential and its associated uncertainty.
In this model, BMP; represents the BMP (L of CHy/kg of VS), while x¢;, xg ;, x1,; and xg ;
represent the fractions of cellulose, hemicellulose, lignin and extractives (non-structural
components like soluble sugars, proteins, waxes, etc.) on dry ash free basis, respectively.
The uncertainty associated with the BMP estimates (presented as & standard deviation
in Table 3) was calculated utilising error propagation theory based on the experimental
standard deviations of the macromolecular fractions, as shown in Equation (3), where ogup,
represents the propagated standard deviation of the BMP derived from the experimental
standard deviations (¢) of the respective biomass components. It is important to note that
BMP values are reported on a VS basis (on dry basis) to reflect the energy potential of the
organic fraction.

BMP; = 378-xc; + 354-xp; — 194-x ; + 313-xg ; 2)
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Tomp, = | (3780x.,)” + (35403y,)" + (19405,,)" + (3130, 3)
Table 3. Physicochemical characterisation of selected substrates.
Reswe  ONRatio TS ys o Geluee  Hemclos  Lgwn o Blade  oup
(wt. % daf) (wt. % daf) (wt. % daf) (wt. % daf) kg VS)
AE@X?JQS‘" 2684+ 043  31.68+£036  9401+£004  2655+032 4818+ 178 6.86 + 0.73 1840 £0.92 31522 4+7.19
Azigaajjg"a 11.00 £ 0.01 37904234  89.85+0.11 2293+ 040 19.66 + 057  27.56 & 1.59 29.85+235  196.22 + 8.37
A3:sfear;ssa"a 31.62+0.80  30.74+1.40 9455+ 0.04 1057 £1.08 4629 +£0.16 28.14 + 0.07 15004095  196.16 + 5.08
A4:Stcuarffpava 31.03+£0.62  4240+£125 9207 +£0.14 18.49 4 0.16 51.59 + 1.20 13.58 4 0.45 16344085  277.324+5.13
Af,}ggg’é‘s‘“ 4848 +0.14  51.22+177  91.93 +0.07 38.88 + 0.90 18.78 + 0.02 17.49 + 0.07 2485+ 083  257.28 +4.28
Ag:t})\égirze 9.17 + 0.04 34714065  9135+020  37.05+021 28.72 + 1.02 7.63 4 0.28 26.61+0.60  310.19 + 420
AIZIqu\r/lli?inggso 2614 +043  53.86+£531  89.74+0.67  37.66+0.52 18.68 + 0.63 20.18 + 0.05 2348 £020  242.83 +3.06
A%n?rillifga;m 2766+ 022 39394067  93.61+010 3804+ 177 15.46 + 1.75 18834+ 034  27.674+0.16  248.60 +9.15
A9:L£;if;?i“ 2466 +020 24354272  8670+0.18 33304273 27.25 +2.04 12.99 4+ 2.29 2646 +7.04  279.94 + 2578
%ﬁguﬁlg;te%“ 52.61 + 0.04 6.89 + 0.18 8583+ 0.06  30.27 + 055 22.97 + 0.41 7.45 + 0.29 39314081 30431+ 3.62
Aé};ﬁ%\ﬂce 21324012  3717+£118  79.95+0.12 1480 £0.07  37.4140.11 17934006  29.864+0.18  247.07 +0.73
We;ttg';rr%lon 1554 +0.00 24394288  87.07 4 0.10 19.92 4 1.01 9.29 + 1.09 17.17 4+ 2.58 53.63 £ 053  242.72 +7.56
u e

Aslti:b’ﬁg‘ 1647 £027 24754023  89.98+005  30.71+0.62 17.32 4 0.94 20.68 + 0.45 31.29+093 23523 +5.10
A}V‘Il;flfrtge 2833+0.00  2694+230 7885+ 031 15.01 + 0.81 27.62 + 1.49 2112 + 1.21 36.25+351  227.00 + 12.77
ﬁ,};’mfrleg 1406 £0.01  3895+6.15  83.8240.32 12.92 4+ 0.12 23.60 + 0.11 2826+026  3523+036  187.82+137
Alﬁai%‘;gry 6.68 + 0.00 4790+ 627 7113 +034 16.60 + 0.58 35.99 + 0.29 7.17 4+ 0.29 4023 +049 30219 +291

C-N Ratio: Carbon-to-Nitrogen Ratio, TS: Total Solids Content, VS: Volatile Solids Content, BMP: Biochemical
Methane Potential.

2.3.3. Assessment of Local Market Utilisation and Competition

Operational risk associated with feedstock accessibility was quantified through a semi-
quantitative assessment of Local Market Utilisation (C3). Unlike physicochemical prop-
erties, this criterion evaluates the opportunity cost of diverting a residue from its current
application to energy generation. An elevated level of existing competition implies a lower
availability for AD or AcoD projects, categorising C3 as a Cost-type criterion.

The market scores were ascertained through a comprehensive review and triangu-
lation of official public policy documents and environmental reports. Primary sources
included the Development Plans of the Department of Sucre and its constituent municipali-
ties, reports from Regional Environmental Control Entities, and the Macro-environmental
Report of the General Departmental Comptroller [6,9-13,63-84]. Based on this evidence,
and with the objective to minimise the human subjectivity, a five-point market competition
scale was established to translate qualitative logistics data into numerical inputs for the
TOPSIS algorithm. The scoring rubric was defined as follows:

e  Score 1 (Negligible Competition): Residues currently treated as a disposal liability. There
is no established market; the producer incurs costs for removal or burning. These are
the most favourable for AcoD.

e  Score 2 (Low Competition): Residues with minimal economic value, limited to sporadic
on-farm nutrient cycling or inefficient uses with high perishability constraints.

e  Score 3 (Moderate/Seasonal Competition): Residues with an established but fluctuating
market. Competition arises during specific seasons (e.g., dry periods) for uses such as
animal ensilage or bedding.
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e  Score 4 (High/Captive Competition): Residues integrated into mature commercial supply
chains or possessing high captive use value for internal energy generation within
industrial facilities.

e Score 5 (Prohibitive Competition): Commodities with a high market price where energy
valorisation is economically unfeasible due to the implicit cost of acquisition.

Each alternative (Al to A16) was assigned a discrete integer value based on its pre-
dominant management practice in the Department of Sucre.

