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Abstract

There is still a need to develop scenarios and models aimed at substituting fuelwood and
reducing the use of fossil fuels such as liquefied petroleum gas (LPG), on which low-income
rural households in the Global South often depend. The use of these fuels for cooking and
heating in domestic and productive activities poses significant health and environmental
risks. This study validated, in three different phases, the sustainability of a model for the
production and use of biogas from the treatment of swine-rearing wastewater (WWs) on
a community farm: (i) A Multi-Criteria Analysis (MCA), incorporating environmental,
social/health, technical, and economic criteria, identified the main weighted criterion
to C8 (use of small-scale technologies and low-cost access), with a score of 0.44 points,
as well as the Tubular biodigester (Tb) as the most suitable option for the study area,
scoring 8.1 points. (ii) Monitoring of the Tb over 90 days showed an average biogas
production of 2.6 m3 d−1, with average correlation 0.21 m3 Biogas kg Biomass−1. Using the
experimental biogas production rate (k = 0.0512 d−1), the process was simulated with the
BgMod model, achieving an average deviation of only 10.4% during the final production
phase. (iii) The quantification of benefits demonstrated significant reductions in firewood
use: in Scenario S1 (kitchen energy needs), biogas replaced 83.1% of firewood, while in
Scenario S2 (citronella essential oil production), the substitution rate was 24.1%. In both
cases, the avoided emissions amounted to 0.52 tons of CO2eq per month. Finally, this study
proposes a synthesised, community-based rural biogas framework designed for replication
in regions with similar socio-environmental, technical, and economic conditions.

Keywords: wastewater; biogas; multi-criteria analysis (MCA); energy communities;
digestate; circular economy

1. Introduction
In rural areas of the Global South, energy access is not only limited but often in-

equitable, with marginalised communities bearing the brunt of energy poverty. The
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widespread reliance on firewood and liquefied petroleum gas (LPG) among smallholder
farming families imposes significant economic, health, and environmental costs [1–3]. The
dependence on firewood accelerates deforestation, soil degradation, and carbon emissions,
while the purchase of LPG constitutes a substantial and volatile expense for low-income
households. Moreover, women are disproportionately affected by the use of firewood for
food preparation, having health effects from indoor air pollution and the time burden
of biomass collection [4–6]. Studies highlight that biogas adoption in rural areas of the
Global South enhances energy efficiency, women’s health, economic empowerment, and
participation in energy decisions. Nevertheless, challenges remain in optimising implemen-
tation models to improve organisational capacity, social inclusion, and gender equity in
vulnerable contexts [7–10]

The Multi-Criteria Analysis (MCA) was applied in this research as a versatile, partici-
patory, diverse, and evaluable tool [11–15]. In this case study, it was applied to evaluate
three low-cost biodigester technologies to determine their suitability for rural applications
and the best conditions for developing anaerobic digestion (AD) as a suitable anaerobic
microbiological process for the treatment of swine-rearing wastewater (WWs) [16–18],
where decomposed organic substrate transformed into biogas and digestate with specific
conditions of temperature: 10–45 ◦C for Mesophile bacteria, pH: 6.8–7.2, hydraulic retention
time (HRT): 30–40 d [19,20], Organic Load Rate (OLR): 2 kgvs m3 d−1 [17,21]. The MCA is
based on the potential use of different sources of animal and agricultural biomass waste
present in the study area and the fuelwood or LPG requirements for combustion in food
preparation by rural families and the thermal requirements for community production
processes [22–24]. The main characteristics of the low-cost biodigesters prioritised for
analysis are the following: The Fixed Dome digester is constructed underground to reduce
temperature fluctuations. It offers advantages such as low construction costs, durabil-
ity, and local job creation [5,6,8]. However, it has drawbacks including the inability to
remove sediment buildup, which reduces its effective volume and gas production over
time. Additionally, it requires specific technical skills for construction and maintenance,
and repairs are challenging once built [8,9,22]. The Floating Drum digester features a
movable, metal gas holder with anti-corrosion coating, supported by a guiding frame to
prevent tilting [9,10,20]. This design provides easy operation with visual gas indicators
and consistent gas pressure. Despite these benefits, the steel drum is costly, needs regular
maintenance like repainting, and is vulnerable to corrosion, leading to higher long-term
expenses. Skilled labour is also necessary for its upkeep [8,22]. The Tubular digester is
the simplest and most economical option, using a prefabricated plastic bag for the diges-
tion chamber instead of concrete tanks [7,8,22]. It is lightweight, easy to transport, and
adaptable to various climates without requiring skilled labour, with average correlations
of m3

Biogas kgswine biomass
−1 ranging between 0.31 and 0.42. Its disadvantages include a

shorter lifespan, vulnerability to physical damage, limited local material availability, and
lower gas pressure, which necessitates added weights [8,23–25].

The deployment of community-based biogas systems not only decentralises energy
generation but democratises access to it, aligning with the principles of a just energy
transition: equity, inclusivity, sustainability, and circular economy. Ultimately, biogas
systems offer an integrated strategy for advancing a just energy transition to participate in
climate action while improving their livelihoods and environmental conditions [4,16,26].
This paper explores the sustainability, replicability, and socioenvironmental impacts of
biogas adoption in rural energy communities, with a focus on its contribution to equitable
and inclusive energy systems in the Global South [4,27,28], and contributes by providing
experimental results in places in Colombia as the Peasant Reserve Zone of the Cimitarra
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River Valley (ZRC-VRC), where initiatives to build biodigesters and produce biogas have
never been developed [29–31].

