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Abstract: The escalating global energy demand, driven by heavy reliance on fossil fuels, worsens
environmental degradation and triggers socio-economic shifts in extraction and refinery hubs. In
Colombia, the energy matrix is predominantly fossil-based (76%), with hydroelectric power account-
ing for 70% of electricity generation. However, renewable energy sources only contribute 2% to
the national energy mix. To reduce emissions by 20% by 2030, Colombia has presented an energy
transition roadmap. The need for bioenergy production in Colombia arises from the residual biomass
availability, the potential to provide sustainable energy access, and the potential to mitigate climate
change impacts, while addressing energy poverty and enhancing energy security. This study presents
an overview of biogas production in Colombia, emphasizing the need for financial resources to over-
come barriers. Policy incentives, awareness campaigns, and research and development play a vital
role in fostering social acceptance, technology adoption, and optimizing biogas production processes.
Collaborative efforts among the government, private sector, and local communities are recommended
to ensure wide-scale adoption of biogas, promoting economic, social, and environmental sustain-
ability. By enabling informed decision-making, this research supports the transition to renewable
energy sources and the achievement of sustainable development goals (SDGs), with a particular focus
on bioenergy. The aim of this study is to explore the challenges and opportunities associated with
biogas production in Colombia, including technical, economic, social, and environmental aspects, and
provide recommendations for promoting its sustainable implementation and widespread adoption in
the country.

Keywords: anaerobic digestion; bioenergy; South America; zero-waste; bioeconomy; biogas; SDG

1. Introduction

Due to the high demand for fossil fuels and their impact on climate change, energy
generation by means of renewable energy sources from residual biomass has received
increased attention as a promising alternative to meet the growing energy demand and help
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mitigate the adverse impacts of global warming. Residual biomass and its conversion into
biogas is a sustainable and widely adopted technology for generating renewable energy.

The current application of biomass for energy purposes in developing countries faces
several limitations. Firstly, there is inefficient exploitation, particularly prevalent in sub-
Saharan African and Latin American nations, leading to forest degradation and adverse
effects on climate, human health, and social well-being. Additionally, the reliance on wood
as a primary biomass source poses a risk of deforestation in the future. Biomass plants
also require significant space, posing challenges in urban areas. Furthermore, biomass
energy is generally less efficient than fossil fuels, and certain biofuels, such as ethanol, have
lower efficiency compared to gasoline. Biomass energy also faces competition with other
renewable fuels, and its production can be costly. Moreover, biomass energy production
requires water, adding to its resource requirements [1,2].

The potential for biogas generation in Colombia is substantial due to the wealth of
natural resources, particularly residual biomass that can be used as feedstock [3]. Agri-
cultural waste, food waste, and livestock manure are just a few examples of the sources
of this residual biomass. To drive the growth of renewable energy, including biogas, the
Colombian government has implemented policies and incentives [4]. The results have been
substantial, with rapid growth in the development and production of biogas projects over
the last decade.

The socio-economic opportunities associated with biogas production in Colombia
include job creation, increased local energy independence, and improved rural livelihoods.
Biogas plants provide employment opportunities in the operation, maintenance, and
management of the facilities and provide a source of income for farmers and communities
who sell their residual biomass to the plants [5]. In addition, biogas production reduces
dependence on imported energy sources, thus improving energy security and reducing
energy costs [6]. Moreover, the development of biogas projects in rural areas can improve
the livelihoods of local communities by providing a source of clean energy and reducing
environmental pollution [7].

The progression in technology has greatly impacted the growth of biogas production
in developing countries. The enhanced design and functioning of biogas plants has reduced
production costs, thereby making biogas a more feasible energy source compared to con-
ventional sources. The advent of advanced feedstock treatment and digestion technologies
has broadened the scope of usable residual biomass as feedstock, thereby boosting the
potential for biogas generation [6-9].

Regardless of the recent developments in the biogas industry, in the specific case of
Colombia, many difficulties remain, including the affordability compared with conventional
energy sources. Factors such as feedstock collection, transportation, processing, plant
construction, and operation represent a high cost for biogas production [10]. Moreover,
the effective operation of biogas plants also poses technological challenges, requiring
skilled personnel, cost-efficient technology, and effective maintenance and management
systems [11].

The utilization of biogas as a sustainable energy source encounters various social
challenges that require a comprehensive approach involving public awareness, education,
cultural barriers, technology access, financial resources, and governmental support.

In terms of technology development and accessibility, household biodigesters in Latin
America and developing countries are designed based on local climate, organic waste
availability, and materials and skills. Biodigesters are commonly used in rural and small
communities with limited access to traditional energy sources, and biogas can be used for
cooking, heating, or electricity generation [7].

Reducing greenhouse gas emissions and managing residual biomass and by-products
are critical for sustainable biogas production due to their environmental impacts, including
methane release and potential soil and water contamination [12].
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The development of biogas production has the potential to fulfill partially and diversify
the energy matrix while providing a clean fuel alternative; additionally, it will create
employment opportunities and improve rural livelihoods [13].