2.4. Integrated Multi-Method Framework for Weighting and Ranking

The robustness of substrate prioritisation was assessed, and the potential dominance
of specific criterion types addressed, by integrating a comparative sensitivity analysis into
the framework. This involved the implementation of four distinct weighting scenarios,
ranging from purely objective data-driven methods to expert-based subjective assessments
under uncertainty. The ranking of alternatives was subsequently performed using the
TOPSIS algorithm for each scenario.

2.4.1. Pre-Processing and Normalisation

Before determining weights, criteria that are neither strictly Benefit nor Cost types
were converted. Integration into the TOPSIS framework was facilitated by converting
values to a benefit type using the transformation described in Equation (4), where x;; is the
]
lower and upper values of the optimal range, respectively. Following this transformation,

raw value, x/. is the transformed value used in subsequent steps, and L and U represent the

the decision matrix was vector-normalised to allow comparison across dimensions with
different units using Equation (5), where r;; represents the normalised value.

L—x,~j .
xij =41 S ey R <L )
_ Xij— oy
1 max(L—Xmin, Xmax—U ) if xl] > U
xl‘]‘
rj = ———s (5)
i=1%ij

o)

2.4.2. Shannon Entropy (Scenario A)

This method derives objective weights solely from the statistical dispersion of the data.
The probability of the j-th criterion for alternative i (p;;), the entropy value (E;) and the
degree of divergence (d) are calculated using Equations (6), (7) and (8), respectively, where
m represents the number of alternatives. The final objective weight w; is then determined
by the divergence of each criterion by the sum of divergences across all # criteria, as shown
in Equation (9).

= ©

bij = mo,2

i=1"4j

1 m
Ej= _7lan; pij-In pi; (7)
dj=1-F ®)
d:
=14
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2.4.3. Stratified AHP (Scenario B)

Comparison matrices for the subjective weighting scenarios (B and C) were populated
by consulting a panel of 15 experts in bioenergy and anaerobic digestion via a structured
digital survey. The panel demonstrated a geographically and institutionally diverse profile,
comprising representatives from local, regional, and national entities within Colombia,
as well as an international collaborator from Spain. In terms of academic attainment,
the composition was stratified into four distinct tiers: 40% of the experts held a PhD or
postdoctoral qualification, 20% were doctoral candidates holding a Master’s degree, 20%
possessed a Master’s degree as their highest qualification, and the remaining 20% were ad-
vanced Master’s students holding a specialisation or bachelor’s degree. Regarding domain
expertise, the panel showed a balanced distribution of seniority: 47% reported between one
and three years of experience, 27% between three and five years, 6% between five and ten
years, and 20% exceeding ten years in the field. The expert survey form used as the data
collection instrument and the anonymised expert responses and the resulting aggregated
judgement matrices used for the calculations are provided in Supplementary Materials.

Expert domain knowledge was incorporated by employing the AHP with a strati-
fied approach. Experts compared criteria pairwise within three dimensions (Logistics,
Physicochemical, Lignocellulosic) and then compared the dimensions themselves, using
Saaty’s scale. A pairwise comparison matrix (A) was constructed for each level, where
elements a;; represent the preference of criterion i over j. The weights (w;) were derived
by calculating the principal eigenvector of the matrix as defined in Equation (10), where
Amax is the maximum eigenvalue. Consistency was verified by ensuring the Consistency
Ratio (CR) was less than 0.1. The CR is calculated using the Consistency Index (CI) and
the Random Index (RI), which depends on the matrix size n, as shown in Equations (11)
and (12). Global weights were obtained by multiplying local weights by their respective
dimension weights. Finally, the global weight for each criterion (GW;) was determined by
multiplying its local weight (wy4cq1) by the weight of its corresponding dimension (wgim),
as expressed in Equation (13).

A'wi = /\max'wi (10)
- Amax — 11
cr= ot 11)
CI
CR= (12)
GW; = Wigcal' Wdim (13)

2.4.4. Stratified Fuzzy AHP (Scenario C)

The vagueness inherent in human judgement was addressed by implementing Strati-
fied Fuzzy AHP using Buckley’s Geometric Mean method. Expert preferences were treated
as Triangular Fuzzy Numbers (Ei]-), defined by the triplet (I,m,u) representing lower,
middle, and upper values. The fuzzy geometric mean value r; for each criterion was
calculated according to Equation (14), where n represents the number of related criteria.
The fuzzy weight w; was then determined through the normalisation operation presented
in Equation (15). Finally, the fuzzy weights were defuzzified into crisp weights M; using
the Centre of Area method defined in Equation (16), utilising the components /;, m;, and
u; of the fuzzy weight vector. Finally, to obtain the global weights for the ranking GW;),
the defuzzified local weights (M; 1,c.1) were multiplied by the defuzzified weights of their
corresponding dimensions (Mgin,), preserving the stratified structure of the analysis as
shown in Equation (17).

~

~ ~ ~ 1/n
Vi:<ﬂi1®ﬂi2®'“®ﬂin) (14)
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o~ o~ ~ o~ o~y -1
wizf’i®(7’1®7’2®~~®rn> (15)
M, = it (16)
3
GWi = Mi,local'Mdim (17)

2.4.5. Equal Weights (Scenario D)

As a baseline for neutrality, a scenario was simulated where all ten criteria were
assigned equal importance, assuming no prior preference for logistics or efficiency, as
shown Equation (18).

1

2.4.6. Ranking via TOPSIS Method

The TOPSIS method was applied to rank alternatives for each weighting scenario.
The weighted normalised decision matrix (V) was calculated for each scenario using the
respective weights (w;) as shown in Equation (19). The Positive Ideal Solution (A") and
Negative Ideal Solution (A™) were then defined in Equations (20) and (21), respectively.
Subsequently, the Euclidean distances to the ideal solutions (S;" and S;) were computed
using Equations (22) and (23). Finally, the ranking score (CC;) was determined by the
relative closeness coefficient described in Equation (24).