2. Materials and Methods
2.1. Location of the Study

The case study took place in the ZRC-VRC in Colombia, a region known for its rich
biodiversity, abundant water resources, and natural forests [15,31–33]. The region is marked
by widespread rural vulnerability, with most residents living below the poverty line and
exposed to persistent armed conflict. Currently, the ZRC-VRC covers 570,196 hectares
where 29,000 people live, including peasants, artisanal miners, and fishermen, who live in
130 villages [30,34–37]. Figure A1 shows the location of the community of Puerto Matilde
(N 07◦0.233′ W 074◦12.151′), where the pilot plants for the production of biogas and
essential oils, subject of the present research, are located. The average daily temperature
in the area is 32 ◦C, with no seasonal temperature changes. The community is located at
117 m above sea level [31].

2.2. Structure of Analysis for Assessment Methodology

Three phases were carried out with different aims. The block diagram of the three
phases of sustainability analysis can be seen in Figure 1.

 
Figure 1. Block diagram of the proposed sustainability analysis for production and use of biogas in
rural communities.

Phase A (Ph-A) was carried out to develop the Multi-Criteria Analysis (MCA) applied
to evaluate which technology is the most appropriate for the treatment of wastewater
from the pig rearing process among the low-cost biodigesters, using a review of technical
information, to acquire a specific assessment of the environmental, social/health, technical,
and economic aspects.

Phase B (Ph-B) was the design, construction, and monitoring of biogas production.
Using the experimental results, a simple mathematical model was also identified to simulate
the biogas production process under the conditions of the case study.

Phase C (Ph-C) was to verify the quantification of environmental, social/health, tech-
nical, and economic benefits through the use of biogas in scenarios where firewood or LPG
is replaced for cooking or in community-based productive activities.

2.3. Ph-A—Multi-Criteria Analysis (MCA)

The MCA was applied to evaluate which technology is the most appropriate for the
treatment of wastewater from the pig rearing process among the low-cost biodigesters:



Sustainability 2025, 17, 6806 4 of 18

Fixed Dome digester, Floating Drum digester and Tubular digester (overall goal for MCA).
The assessment MCA was divided into six main phases [11–14].

i. Definition of the matrix, which represents general criteria (GC), C1 to C12. To identify
GC, the criteria from other similar research were used and adapted to the context and
territory. Table 1 lists the GC used for this case study.

ii. Assignment of weights to the criteria by comparison in pairs (Wpi), to establish their
importance. In pairwise comparison, each criterion is compared with the others by
asking the following: How much more important is each criterion in relation to each
other, concerning the overall goal? Importance is rated from 1 (equal) to 9 (absolute),
with intermediate values [11,12].

iii. Normalisation of the comparison criteria, is used to make the data in the matrix
homogeneous and operational.

iv. Weighting of the standardised values (Wsi), calculated for each of the criteria, by
averaging the values of the specific standardised relative weights.

v. The sensitivity analysis, performed by calculating the Consistency Index (CI) and the
Coherence Coefficient (CR), consists of assessing whether the pairwise comparisons
are logically consistent. For the case study matrix with number of criteria ni= 12, it is
necessary to give as results CR < 0.1 and CI ≥ 11%, to conclude an adequate coherence
in the comparisons. The calculation steps to determine CI and CR can be seen in
Equations (1) and (2) [11,12].

CI = ((Ēi Wsi − 1) − ni) ni
−1 (1)

CR = CI RI
−1 (2)

where
Ēi is average of the specific values of Ei = Σ(Wpi Wsi);
RI is the Random Index; for ni = 12, it is 1.49.

vi. Final score for each alternative, the products of the score assigned to the alternative
for each criterion, and the relative weight of that criterion are added together. In the
case study, a scale of 0 to 3 is applied, as follows: 0: The criterion has a strong negative
influence on the alternative; 1: The criterion has a negative influence; 2: The criterion
has no influence; 3: The criterion has a positive influence; 4: The criterion has a strong
positive influence. The best alternative is the one with the highest final score [11,12].

Table 1. General criteria (GC).

Impact Category Code General Impact Criteria

Environmental
[8,12–14]

C1 Pollutant emissions in water, air, and soil.

C2 Consumption of natural resources and raw materials (wood, water, fuel consumption, or
non-renewable energy).

C3 Deforestation in areas with high biodiversity.

Social/Health
[4,11,18,23]

C4 Effects on human health and local biodiversity.
C5 Organisational culture of the local community.
C6 Living conditions of the local community over time.

Technical
[8,15,23]

C7 Use of local resources and reproducibility.
C8 Use of small-scale technologies and access for low cost.
C9 Ease of management.