‘Ui]' :rl-]--wj (19)
At ={ovf, 05, .0} = {(max vij}j € J), <mjn vi]-|j e J’)} (20)
1 1

A” ={v],05,...,0,} = {(min vij|j€ J),(max vij‘je j’)} (21)

n 2
st= Y (vij - v]*) 22)
j=1
n 2
S: = Zl (Uij — ZJ;) (23)
]:
S +5S;

2.5. Formulation of Anaerobic Co-Digestion Scenarios Based on Local Availability

Theoretical energy potential of implementing circular economy strategies at the local
level was evaluated by defining specific AcoD scenarios for each municipality. These
scenarios were constructed using a binary mixture approach, pairing the single highest-
ranked agricultural residue with the single highest-ranked livestock residue obtained from
the assessment for each specific location. This approach ensures that the proposed mixtures
are logistically optimised by focusing on the most dominant waste streams.

The scenarios were characterised by four key indicators derived from the mass balance
of the available substrates. First, the Total Gross Availability (TAy) for municipality k was
calculated as the sum of the annual generation of the two selected substrates, as presented
in Equation (25).

TAk = Qagrik T QLiv (25)
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where ngﬂ,k and Qy;, , are the annual quantities (t/year) of the best agricultural and
livestock residues in municipality k, respectively.

The physico-chemical properties of the substrate mixture were estimated assuming
a complete mixing model based on the availability ratio. The Weighted BMP (BM Pyix) and
the Weighted VS (V Syix) were determined according to Equations (26) and (27), respectively.

Qj:\gri,k'BMPAgri + Q]iivrk'BMPLiv

BMPytix = TA, (26)
QherikVSagri + Qliv sV SLiv
VSpixk = ——2- TA, Al (27)

where BMPag,; and BMPyj, represent the BMP of the individual residues, and VSag;;
and V Sy, represent VS content of the individual residues. It is crucial to note that these
weighted estimations assume ideal mixing conditions based solely on mass balance. Con-
sequently, the resulting values serve as a theoretical baseline for screening purposes and
do not account for potential synergistic biochemical effects or inhibitory interactions (e.g.,
ammonia toxicity) that may arise in an operational reactor.

These variables were integrated to calculate the Global Methane Potential (GMPy)
in Equation (28), representing the theoretical maximum energy recovery capacity for the
municipality per year.

GMP; = TAV Syt BMPyti i (28)

This variable serves as a proxy for the scalability of biogas projects in each territory.
Finally, to provide a tangible social impact metric, the Potential Demand Coverage Ratio
(PCRy) was calculated using Equation (29). This indicator measures the proportion of the
annual residential electricity demand that could be covered by the estimated bioenergy
surplus, assuming standard energy conversion efficiency.

GMPk-LHVCH4‘}’]e-(1 - PI)CF
3600-D;

PCRy = -100 (29)
where LHV(p, is the lower heating value of methane (35.8 MJ/ m3), #e is the electrical
efficiency of the generation system (assumed as 35%), CF is the capacity factor of the plant
(0.85), P, represents parasitic losses (assumed as 15%), and Dy is the total annual residential
electricity consumption in municipality kK (MWh/year), obtained from the Colombian
Superintendency of Residential Public Services (SSPD) [85], as detailed in Table A1 (see
Appendix A). The constant 3600 converts the energy units from MJ to MWh.

3. Results
3.1. Municipal-Level Waste Generation Inventory

The municipal inventory, summarised in Figure 3, presents the total annual residue
generation across the twenty-six municipalities. Majagual recorded the highest total
biomass potential in the department, accumulating approximately 478.4 kt/year. This
figure comprised 118.8 kt of agricultural residues—the maximum value observed for this
category among all municipalities—and 359.6 kt of livestock residues. San Luis de Sincé
and San Marcos followed as the subsequent largest producers, with total generation values
of roughly 407.6 kt and 388.5 kt, respectively. In San Luis de Sincé, livestock waste consti-
tuted the predominant fraction (388.7 kt), whilst agricultural residues contributed 18.9 kt to
the total mass.
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Figure 3. Total annual residue generation (kt/y) by municipality in the Department of Sucre, cate-
gorised by sector (Agricultural vs. Livestock).

In contrast, the municipalities of Chaldn, Covefias, and Colosé exhibited the lowest
generation rates, with total combined residues remaining below 32 kt/year in each location.
Regarding the composition of the waste streams, livestock residues exceeded agricultural
residues in all evaluated territories. For instance, in Sucre and San Onofre, livestock waste
accounted for over 90% of the locally generated biomass. Apart from Majagual, significant
quantities of agricultural residues were recorded in Guaranda (52.1 kt) and Ovejas (43.0 kt),
although these values remained lower than their respective livestock residue counterparts
(150.8 kt and 118.6 kt, respectively).

3.2. Physicochemical Characterisation of Residues

The physicochemical characterisation of the sixteen selected substrates is detailed
in Table 3. The C/N ratio exhibited a wide variation across the alternatives, ranging
from a minimum of 6.68 in Poultry Manure (A16) to a maximum of 52.61 in Plantain
Pseudostem (A10). High ratios were also observed in Coconut Prunings (A5) at 48.48,
whereas Maize Stover (A6) presented a low ratio of 9.17. Regarding solids content, TS
varied considerably, with Mango Prunings (A7) recording the highest value at 53.86%,
while Plantain Pseudostem (A10) showed the lowest at 6.89%, indicating high moisture
content. VS ranged from 71.13% in Poultry Manure (A16) to 94.55% in Cassava Stems (A3).

Lignocellulosic composition analysis revealed distinct structural profiles. Cellulose
content was highest in Coconut Prunings (A5) at 38.88% and Oil Palm Prunings (A8) at
38.04%, whereas Cassava Stems (A3) recorded the lowest fraction at 10.57%. Hemicellulose
content was particularly high in Cassava Stump (A4) and Avocado Prunings (A1), reaching
51.59% and 48.18%, respectively. Regarding lignin, the highest concentrations were ob-
served in Pig Manure (A15) at 28.26% and Cassava Stems (A3) at 28.14%, whilst Avocado
Prunings (A1) presented the lowest value at 6.86%. Extractives were most abundant in
Watermelon Stubble (A12), accounting for 53.63% of the ash-free dry mass.
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The BMP assays demonstrated significant variability across the evaluated residues.
Avocado Prunings (Al) yielded the highest theoretical potential at 315.22 L CHy4/kg VS,
followed by Maize Stover (A6) at 310.19 L CHy4/kg VS. Conversely, the lowest methane
yields were recorded for Pig Manure (A15) and Cassava Leaves (A2), with 187.82 L CHy/kg
VS and 196.22 L CHy /kg VS, respectively.