Economic
[3,11–13]

C10 Technological development and investment in infrastructure.
C11 Generation of employment and development of the local economy.
C12 Incentive to the local market/biogas-based energy community.
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The assessments of the MCA exercise were carried out by a total of 10 people, made
up of delegates from the ACVC (the social organisation that promotes the use of the bio-
gas community), delegates from the ACVC technical team, and the research team. These
delegates established their respective score through face-to-face and virtual participatory
workshops. Each of the participants had their own specific online Excel file, where they
could enter their quantitative ratings, the file also had a respective tab for rating the consis-
tency of the answers. Each rating per person counted equally. The final results were the
average results of all participants in the MCA exercise. The MCA assessment team defined
the initial considerations: The system boundary for the analysis is the community farm,
which includes a piggery and a rural household with eight members who use firewood
and LPG to prepare their food. It also includes an essential oil extraction unit, which relies
on firewood for thermal energy. The team took the initial consideration of prioritising
wastewater treatment from pig rearing, due to its ease of collection, availability, existing
infrastructure, and budgetary constraints. Other sources of organic waste present within
the system boundaries were reserved for future research and implementation scenarios.

2.4. Ph-B—Characteristics of Swine-Rearing Wastewater (WWs) and Swine Biomass

The WWs that feed the biodigester come from washing the pig breeding stables.
WWs’s average concentration of COD was 3.72 mg L−1, and BOD5 was 1.73 mg L−1. The
average pH for each monitoring day was 6.8 with a standard deviation (s) of 0.4. For the
solid samples of swine biomass, the Total Solid was 19.2% ± 3.1% and the Volatile Solid
result was 71.6% ± 5.3%. The samples were taken at the pilot plant and transported to
Barrancabermeja to be analysed at the environmental engineering laboratory at Unipaz
University. Except for pH, the reported parameters were only determined once before the
experimental phase.

2.5. Ph-B—Pilot-Scale System—Tubular Digester (Td)

One pilot-scale system was utilised (Tubular digester Td) to test the biogas production
efficiency. The system consists of a sediment trap (150 L) for pretreatment, the Tb digester,
a condensate trap, a flow meter to measure the biogas produced, and a hydrogen sulfide
(H2S) filter constructed with iron turnings as packing material [38–40]. The biogas was
stored in plastic bags with a capacity of 1 m3 each, and the digestate was collected in a 500 L
tank for subsequent use in agriculture. Td was made of low-density linear polyethylene
(LLDPE) with a thickness of 1.5 mm. Inlet and outlet pipes (1.1 cm internal diameter) were
made of polyvinyl chloride (PVC). The construction and characteristics details of Td can be
seen in Figure 2. The simplified design process for the Td calculates the total volume of the
digester chamber using the following Equations (3) and (4) [17,41,42].

.
Vmix = (QDS + QW) ρW

−1 (3)

where
.

Vmix = Daily volumetric flow of mix = 0.29 m3 d−1;
QW = Daily quantity of water enters the digester = 275 kg d−1;
QDS = Daily quantity of swine biomass enters the digester = 14.3 kg d−1;
ρW = water density = 1000 kg m3 −1.

VT = (HRT
.

Vmix) (1 − x)−1 (4)

where

VT = digestion chamber volume = 10.8 m3;
.

Vmix = daily volumetric flow of mix = 0.29 m3 d−1;
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HRT = Hydraulic Retention Time = 30 day;
x = gas volume ratio = 0.2 m3 biogas m3 −1.

Considering that the theoretical total volume for the Td was 10.8 m3, the Td closest to
this value was purchased on the market, with a length of 10 m.

The experimental phase was conducted using Td operating in a horizontal and con-
tinuous flow mode for 90 days. During this period, it received swine-rearing wastewater
(WW) averaging 1 h per day (460 L h−1). The daily production quantity was monitored
using the biogas flow meter. The volume (m3) of biogas produced was measured with the
Gas flow-meter Wuhan Acme Agro-Tech, JBD2.5-SA, Max. flow rate: 4 m3 h−1, Min. flow
rate: 0.04 m3 h−1, pressure losses < 200 Pa. Figure A2 in Appendix A presents a sequence
of images illustrating the installation and commissioning process of the systems studied.

Figure 2. Characteristics of the Tubular digester (Td) systems used. The Swine-Rearing Wastewater
(WWs) is the light green band, and the biogas produced is the light blue band. The biogas produced
passes through a water condensate trap and an H2S filter before being used as fuel.

2.6. Ph-B: Biogas Production Model for Td (Continuous Biogas/Biomass Flow and Non-Stationary
Systems—BgMod)

Based on experimental data on biogas production and operating conditions, the math-
ematical model (BgMod) was developed to simulate the production of biogas at continuous
flow and non-stationary regime; using plug-flow behaviour assumed a pseudo first-order
production model with a kinetic constant to have a design tool for future system replicas.
The amount of volumetric concentration of Biogas (m3

Biogas kgdry biomass
−1) that will be

produced by at time t (Ci(t)) was calculated as reported in Equations (5) and (6) [43–45].

Ci(t) = 1 − [((Cin VBiogas − C∞) exp (−(k + (Q V − 1)) t)) + C∞] (5)

C∞ = Q Cin (Q + k V)−1 (6)

where Cin represents the initial concentration to the system (m3
biogas kgdry biomass

−1);
VBiogas; k is the first-order accumulation kinetic constant (d−1) determined with the logarith-
mic trend line of the experimental data; t= HRT is the hydraulic residence time (exposure
time (d); Q is the flow rate (m3 d−1); VT is the volume of Td (m3); C∞ represents the
maximum concentration of biogas that the Td can produce (m3 Biogas Kgdry biomass

−1).

2.7. Ph-C: Quantification of the Environmental Benefits of Replacing Wood or LPG with Biogas

The analysis aims to assess the relative merits of using biogas and digestate prod-
ucts. Specifically, evaluations of two different scenarios have been carried out. The first
evaluation phase (S1) concerns the production of biogas for use in household food prepa-
ration and the second (S2) concerns the production of biogas for use in community pro-
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duction activities (distillation of essential oils). Calculations were made using the IPCC
Method 1, seeking to characterise the impact category to the results of the MCA work [46].
The following baseline data were taken into account: (S1) household consumption of fu-
elwood for food preparation is 15.6 kg d−1 by family and consumes 1 LPG cylinder of
40 lb = 0.03 m3 per month; (S2) wood-fired 0.5-ton citronella essential oil pilot plant requires
1500 kg monthly. (Cp fuelwood = 4.5 kWh kg−1) (Cp LPG = 26.1 kWh m3 −1). Biogas (rural
digester): 60% Typical Cooking Efficiency. CO2 equivalence of CH4: 25 gCO2eq gCH4

−1;
CH4 density = 0.717 kg m3 −1, CH4 energy content: 50 MJ kg−1 [47].

3. Results and Discussion
3.1. Ph-A—Results of the Multi-Criteria Analysis MCA

The matrix of weights to the criteria by comparison in pairs to establish their im-
portance (Wpi) is presented in Appendix A—Table A1. The weighting of standardised
values (Wsi) is presented in Appendix A—Table A2. Calculation of the final scores for
the comparison of alternatives: The final impact score for each alternative is presented
in Appendix A—Table A3. The first standardised weighting scores (Wsi) were C8 (use
of small-scale technologies and access for low cost: 0.44 points), followed by C4 (effects
on human health and local biodiversity: 0.39 points), C10 (technological development
and investment in infrastructure: 0.36 points) and C5 (organisational culture of the local
community: 0.34 points). According to the sensitivity analysis method, the algebraic criteria
for the consistency of the results were met: the GC matrix showed a CI equal to 14.1% and
CR = 0.095. It suggests consistency in the pairwise comparisons of GC. The last part of
the MCA exercise was developed and it was decided to build a Tubular model: Tubular
digester— Td: 8.11 points—followed by Floating Drum digester (7.37 points) and Fixed
Dome digester (7.15 points). Figure 3 shows the results of the impact assessment conducted
through the MCA. The results of the criteria weighting and sensitivity analysis are in line
with AMC benchmark studies [14,15].

The Tubular digester (Td) was selected as the most suitable option for a household-
scale application, given its low capital cost, high adaptability, and minimal technical skill
requirements. An important criterion was economic feasibility, as the targeted communities
have limited financial resources. Moreover, being a first implementation, the aim was to
prioritise an optimised and low-risk experimental setting. In contrast, the Floating Drum
digester was deemed unsuitable due to its high construction cost, the need for specialised
skills associated with the steel drum, logistical challenges related to transportation, and
extended construction time. The decision to install a Tubular digester (Td) aligns with
research findings and the growing trend in the adoption of this type of biodigester in Global
South countries, particularly in Colombia, by implementing biogas in peasant areas and
converting waste (manure/domestic wastewater) into clean energy, improving quality of
life, reducing respiratory diseases, preventing deforestation (replacing firewood/charcoal),
and producing biofertilisers for crops [17,20–23]. The evaluation team highlighted the
Tubular biodigester (Td) as the most suitable option given its low cost, ease of construction
and maintenance, and proven performance in similar rural contexts such as Puerto Matilde
and the ZRC-VRC [24,25].

Laboratory analyses confirmed that the biomass inputs, particularly the SVT and
ST values, fall within the optimal range for efficient anaerobic digestion (AD) [38,39].
These characteristics, combined with its potential to enhance local organisational and
productive capacities, support its implementation. The system contributes to a circular
peasant economy by integrating pig farming, the treatment of livestock waste through AD,
and the valorisation of co-products like biogas and digestate. Additionally, the process
offers social and health benefits, especially for women, including reduced time spent
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collecting firewood and lower exposure to indoor air pollution—critical for preventing
chronic obstructive pulmonary disease (COPD) among those primarily responsible for
cooking. However, it is essential to ensure that responsibilities linked to biodigester
operation do not disproportionately increase women’s workloads, as noted in related
studies [6–10]. Once the biodigester type and biomass volume were established, the
reactor chamber was dimensioned according to the design methodology described in
Section 2.5. Ph-B.

 

Figure 3. Contribution of GC to final impact scores (blue bars for Fixed Dome digester, green bars for
Floating Drum digester, and orange bars for Tubular digester). C1: Pollutant emissions in water, air,
and soil; C2: Consumption of natural resources and raw materials; C3: Deforestation in areas with
high biodiversity; C4: Effects on human health and local biodiversity; C5: Organisational culture of
the local community; C6: Living conditions of the local community; C7: Use of local resources and
reproducibility; C8: Use of small-scale technologies and access for low cost; C9: Ease of management;
C10: Technological development and investment in infrastructure.; C11: Generation of employment
and development of the local economy; C12: Incentive to the local market/biogas-based energy
community. The black line represents the normalised weighted scores for each criterion (weighted
scores—Wsi).