3.3. Local Market Utilisation and Competition Assessment

The assessment of local market utilisation, detailed in Table 4, categorised the sixteen
substrates based on their existing competition levels. A total of six residues received the
lowest market score of 1, indicating negligible competition. This group included Avocado
Prunings (A1), Cassava Stump (A4), Mango Prunings (A7), Plantain Pseudostem (A10),
Watermelon Stubble (A12), and Yam Stubble (A13). The primary drivers associated with
this score were disposal costs, land clearance requirements, and on-field nutrient cycling.

Table 4. Assessment of local market utilisation and competition for selected residues in Sucre. Source:
own elaboration with data from [6,9-13,63-84].

Residue

Market Score (1-5) Key Competition Driver Justification and Current Local Uses

Al: Avocado Prunings

A2: Cassava Leaves

A3: Cassava Stems

A4: Cassava Stump

Ab5: Coconut Prunings

A6: Maize Stover

A7: Mango Prunings

A8: Oil Palm Prunings

A9: Plantain Leaves

A10: Plantain Pseudostem

Al1: Rice Straw

A12: Watermelon Stubble

Disposal Cost

Perishability

Agricultural Use

Land Clearance Cost

Collection Logistics

Animal Feed

Disposal Cost

Internal Energy Use

Local Packaging/Feed

Nutrient Cycling

Seasonality

Nutrient Cycling

Treated as waste to be pruned and
discarded /burned. Negligible market
value or competition.

Left in the field or occasionally used for
small-scale animal feed. High perishability
limits marketability and transport range.
Traditionally used by farmers in Sucre for
vegetative propagation (cloning) of the
cassava plant. Stems are cut into stakes for
replanting; however, a surplus remains
after selecting viable stakes.

The root stump is usually left in the ground
and requires manual or mechanical
removal to prepare the land for the next
cycle. No current commercial use;
represents a disposal cost.

Mostly left in the field. Fibrous nature
makes decomposition slow. Low
competition, but collection can be
labour intensive.

Intense competition as cattle feeds during
dry periods (ensilage). Availability for
energy fluctuates with climatic conditions.
Treated as waste to be pruned and
discarded /burned. Negligible market
value or competition.

Often recycled within the plantation for
nutrient cycling or used as fuel in
extraction mill boilers. High captive use
limits external availability.

Leaves have a niche market for traditional
food packaging (e.g., tamales) and minor
use as animal feed but supply vastly
exceeds demand.

Minimal current use. Left to decompose in
the field to recycle nutrients. Exceptionally
low competition and high potential
for valorisation.

Often burned in the field (illegal but
common) or used for cattle bedding/feed
during dry seasons. Seasonality affects its
competitive use.

Crop residues are typically left in the field
for decomposition and soil incorporation.
No significant commercial market exists.
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Table 4. Cont.

Residue

Market Score (1-5) Key Competition Driver Justification and Current Local Uses

A13: Yam Stubble

Al4: Cattle Manure

A15: Pig Manure

A16: Poultry Manure

Aerial vines remaining in the field after
harvest. Difficult mechanisation due to
1 Collection Logistics entangled growth. Often burned or left for
soil incorporation; no significant
market value.

Primarily used as direct fertiliser on
pastures, though often in excess and
inefficiently managed. Low commercial
value, making it highly available for AD.
Used for fertilisation but poses
environmental challenges due to odour
and runoff. Moderate competition, often
requires treatment before disposal.
High demand as a potent organic fertiliser
for crops and fish farming. Established
commercial value creates significant
competition for energy use.

2 Soil Amendment

3 Environmental Risk

4 Commercial Value

Five substrates were assigned a market score of 2, comprising Cassava Leaves (A2),
Cassava Stems (A3), Coconut Prunings (A5), Plantain Leaves (A9), and Cattle Manure
(A14). The competition factors identified for these residues included high perishability,
specific agricultural applications such as vegetative propagation, and logistical constraints
related to collection. Intermediate competition (market score 3) was recorded for three
substrates including Maize Stover (A6), Rice Straw (A11), and Pig Manure (A15), where the
determining factors were seasonal fluctuations, animal feed demand, and environmental
management risks.

The highest competition level observed in the study corresponded to a market score
of 4, assigned to Oil Palm Prunings (A8) and Poultry Manure (A16). For these residues,
the key drivers limiting availability were internal energy valorisation within extraction
mills and established commercial value as organic fertiliser, respectively. No residues were
assigned a market score of 5.

3.4. Sensitivity Analysis of Weighting Scenarios

The sensitivity analysis of the weighting scenarios, presented in Figure 4, revealed
significant variations in criteria importance across the four methods evaluated. In the
objective Entropy method (Scenario A), the C1: ARP criterion was the most influential,
receiving a median weight of 0.515. This was followed by C5: C/N Ratio, with a weight
of 0.220. Other criteria such as C6: VS and C4: BMP showed negligible influence in this
scenario, with weights of 0.001 and 0.025, respectively.

Conversely, the subjective scenarios involving expert consultation (B and C) demon-
strated a more distributed weight allocation, favouring physicochemical properties. In
Scenario B (Stratified AHP), the highest weights were assigned to C7: Cellulose (0.208),
C2: TS (0.156), and C8: Hemicellulose (0.148). Similarly, Scenario C (Stratified Fuzzy AHP)
prioritised C7: Cellulose (0.190) and C2: TS (0.166), but also placed greater emphasis on C4:
BMP (0.145) compared to Scenario B. In both subjective scenarios, the logistical criterion
C1: ARP received substantially lower weights (0.075 and 0.089, respectively) than in the
Entropy method. Scenario D maintained a constant weight of 0.111 for all nine criteria,
serving as the neutral baseline.
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Figure 4. Comparative distribution of criteria weights across the four evaluated weighting scenarios.

3.5. Multi-Criteria Prioritisation of Substrates

The top-ranked substrates selected for each municipality under the four weighting
scenarios are presented in Table 5. Across all municipalities and scenarios, A14 (Cattle
Manure) was consistently identified as the preferred livestock substrate. For the agricultural
residues, Scenario A (Entropy) primarily selected A3 (Cassava Stems) in 15 municipalities
and A11 (Rice Straw) in 5 municipalities, with minor occurrences of A6 (Maize Stover) and
A10 (Plantain Pseudostem).

Conversely, Scenarios B (Stratified AHP) and C (Stratified Fuzzy AHP) showed
a strong preference for A4 (Cassava Stump), which was selected in 12 and 10 munici-
palities, respectively. A6 (Maize Stover) was the second most frequent choice in these
scenarios, appearing in 9 instances for Scenario B and 8 for Scenario C. A1l (Rice Straw)
were selected in 5 locations in both Scenario A and B. Scenario D (Equal Weights) presented
a mixed distribution, favouring A3 (Cassava Stems) in 11 municipalities and A4 (Cassava
Stump) in 6, aligning partially with both the objective and subjective scenarios.

Table 5. Comparison of the top-ranked agricultural and livestock substrates selected for each
municipality under the four weighting scenarios.

Municipality Scenario A Scenario B Scenario C Scenario D
Buenavista A3 +Al4 Ad+Al4 A4+ Al4 A3+ Al4
Caimito A6+ Al4 A6+ Al4 A6+ Al4 A6+ Al4
Chalén A6 + Al4 A6 + Al4 A6 + Al4 A6 + Al4
Coloso Al10 + Al4 A6+ Al4 Al10 + Al4 A10 + Al14
Corozal A3 + Al4 A4+ Al4 A3 + Al4 A3 +Al4
Coverias A3+ Al4 A6+ Al4 A6+ Al4 A4+ Al4
El Roble A3+ Al4 A4+ Al4 A4+ Al4 A3 + Al4
Galeras A3+ Al4 A4+ Al4 A4+ Al4 A3 +Al4
Guaranda All + Al4 All + Al4 All + Al4 All + Al4
La Unién A3+ Al4 A4+ Al4 A4+ Al4 A4+ Al4
Los Palmitos A3+ Al4 A4+ Al4 A4+ Al4 A3+ Al4
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Municipality Scenario A Scenario B Scenario C Scenario D
Majagual All + Al14 All + Al4 All + Al4 All + A14
Morroa Al0+ Al4 Ad+Al4 Ad + Al4 A10 + A14
Ovejas A6+ Al4 A6+ Al4 A6 + Al4 Ad + Al4
Palmito A3 + Al4 A6+ Al4 A6+ Al4 Ad + Al4
Sampués A3+ Al4 A6+ Al4 A6 + Al4 A3+ Al4
San Benito Abad All + Al4 All + A14 All + Al4 All + Al14
San José de Toluviejo A3+ Al4 Ad+Al4 A4 + Al4 A3+ Al4
San Juan de Betulia A3+ Al4 A6+ Al4 A6 + Al4 A3+ Al4
San Luis de Sincé A3 +Al4 A4+ Al4 A3+ Al4 A3+ Al4
San Marcos All + Al4 All + A14 All + A14 All + A14
San Onofre Al10 + A14 Ad+Al4 Ad + Al4 A4+ Al4
San Pedro A3 + Al4 A4+ Al4 Ad + Al4 A3+ Al4
Santiago de Tola A3 +Al4 A4+ Al4 A4+ Al4 Ad + Al4
Sincelejo A3 +Al4 A6+ Al4 A6 + Al4 A3+ Al4
Sucre All + Al4 All + A14 All + Al4 All + Al4

Al: Avocado Prunings, A2: Cassava Leaves, A3: Cassava Stems, A4: Cassava Stump, A5: Coconut Prunings,
A6: Maize Stover, A7: Mango Prunings, A8: Oil Palm Prunings, A9: Plantain Leaves, A10: Plantain Pseu-
dostem, A11: Rice Straw, A12: Watermelon Stubble, A13: Yam Stubble, A14: Cattle Manure, A15: Pig Manure,
A16: Poultry Manure.

3.6. Estimation of Global Methane Potential and Electrical Coverage

The theoretical energy potential for the prioritised co-digestion scenarios under the
Entropy Method (Scenario A) is detailed in Table 6. Majagual exhibited the highest Total
Gross Availability (TA) with 430.51 kt and the highest GMP of 100.15 million m3, resulting
in an Electrical Power Potential (EPP) of 28.75 MW. San Luis de Sincé followed with
a GMP of 86.46 million m> and an EPP of 24.82 MW. Conversely, municipalities like Chaldn
and Covefias recorded the lowest potential, with GMP values of 3.25 million m3 and
3.41 million m3, respectively.

Table 6. Theoretical energy potential and electrical demand coverage for the prioritised co-digestion
scenarios (Entropy-TOPSIS Method) across the twenty-six municipalities.

Municipality Mix C/N TAGy ~ CMPmiflions  gppvw) EPD (MW)  PCR (%)
Buenavista A%s((g(()). '91(;/:’)) + 28.36 124.43 27.28 7.83 0.11 6892.08
Caimito A}fé?gg;f)) * 25.92 136.32 30.06 8.63 0.19 4580.96
Chal4n Al (ﬁ%?;//)) + 19.68 14.25 3.25 0.93 0.05 1997.18
Colos6 Aﬁé%gﬁ)) * 28.58 25.07 5.55 1.59 0.11 1478.26
Corozal Akg(?gff/f)) + 28.56 197.29 44.08 12.65 11 1154.18
Covefias Afs(?ég;f)) * 28.54 15.28 3.41 0.98 0.65 151.2
El Roble A}f;?ég;ﬁ’)) + 28.52 76.53 17.05 489 0.11 444556
Galeras A%;?g%")) + 28.44 216.06 47.76 13.71 0.28 4953.79
Guaranda ‘}1141((7515'?’;{;2; 25.73 190.31 44.83 12.87 0.22 5900.39
La Unién Akg(?ggf’/{j)) + 284 101.62 22.36 6.42 0.14 4735.85
Los Palmitos A%S(?gg%)) + 28.46 150.48 33.32 9.57 0.26 3631.03
Majagual /21141((7281?;/0‘2; 26.12 430,51 100.15 28.75 0.55 5256.55
Morroa Al 0(9(2%://)) + 28.49 58.71 12.94 3.72 0.25 1481.13
Ovejas Aﬁ(?gg;f)) * 2297 123.11 2753 7.9 0.28 2775.68
Palmito A};’a(?ggf/fj)) + 28.62 104.24 23.45 6.73 0.15 4639.21
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Table 6. Cont.
e e 1. . Mix C/N GMP (millions
Municipality Mix Ratio TA (kt) of m3) EPP (MW) EPD (MW) PCR (%)
) Al4 (95.1%) +
Sampués e 285 125.13 27.81 7.98 0.63 1274
San Benito Abad 11 1(9(%2,{2))) + 27.6 289.56 64.49 18,51 0.23 8101.63
San José de Al4 (98.3%) +
T P 28.39 141.43 31.08 8.92 0.31 2858.83
San Juan de A14 (97.0%) +
o Juan Fera 28.43 158.47 34.99 10.04 0.17 6038.8
San Luis de Sincé A%3((927 go/{j)) + 28.43 391.89 86.46 24.82 0.4 6255.92
A4 (95.7%) +
San Marcos ALY ) 27.83 354.83 78.54 2255 0.84 2676.03
A4 (97.6%) +
San Onofre A6 02 284 312.68 68.63 19.7 0.73 2680.95
A4 (94.9%) +
San Pedro o aTot) 2851 174.79 38.88 11.16 0.25 4401.59
Santiago de Toltt A}é(?g '91%’)) * 2836 161.02 353 10.13 0.76 1332.64
o Al4 (95.8%) +
Sincelejo A3(( 42%)) 28.48 148.24 32.87 9.44 5.44 173.36
Sucre Al4 (98.6%) + 28.16 328.71 72.13 20.71 0.27 7645.96