3.2. Ph-B—Results of the Characterisation of the Biogas Production Model for Td (Continuous
Biomass Flow and Non-Stationary Systems—BgMod)

Monitored over a period of approximately 90 days, the biogas production behaviour
proved to be particularly interesting, as gas production was first observed on day 20, earlier
than the theoretically expected onset at around 30 days [7,17]. Consistent feeding of the
biodigester and high ambient temperatures, with daytime peaks reaching 39 ◦C, contributed
to this early onset of biogas production, consistent with findings reported by [19,20]. The
system reached a biogas production peak of 4.03 m3 on day 58 (day 38 of effective biogas
production), with an average production of 2.69 m3 d−1 throughout the monitoring period,
results that are also aligned with those reported in similar contexts [21,22].

Regarding the correlation between biogas volume produced and biomass input, the
case study yielded a value of 0.21 m3 of biogas per kg of biomass. Although slightly
lower, this result follows the trend of average correlations reported in the literature (0.31 to
0.42 m3 kg−1) [8,42]. It is expected that the correlation value would approach the theoretical
average with a longer stabilisation period of the anaerobic digestion (AD) process. The
biogas produced was used for combustion tests in one of the community households. The
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biogas production monitoring results are presented in Figure 4 (green line), showing a
fluctuating but overall upward trend.

 

Figure 4. Biogas production monitoring (green line); correlation between biogas produced per kg
of biomass added experimental C(t) (dark red line); correlation between biogas produced per kg of
biomass added simulated (blue line).

Based on the experimental production data, a kinetic constant was also estimated
(k = 0.0512 d−1). This constant was applied in the model, using operational data to simulate
biogas production under continuous flow and non-stationary conditions, assuming plug-
flow behaviour and a pseudo first-order production model. The simulation results in terms
of biogas produced (m3) per kg of biomass added were encouraging: the average difference
between the experimental and simulated correlations was only 16.7%, and during the
final monitoring phase, the difference decreased to just 10.4% (Figure 4). These results
suggest that the AD process was still in a consolidation phase and that, with extended
monitoring, experimental and simulated models would likely converge further. The
identified BioMat model is considered a useful tool for rapidly and simply simulating
future biogas production scenarios in contexts and operational conditions similar to the
case study.

3.3. Ph-C— Quantification of Environmental, Social/Health, Technical, and Economic Benefits
from the Implementation of Biogas in the Case Study

The main results of the benefits of biogas implementation can be seen in Table 2.
Results based on calculation methodological considerations, for S1: Firewood required
for food preparation for a rural household of six members: 15.6 kg per day. In some
cases, peasant families use a GLP tank of 40 pounds connected to a gas stove; the tank is
recharged or changed once every 30 days. When the gas is over, a mud stove fed with
firewood is used. In the S2, a wood-fired 0.5-ton citronella essential oil pilot plant requires
1500 kg monthly. This design ensures sustainable small-scale production while maintaining
consistent steam quality for effective oil extraction. Table 2 summarises the quantified
environmental, social/health, technical, and economic benefits observed during the biogas
implementation in the case study. It also presents targeted actions and recommendations
derived from the experimental process, structured by impact category to support replication
and address key implementation barriers. These proposed measures align with previously
established frameworks and approaches in the literature [9–11,25–27].
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Table 2. Quantification results of benefits from the implementation of biogas and key actions and
recommendations to enhance biogas implementation.

Impact
Category

S1: For kitchen energy
needs by family:

Wood-fired: 468 kg monthly
or 1 LPG = 0.03 m3 monthly.

Percentage of firewood
substitution by biogas 83.1%

S2: For 0.5-ton citronella
essential oil plant:

Wood-fired 1500 kg monthly.
Percentage of firewood

substitution by biogas 24.1%

Actions/Recommendations to be developed

Environmental

Stop consuming the following amount of firewood per
month= 388.4 kg. Emissions to the atmosphere would be

avoided in one month by optimising the anaerobic
process = 48.4 m3 CH4. Equivalent to tons of carbon dioxide

(CO2) per month = 0.52 Ton CO2eq. Treatment of livestock
wastewater that, if left untreated, will be a source of pollution

and a health risk.

The use of local organic waste improves
circularity and resource sustainability, while
proper digestate management and methane
monitoring ensure environmental protection

and system efficiency.

Social/Health

Improvements in Quality of Life: Effective reduction of indoor
pollution from firewood use, reflected in the prevalence of
chronic obstructive pulmonary disease (COPD), primarily

among women.

Biogas substitution for firewood improves
indoor air quality and health, especially for

women. Promoting women’s involvement in
system management enhances gender equity

and supports community-led
energy transitions.

Technical

Use of the biogas produced (2.6 m3 d−1) for heat requirements
in household or productive activities. Monthly energy potential
of the biogas produced = 520,516 Kcal month−1. Production of

treated digestate: 275 L d−1 to be used as liquid fertiliser for
forage crops or protein bank or the same citronella crop.

Locally adapted systems using available
materials and skills enable decentralised

implementation. Simplified procedures and
training foster user autonomy, while

documenting pilot cases supports replication
and technical scaling. Routine maintenance
of rural pig waste biodigesters, particularly
desludging to remove sediment, is typically

required every 12 to 24 months [48].