Al1 (1.4%)

A1l: Avocado Prunings, A2: Cassava Leaves, A3: Cassava Stems, A4: Cassava Stump, A5: Coconut Prunings,
A6: Maize Stover, A7: Mango Prunings, A8: Oil Palm Prunings, A9: Plantain Leaves, A10: Plantain Pseu-
dostem, A11: Rice Straw, A12: Watermelon Stubble, A13: Yam Stubble, A14: Cattle Manure, A15: Pig Manure,
A16: Poultry Manure.

The mixtures were predominantly composed of Cattle Manure (A14), with shares
exceeding 90% in municipalities such as Buenavista (99.1%), La Unién (98.0%), and Sucre
(98.6%). Agricultural residues like Rice Straw (A11) had a notable contribution in Guaranda
(25.7%) and Majagual (21.2%), while Maize Stover (A6) contributed 16.4% in Chalédn. The
C/N ratios of the mixtures generally ranged between 28 and 29, with lower values observed
in Chalan (19.68) and Ovejas (22.97).

Regarding the PCR, San Benito Abad achieved the highest coverage at 8101.63%,
followed by Sucre with 7645.96% and Buenavista with 6892.08%. Even in municipalities
with significant urban demand like Sincelejo, the PCR was 173.36%, indicating a theoretical
surplus. The lowest PCR was observed in Covefias (151.2%), which still suggests full
coverage of the local residential demand.

The spatial projection of these results, visualised in Figure 5, delineates clear territorial
vocations for bioenergy development. The southern sub-regions of Mojana and San Jorge
form a cohesive Rice Straw (A11) cluster, characterised by high GMP intensity in munic-
ipalities such as Majagual and Guaranda. A central corridor defined by Cassava Stems
(A3) spans the Sabanas and parts of the Golfo de Morrosquillo sub-regions, connecting
high-yield nodes like San Luis de Sincé with lower-density areas. In the north, Plantain
Pseudostem (A10) dominates the coastal municipality of San Onofre and the montane
zone of Colosd, while Maize Stover (A6) is prioritised in geographically dispersed pockets
including Caimito and Ovejas. The gradation in colour intensity visually correlates with the
estimated GMP, highlighting the strategic relevance of specific municipalities as potential
nuclei for sub-regional biogas infrastructure.
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Figure 5. Spatial distribution of prioritised agricultural residues for co-digestion in the Department
of Sucre.

4. Discussion
4.1. Trade-Offs Between Feedstock Availability and Physicochemical Quality

The comparative analysis of weighting scenarios exposed a fundamental divergence
between data-driven objectivity and expert subjectivity regarding the critical success factors
for bioenergy implementation. Whilst the Shannon Entropy method identified ARP as
the governing constraint by assigning it a dominant weight exceeding half of the total
importance, the expert-based methodologies consistently undervalued this logistical pa-
rameter in favour of physicochemical properties such as cellulose content and BMP. This
discrepancy suggests that academic and technical expertise tends to prioritise theoretical
conversion efficiency over the supply chain robustness required for continuous industrial
operation [25].

This weighting conflict directly influenced the prioritisation of substrates where the
objective scenario selected residues with established high-volume generation such as rice
straw and cassava stems while subjective scenarios favoured materials with superior
lignocellulosic profiles but limited availability compared to those prioritised by Scenario A.
Relying solely on expert judgement creates a risk of designing facilities around substrates
that are biochemically ideal but logistically scarce or highly dispersed, potentially leading
to operational failures due to feedstock discontinuity [24]. Consequently, the data-driven
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approach proves more adept at capturing the territorial reality where biomass density
serves as the primary feasibility threshold.

The distinct preference of the Entropy method for the C/N ratio as the second most
influential criterion underscores the necessity of balancing the nutritional profile of the mix-
ture alongside mass availability. By prioritising substrates that complement the nitrogen-
rich livestock waste, the objective framework naturally converged towards co-digestion
strategies that enhance process stability without sacrificing the scale of operation. This
contrasts with the expert scenarios which diluted the importance of stability parameters
to maximise theoretical methane yields, overlooking the synergistic benefits of chemically
balanced mixtures in real-world reactor performance.

Validating the proposed framework requires acknowledging that the most sustainable
bioenergy solution is not necessarily the one with the highest energy density but rather
the one with the lowest supply risk. The prioritisation of cattle manure as a universal
baseload reinforced by high-availability agricultural residues aligns with the need to
minimise collection and transport costs [29,30]. Therefore, the adoption of the Entropy-
based results provides a conservative yet robust roadmap for infrastructure planning,
ensuring that bioenergy hubs are sited in locations with guaranteed material flow rather
than a maximum BMP.