Economic

Monthly savings on LPG purchase (1 cylinder of 40 pounds for
a household): USD 30. Commercial fertilisers derived from
hydrocarbons would no longer be consumed and would be

replaced by coproducts derived from bioprocesses.
Approximate monthly savings of USD 60 approx.

Financial sustainability requires
microfinancing, cost-sharing, and co-benefit
valuation (e.g., fuel savings, biofertilisers).

Cooperative models enhance scalability and
community ownership.

The results confirm the sustainability of the biogas implementation model in both
domestic cooking scenarios—substituting firewood or LPG—and productive applications,
such as replacing firewood for heat in essential oil distillation. Biogas production con-
tributes to reducing deforestation by displacing firewood demand, thereby helping to
preserve ecosystem services and biodiversity. Furthermore, biogas systems support climate
change mitigation by capturing methane from organic waste streams, avoiding uncontrolled
emissions during anaerobic decomposition in open environments or untreated manure stor-
age [47]. By reducing the burden of firewood collection, particularly for women, biogas also
enables time reallocation toward education, entrepreneurship, or community leadership,
fostering local development and gender equity. These findings align with the perspectives
highlighted by various authors [6–8,25–28].

3.4. Framework for Implementing Appropriate Biogas Technologies on Rural Communities/
Rural Farms

Finally, this research proposes a comprehensive stepwise framework to repli-
cate community-based biogas production systems in rural areas with similar socio-
environmental conditions. The general structure of this model is illustrated in Figure 5,
which outlines the integration of technical components, organisational strategies, and re-
source flows. Central to this approach is a Multi-Criteria Analysis (MCA), which supports
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context-specific decision-making by incorporating environmental, technical, economic, and
socio-gender dimensions. In general terms, the following methodological steps are pro-
posed: Step 1: Identification in the study system of the potential of solid or liquid biomass
waste from human, animal, agricultural crops, and community production processes;
Step 2: Identification of heat requirements in food preparation activities in households and
productive activities; Step 3. Definition of the type of biodigester: design, construction,
operating conditions, maintenance, type of inoculum. Step 4: Definition of the role of the
community organisational process and women farmers in managing the operation of the
biodigester and its derivatives: biogas and digestate.

 

Figure 5. Stepwise frameworks for the implementation of appropriate biogas technologies in rural
community-based systems. The red boxes represent the possible sources of organic waste from
household and/or community production activities. The dark blue boxes represent the four suggested
steps for developing the MCA. The light blue boxes represent some minimum aspects necessary for
the proper functioning of the tubular biodigester. If the tubular biodigester is not working properly,
the model suggests resuming the AMC to identify what is failing and find solutions.

The model is grounded in appropriate technologies—such as Tubular biodigesters,
wastewater pretreatment units, gas purification systems, and digestate reuse mechanisms—that
are low-cost, easy to maintain, and adaptable to diverse rural settings. These systems en-
hance circularity and energy self-sufficiency by valorising locally available organic biomass
from agricultural and household sources. Crucially, organisational capacity is essential
for ensuring system maintenance, fostering collective ownership, and enabling inclusive
participation. The engagement of rural families—particularly women’s groups and com-
munity associations—reinforces local governance and avoids disproportionate burdens,
especially regarding system upkeep and biogas handling. The biogas produced is intended
not only for household cooking but also for technical requirements of local productive
activities, such as food transformation or essential oil distillation, strengthening rural
livelihoods and value chains. In doing so, the model contributes to the construction of
decentralised and community-driven energy solutions, supporting the broader goal of
a just energy transition in the Global South. This replicable pathway advances energy
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sovereignty, climate mitigation, and socially inclusive development, consistent with recent
academic contributions [4,6,10,16]. Finally, it is important to highlight that this research
aimed to serve as a theoretical–practical exercise, contributing both innovatively and tech-
nically by successfully implementing a biodigester system in a highly vulnerable rural
area of Colombia. This territory, marked by ongoing armed conflict and limited economic
resources, presented significant challenges for intervention. However, the initiative fostered
organisational strengthening through small-scale pig farming and the valorisation of ani-
mal waste, promoting local resilience and reducing the risk of forced displacement. These
findings align with the approaches of previous research focused on sustainable livelihoods
and territorial permanence in conflict-affected rural settings [34–36,44].

4. Conclusions
This research paper confirms the sustainability and replicability of the Tubular biodi-

gester Tb for biogas production as an effective alternative to firewood and LPG use in
low-income rural settings of the Global South, through a three-phase validation—including
Multi-Criteria Analysis (MCA), field monitoring, process simulation using the BgMod
model—and the quantification of environmental benefits. Identified as the main weighted
criterion the use of small-scale technologies and low-cost access (C8), with a score of
0.44 points, as well as to the Tubular Tb, identified as the optimal system, scoring 8.1 points
and achieving an average biogas yield of 2.6 m3 d−1 over a 90-day period with average
correlation 0.21 m3 Biogas kg Biomass−1. The model showed good predictive performance,
with a mean deviation of 10.4% in the final production phase. Biogas substitution of fire-
wood reached 83.1% for household cooking (S1) and 24.1% for productive applications (S2),
with an associated reduction of 0.52 tons CO2eq month−1 in atmospheric emissions. These
results highlight the potential of decentralised biogas systems to mitigate environmental
and health impacts while improving energy access in rural communities. The proposed
framework offers a scalable solution for regions with similar socio-environmental and
economic conditions.

This research is constrained by its limited scale, context-specific conditions, and lack
of long-term performance data. Future research should assess system durability, seasonal
fluctuations in biogas production, and nutrient recovery from digestate. Further exploration
is also needed on the replicability of the model in diverse rural settings, its integration
into crop–livestock systems, and the pivotal role of community engagement—especially
women’s participation—in the management of decentralised biogas technologies to advance
energy sovereignty and environmental sustainability.

Author Contributions: Conceptualisation, F.H.G., N.J.V. and C.M.M.; methodology, C.M.M. and
N.J.V.; validation, F.H.G., K.C.T. and M.V.; formal analysis, F.H.G., C.M.M. and N.J.V.; investigation,
F.H.G. and C.M.M.; resources, K.C.T. and F.H.G.; data curation, F.H.G. and N.J.V.; writing—original
draft preparation, F.H.G. and N.J.V.; writing—review and editing, K.C.T. and M.V.; visualisation,
N.J.V. and C.M.M.; supervision, K.C.T. and M.V.; project administration, K.C.T., F.H.G. and M.V.;
funding acquisition, F.H.G., M.V. and K.C.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analysed during this study are included in this
published article.



Sustainability 2025, 17, 6806 13 of 18

Acknowledgments: The authors highlight that this paper was made possible thanks to the academic
collaboration agreement between the Research Center on Appropriate Technologies for Environmental
Management in Limited Resources Countries (CeTAmb) of the University of Brescia (Italy), the
UNIPAZ Instituto Universitario de la Paz (Colombia) and the Peasant Association of the Cimitarra
River Valley ACVC (Colombia). The authors would like to thank Federico Foltran, student at the
Politecnico di Milano (Italy), for his theses in Energy Engineering, which was an important input for
the present paper. The authors also extend gratitude to the “Colombia Científica/Bio-reto” Project of
the CENIVAM Research Centre at the Industrial University of Santander (Bucaramanga/Colombia),
whose efforts led to the installation of the essential oil extraction pilot plant in Puerto Matilde.
Likewise, we acknowledge the association Engineers Without Borders of Milan (Italy) ISF-Milano,
who laid the groundwork for the initial implementation of biogas in the ZRC-VRC. Our thanks also
go to the Ministry of Energy of Colombia and its Biogas-Based Energy Communities program for
enabling the repowering of the biodigester installed in Puerto Matilde (Colombia).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

AD Anaerobic Digestion
BOD Biological Oxygen Demand
BgMod Continuous Biogas flow and non-stationary system Model
COD Chemical oxygen demand
GC General criteria
HRT Hydraulic retention time
LPG Liquefied Petroleum Gas
MCA Multi-Criteria Analysis
OLR Organic Load Rate
Tb Tubular biodigester
WWs Swine Wastewater
ZRC-VRC Peasant Reserve Zone of the Cimitarra River Valley

Appendix A

 

Figure A1. Physical map of the ZRC-VRC in Colombia [30]. Location of the community of Puerto
Matilde (N 07◦0.233′ W 074◦12.151′), where the pilot plants for the production of biogas and essential
oils are located. The light green area of the map corresponds to the currently established ZRC-VRC
and the violet area of the map corresponds to the planned expansion of the ZRC-VRC.
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Table A1. Assignment of weights to the criteria by comparison in pairs. The matrix of the weights
is related. The scale that provides a relationship between qualitative and numerical values is the
relative importance scale according to which the given value (between 1 and 9) represents the relative
importance between the two criteria: Equal 1; Weak 3; Significant 5; Strong 7; Absolute 9; Intermediate
values 2, 4, 6, 8.

Impact Category Code General Impact Criteria C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

Environmental

C1 Pollutant emissions in
water, air, and soil. 1.0 0.4 4.0 0.5 0.3 0.2 0.3 0.3 0.2 2.0 1.5 0.3

C2

Consumption of natural
resources and raw materials
(wood, water, fuel
consumption, or
non-renewable energy).

2.5 1.0 1.13 1.0 1.0 0.7 1.0 3.0 0.4 3.5 2.5 2.0

C3 Deforestation in areas with
high biodiversity. 0.3 2.2 1.0 0.4 0.3 0.4 0.3 0.7 0.4 1.5 1.5 0.7

Social/ Health

C4 Effects on human health
and local biodiversity. 2.0 1.0 3.0 1.0 1.0 1.0 0.7 1.5 0.7 3.0 2.5 2.0

C5 Organisational culture of
the local community. 3.0 1.0 3.0 1.0 1.0 0.7 1.5 1.5 0.5 3.5 3.5 2.0

C6 Living conditions of the
local community. 4.0 1.5 3.0 1.0 1.5 1.0 1.0 1.5 1.50 3.5 3.0 2.0

Technical

C7 Use of local resources and
reproducibility. 4.0 1.0 3.0 1.5 0.7 1.0 1.0 1.5 1.0 4.0 2.5 2.0

C8
Use of small-scale
technologies and access for
low cost.

4.0 0.3 2.0 0.7 0.7 0.7 0.7 1.0 0.3 3.0 2.0 1.2

C9 Ease of management. 5.5 2.5 3.0 2.0 2.0 0.7 1.0 3.0 1.0 3.5 3.0 1.0

Economic

C10
Technological development
and investment in
infrastructure.