4.2. Feasibility of Mono-Digestion vs. Co-Digestion Strategies in Tropical Regions

Analysis of the prioritised mixtures reveals a stark dichotomy in the operational
feasibility of AcoD across the department as indicated by the proportion of agricultural
residues in the blend. In municipalities such as Buenavista, La Unién, and Sucre, the
agricultural fraction constitutes less than 2% of the total biomass despite being selected
as the optimal complement by the multi-criteria framework. This negligible contribution
implies that while co-digestion is theoretically preferable, the logistical reality imposes a de
facto mono-digestion scenario where the technical complexity of sourcing and pre-treating
a secondary substrate may outweigh the marginal metabolic benefits [18]. Consequently,
infrastructure planning in these zones must focus on optimising the mono-digestion of
cattle manure, acknowledging its inherent limitations such as low methane yield and
potential ammonia inhibition [17].

The biochemical impact of these disparate mixtures further challenges the universal
applicability of co-digestion strategies in the region. For the majority of municipalities
where the agricultural input remains below the 5% threshold, the C/N ratio of the mixture
barely deviates from that of pure manure, remaining close to 28. This suggests that the
expected synergistic effects, such as the dilution of toxic compounds or the optimisation
of rheological properties [23], would be practically non-existent in these specific locations.
Implementing a dual-feedstock system under these conditions would incur unnecessary
capital expenditure for storage and dosing units without delivering the process stability
enhancements typically associated with multi-substrate digestion [22].

Furthermore, the spatial projection of the results delineates clear territorial vocations
that support the establishment of regional bioenergy clusters. The southern sub-regions
of Mojana and San Jorge form a cohesive and continuous belt of high-yield municipalities
dominated by the Rice Straw-Cattle Manure mixture, creating a genuine opportunity
for centralised industrial infrastructure that benefits from economies of scale and cross-
border supply chains. In contrast, the central corridor, defined by the Cassava Stems—
Cattle Manure mixture, presents a more fragmented landscape, where the feasibility of
co-digestion is contingent on the specific logistical density of each municipality. This spatial
clustering suggests that technology transfer efforts should be regionalised, standardising
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reactor designs for rice residues in the south while adapting systems for tuber residues in
the central Sabana sub-region [21].

Therefore, a tiered technological roadmap is required to address this territorial hetero-
geneity rather than a standardised solution for the entire department. The findings advocate
for a strategic bifurcation regarding deploying simplified, robust reactor configurations
optimised for manure mono-digestion in the predominantly livestock-dependent central
and coastal sub-regions, while reserving complex co-digestion facilities for the agricultural
strongholds in the south and Montes de Maria sub-region. This tailored approach aligns
with the principles of the circular bioeconomy by ensuring that technological sophistication
matches the specific availability and composition of local waste streams, thereby potentially
mitigating the risk of project failure due to operational over-design [15].

4.3. Potential Impact on Local Energy Autonomy and Circular Economy

The estimated PCR demonstrates that the Department of Sucre possesses a latent
capacity to decouple its residential energy sector from the national grid through the valori-
sation of locally available biomass. Notably, in municipalities like San Benito Abad and
Sucre, where the theoretical coverage exceeds 7000%, the bioenergy surplus is sufficient
to not only meet domestic needs but also to power agro-industrial processing facilities
or export electricity to neighbouring zones. The spatial analysis (Figure 5) reinforces this
potential by revealing a contiguous ‘Bioenergy Hub’ in the Mojana sub-region, where
the aggregation of high-yield municipalities creates a stable regional energy basin. This
clustering effect facilitates the implementation of industrial symbiosis networks, where the
energy surplus from the agricultural hinterland can reliably power the energy-intensive
rice milling operations concentrated in this district, effectively insulating the local economy
from national grid volatility.

Even in densely populated urban centres such as Sincelejo, the capital, the model
predicts a coverage ratio of 173%, indicating that the metabolic waste of the city and its
immediate rural hinterland is enough to sustain its residential electricity consumption.
These findings suggest that the establishment of peri-urban bioenergy plants—which
reduce transmission losses and enhance local energy security against grid fluctuations—is
a compelling case worthy of further feasibility studies. Such decentralised infrastructure
would address the stark disparity between biomass availability and energetic valorisation
currently observed across Latin American economies [5].

Beyond energy security, the implementation of these co-digestion scenarios addresses
the critical deficit in waste management infrastructure that currently plagues the region. By
diverting massive volumes of cattle manure and crop residues from open-air decomposition,
the proposed framework directly contributes to mitigating the environmental drivers of
eutrophication and uncontrolled GHGs emissions [7]. This transition from uncontrolled
disposal to contained anaerobic digestion represents a quantifiable environmental service,
transforming a source of sanitary risk into a controllable renewable fuel [14].

The circularity of the proposed model is further reinforced by the potential produc-
tion of digestate, a nutrient-rich by-product of the anaerobic process. For agricultural
strongholds like Majagual and Guaranda, the return of stabilised digestate to the soil would
close the nutrient loop, reducing reliance on synthetic fertilisers and restoring soil organic
carbon. This integration of energy generation with agronomic recycling exemplifies the
mature application of anaerobic digestion technologies within a regenerative bioeconomy
framework [16].

Ultimately, the data validates that the primary barrier to bioenergy adoption in Sucre
is not a lack of resource availability but rather the absence of strategic planning tools to
quantify and locate this potential. By demonstrating that every evaluated municipality
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can theoretically cover its residential demand, this study provides the empirical evidence
required to de-risk investments in the sector. Shifting the focus from theoretical yield max-
imisation to logistical reliability creates a stable foundation for developing local bioenergy
markets that compete effectively with existing linear disposal practices [26].

4.4. Limitations and Future Perspectives

The primary limitation of this spatial framework lies in the resolution of the biomass
inventory which relies on aggregated municipal statistics rather than precise geolocated
crop data. Whilst the model successfully identifies municipalities with high potential
like Majagual and San Luis de Sincé, it assumes a homogeneous distribution of residues
within these administrative boundaries, potentially underestimating the collection costs
in geographically extensive territories where feedstock might be dispersed [36,37]. This
differentiation implies that whilst clusters identified in Figure 5 benefit from redundant
supply sources across borders, projects located in isolated high-yield zones like San Onofre
lack this buffer, necessitating stricter individual supply guarantees and potentially higher
contingency storage capacities to mitigate isolation risks [34].

Another constraint involves the temporal dimension of the assessment which utilises
annual production totals to estimate energy potential, implicitly assuming a constant supply
of feedstock throughout the year. Agricultural residues such as rice straw and maize stover
are inherently seasonal, meaning that the theoretical continuous power output calculated
for municipalities like Guaranda could face significant fluctuations or storage requirements
to bridge supply gaps [20]. To address this, dynamic modelling of crop calendars must be
incorporated to dimension storage facilities accurately and design complementary planting
schedules that ensure a steady flow of organic matter to the digesters [33].

The biochemical methane potential values used to estimate the energy output rep-
resent the maximum theoretical yield achievable under controlled laboratory conditions,
which often exceeds the performance of full-scale industrial reactors. Factors such as im-
perfect mixing, temperature fluctuations, and the accumulation of inhibitory metabolites in
continuous operation can reduce actual methane production, suggesting that the reported
GMP values should be interpreted as an upper bound rather than a guaranteed base-
line [19]. Subsequent pilot-scale studies are essential to determine the specific hydraulic
retention times and organic loading rates required to approach these theoretical limits with
the prioritised substrate mixtures [38,39].

While the study establishes the technical and logistical priority of specific substrate
mixtures, it does not encompass a full techno-economic analysis to determine the Lev-
elised Cost of Energy for the proposed facilities. The high capital expenditure associated
with biogas infrastructure, particularly for co-digestion systems requiring advanced pre-
treatment for lignocellulosic materials, constitutes a significant barrier to entry in develop-
ing economies [2]. Future research must couple these spatial findings with detailed financial
models that account for local electricity tariffs, potential digestate sales, and carbon credit
revenues to validate the commercial viability of the projects [3,4].

The successful deployment of these bioenergy strategies is contingent not only on
technical parameters but also on the social acceptance and regulatory framework governing
waste management in the region. The current model assumes that all identified residues are
available for energy valorisation, yet informal competitive uses or cultural practices such as
field burning may restrict access to these resources in practice. Engaging local stakeholders
and establishing clear policy incentives for agricultural waste diversion are critical steps to
transform the theoretical availability identified in this study into a securable supply chain.

Finally, the broad categorisation of co-digestion scenarios does not prescribe specific
reactor configurations, which must be tailored to the rheological properties of the selected
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mixtures. The high TS content observed in mixtures dominated by cattle manure and fibrous
residues suggests that traditional wet digestion systems might encounter mixing difficulties,
potentially necessitating the adoption of high-solids or dry digestion technologies [35].
Detailed engineering designs focusing on the viscosity and pumping requirements of
the specific binary mixtures proposed for each municipality will be required to ensure
operational reliability and maximise energy recovery.

5. Conclusions

The study successfully validated the hypothesis that logistic reliability constitutes
the primary constraint for bioenergy implementation in tropical agro-industrial regions,
superseding theoretical biochemical potential. The application of the spatial multi-criteria
framework revealed that objective weighting methods correctly identified ARP as the
dominant decision factor, whereas expert-based approaches tended to overestimate the
importance of physicochemical properties such as cellulose content. This data-driven priori-
tisation mitigates the risk of feedstock discontinuity by ensuring that the selected substrate
mixtures rely on established and high-volume waste streams rather than chemically ideal
but logistically scarce materials.

Cattle manure emerged as the unequivocal baseload substrate across all twenty-six
municipalities, providing the necessary buffering capacity and supply stability required
for continuous reactor operation. The complementary agricultural residues exhibited
significant spatial heterogeneity, with rice straw and cassava stems identified as the optimal
co-substrates in the southern and central sub-regions of the study area, respectively. In
contrast, the theoretical preference for plantain pseudostem observed in subjective scenarios
was proven logistically unfeasible for industrial-scale applications due to its dispersed
generation patterns, underscoring the necessity of anchoring bioenergy projects to the
dominant local agricultural vocation rather than generic laboratory yields.

The spatial projection of these results dictates a bifurcated technological strategy for
the department, distinguishing between robust bioenergy hubs and isolated energy islands.
The identification of a continuous high-yield cluster in the Mojana sub-region would
justify the capital investment in centralised industrial infrastructure capable of serving
cross-border supply chains and powering regional agro-industrial nodes. Conversely, the
fragmented landscape of the central savannahs requires a decentralised approach focused
on smaller reactor configurations optimised for local self-sufficiency, thereby adapting the
technological complexity to the specific logistical density of each territory.

The estimated energy potential confirms that the transition to a circular bioeconomy
is a viable pathway for enhancing regional energy autonomy, with every municipality
demonstrating the theoretical capacity to meet its residential electricity demand, and in
multiple cases exceeding it until between 10 and 81 times. By transforming environmental
liabilities into renewable power vectors, the proposed framework not only addresses the
urgent deficit in waste management infrastructure but also provides policymakers with
a spatial roadmap to de-risk investments. Ultimately, this study demonstrates that aligning
bioenergy infrastructure with the logistic and spatial realities of the territory is the most
effective mechanism to guarantee the long-term sustainability of the sector in developing
economies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/biomass6020025/s1. File S1: Agriculture and livestock data; File S2: Survey
form; File S3: Survey responses; File S4: Residue_Generation_Results; File S5: Vector-Normalized_Matrix;
File S6: Scenario_Comparison_Sucre.
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Appendix A

Table Al. Annual electricity consumption (MWh) by socioeconomic level for municipalities in the
Department of Sucre (2025). Source: own elaboration with data from SSPD [85].

Municipality Annual Electricity Consumption (MWh)

Buenavista 995.2
Caimito 1650.1
Chalén 409.8
Colos6 944.8
Corozal 9604.7
Covenas 5667.6
El Roble 964.2
Galeras 24243
Guaranda 1910.7
La Unién 1187.4
Los Palmitos 2307.9
Majagual 4791.0
Morroa 2197.6
Ovejas 2494.5
Palmito 1270.9
Sampués 5490.1
San Benito Abad 2001.8
San José de Toluviejo 2734.3
San Juan de Betulia 14571
San Luis de Sincé 3475.5
San Marcos 7380.3
San Onofre 6437.2
San Pedro 2221.4
Santiago de Tola 6660.4

Sincelejo 47,684.5
Sucre 2372.4
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