0.6 0.3 0.7 0.3 0.3 0.3 0.2 0.3 0.3 1.0 0.7 0.6

C11
Generation of employment
and development of the
local economy.

0.7 0.4 0.7 0.4 0.3 0.3 0.4 0.5 0.3 1.5 1.0 1.2

C12
Incentive to the local
market/Biogas-based
energy community

3.0 0.7 1.5 0.7 0.7 0.7 0.7 1.2 1.0 2.5 1.7 1.0

Table A2. Average of the relative weight weighted by each criterion: weight of the standard-
ised criterion.

Impact
Category

General
Criteria

Normalised Value for Each Criterion Average of
Weighting

Factor by Each
Criterion

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

Environmental
C1 0.096 0.097 0.476 0.145 0.100 0.101 0.093 0.048 0.076 0.201 0.190 0.065 0.141
C2 0.240 0.232 0.134 0.289 0.299 0.304 0.348 0.544 0.162 0.444 0.317 0.392 0.309
C3 0.026 0.522 0.119 0.109 0.100 0.152 0.116 0.121 0.146 0.190 0.190 0.147 0.161

Social/Health
C4 0.192 0.232 0.357 0.289 0.299 0.405 0.261 0.272 0.259 0.381 0.317 0.392 0.305
C5 0.288 0.232 0.357 0.289 0.299 0.304 0.522 0.272 0.195 0.444 0.444 0.392 0.337
C6 0.384 0.348 0.357 0.289 0.448 0.405 0.348 0.272 0.584 0.444 0.381 0.392 0.388

Technical
C7 0.384 0.232 0.357 0.434 0.224 0.405 0.348 0.272 0.389 0.507 0.317 0.392 0.355
C8 0.384 0.077 0.238 0.217 0.224 0.304 0.261 0.181 0.130 0.381 0.254 0.245 0.241
C9 0.528 0.580 0.357 0.579 0.597 0.304 0.348 0.544 0.389 0.444 0.381 0.196 0.437

Economic
C10 0.064 0.068 0.089 0.096 0.087 0.118 0.093 0.060 0.113 0.127 0.095 0.123 0.095
C11 0.072 0.097 0.089 0.121 0.087 0.135 0.145 0.091 0.130 0.190 0.127 0.229 0.126
C12 0.288 0.155 0.178 0.193 0.199 0.270 0.232 0.227 0.389 0.317 0.222 0.196 0.239
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Table A3. Final scores. Each criterion was assigned a value between 1 and 3. The final impact score for
each criterion was obtained by multiplying the relative weights of each criterion by the score given.

Impact
Category Cod. General Impact Criteria

Weighting
Factor by

Each
Criterion

Fixed
Dome

Digester
(Score)

Floating
Drum

Digester

Tubular
Digester

Fixed
Dome

Digester
(Final
Score)

Floating
Drum

Digester
(Final
Score)

Tubular
Digester

(Final
Score)

Environmental

C1 Pollutant emissions in
water, air, and soil. 0.141 2.35 2.51 1.74 0.33 0.35 0.24

C2

Consumption of natural
resources and raw materials
(wood, water, fuel
consumption, or
non-renewable energy).

0.309 2.87 2.68 2.65 0.82 0.82 0.81

C3 Deforestation in areas with
high biodiversity. 0.161 2.86 2.95 2.95 0.46 0.48 0.48

Social/Health

C4 Effects on human health
and local biodiversity. 0.305 2.45 2.41 2.13 0.91 0.93 0.91

C5 Organisational culture of
the local community. 0.337 2.51 2.67 2.38 0.78 0.86 0.97

C6 Living conditions of the
local community. 0.388 2.07 2.35 2.74 0.64 0.72 0.85

Technical

C7 Use of local resources and
reproducibility. 0.355 1.73 1.61 2.56 0.16 0.15 0.24

C8
Use of small-scale
technologies and access for
low cost.

0.241 2.17 1.85 2.52 0.95 0.81 1.15

C9 Ease of management. 0.437 1.22 1.66 2.86 0.37 0.40 0.69

Economic

C10
Technological development
and investment in
infrastructure.

0.095 2.53 2.74 2.47 0.90 0.97 0.88

C11
Generation of employment
and development of the
local economy.

0.126 1.41 1.58 1.66 0.18 0.20 0.21

C12
Incentive to the local
market/Biogas-based
energy community

0.239 2.77 2.82 2.86 0.66 0.67 0.68

Final score total: 7.15 7.37 8.11

Pigs in the study area: 

 
 

 
 

 

Sediment trap as pretreatment: 

 

Tubular biodigester empty and under mainte-
nance: 

 
Tubular biodigester in full operation: Tubular biodigester enclosure for protection: 

Figure A2. Cont.
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Condensate trap: 

 

H2S filtration system: 

 
Filtrated biogas storage bags 

 

End-use cooker adapted for biogas: 

 
 

 

Biofactory area for organic fertiliser preparation and digestate use. 

 
Seedbed with aromatic plants using biofactory’s organic fertilisers: 

 

Citronella aromatic plants growing area: 

 
Citronella essential oil plant: 

 

Figure A2. Sequence of images of the facilities in study area 1.
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