Although biogas production has significant environmental benefits, its production
cost at an industrial scale poses a considerable challenge for low-income countries like
Colombia. The cost of implementing and maintaining biogas production systems is often
too expensive to afford, impeding their ability to adopt this sustainable energy solution.
Technological and environmental challenges associated with biogas production must also
be addressed to ensure its sustainable development. Further research is needed to gain
a better understanding of the opportunities and challenges associated with biogas pro-
duction in Colombia and to develop effective strategies for promoting its sustainable
development [10].

This study aims to investigate and address the social, technological, and environ-
mental challenges related to biogas deployment in Colombia, focusing on promoting
sustainable production, informing policymakers, and assessing socio-economic impacts. It
involves investigating social acceptance barriers, enhancing public perception, identifying
efficient production processes and strategies to reduce greenhouse gas emissions, provid-
ing insights for policymakers and investors, and assessing the socio-economic impacts of
biogas production.

2. Status of Bioenergy Production

The utilization of bioenergy, derived from organic matter such as crops, wood, and
waste, is gaining recognition as a sustainable energy source with potential to mitigate the
negative impacts of greenhouse gas emissions and dependence on fossil fuels. The trend
of growth in global bioenergy production is steady, with estimations suggesting a consid-
erable potential for expansion in the future [14]. According to the International Energy
Agency, the contribution of bioenergy to the total primary energy supply was estimated
to be 10% in the year 2019. Primarily, solid biomass is the dominant form of bioenergy,
and it is widely utilized for heating and cooking purposes in developing countries [15].
However, the adoption of liquid biofuels, such as bioethanol and biodiesel, in the trans-
portation sector is also on the rise [16]. Along with conventional bioenergy sources, the
development of advanced biofuels, such as those produced from algae and woody biomass,
is garnering increasing attention due to their potential to increase bioenergy production
while simultaneously reducing greenhouse gas emissions and land use impact [17].

Leading nations in bioenergy production include the US, Brazil, and China. The US
dominates in biofuels, mostly from corn and soybeans, while Brazil leads in bioethanol
from sugarcane [14]. China stands out in solid biomass production, primarily from crop
residues and forest biomass. Germany, China, and Sweden top the biogas production chart,
with China having the most biogas plants globally and a major focus on renewable energy.
Biogas production in China primarily originates from livestock manure and food waste
digestion [18]. Germany is the second largest biogas producer from agricultural crops and
organic waste. Biogas production in Germany primarily comes from agricultural crops
and organic waste [19]. Sweden, with its focus on sustainable waste management, ranks
third in biogas production, mostly from organic waste digestion [20]. Other significant
biogas-producing nations include the US, Italy, and the UK. Biomass characteristics and
sources can also impact data on the number of bioenergy power plants and its production.
Leading bioenergy capacity nations are depicted in Figure 1.
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Figure 1. Bioenergy capacity worldwide. Source: Adapted from Duarah et al. [14].

In Latin America, biofuels like ethanol and biodiesel are widespread. Sugar cane is
the primary source of ethanol production in Brazil and Colombia, with Brazil leading in
production and export. Recently, there has been a rise in Colombia’s ethanol production
from sugarcane [16]. Argentina and Brazil are the leading producers of soybean and
palm oil-based biodiesel, respectively, with both nations boasting substantial agriculture
industries and being significant exporters of soybeans and palm oil. Other biofuels such
as biogas and biojet fuel are generated in minor quantities in Latin America. Biogas is
mostly generated from livestock manure and organic waste in countries like Mexico and
Colombia, while biojet fuel is primarily produced from sugarcane in Brazil, serving as a
power source for aircrafts [21]. Figure 2 displays the energy production capacity of biogas
in Latin America and the Caribbean.

Biogas energy generation capacity in Latin America and
the Caribbean - 2021
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Figure 2. Biogas energy generation capacity in Latin America and the Caribbean. Source: Adapted
from Duarah et al. [14].

2.1. Sustainability of Biomass Resources

Bioenergy has been acknowledged as a sustainable energy source due to its potential
to decrease greenhouse gas (GHG) emissions and reduce dependence on fossil fuels. How-
ever, the sustainable availability and development of biomass resources is a multifaceted
and complex issue that demands a comprehensive examination of environmental, social,
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economic, and political factors [22]. A crucial determinant of the sustainability of biomass
resources is the accessibility of land and water resources. The cultivation of crops for bioen-
ergy, such as corn and soybeans, can compete with food production for these resources.
Additionally, the conversion of natural ecosystems, such as forests, to bioenergy crops can
have adverse effects on biodiversity and carbon sequestration [23].

The sustainability of bioenergy is also dependent on its environmental and social
impact. Unsustainable practices, such as large-scale cultivation of bioenergy crops, defor-
estation, and the displacement of communities, can result from bioenergy production [24].
Chemical inputs like fertilizers and pesticides can also harm air and water quality. How-
ever, bioenergy sustainability can be improved by using sustainable techniques, such as
agroforestry, utilizing marginal and degraded lands, and utilizing waste and residue as
feedstocks [25]. Advanced biofuels, such as those made from algae and woody biomass,
can also have lower environmental and social impacts compared to conventional biofuels.

2.1.1. Economic Overview

Economic viability is a critical factor for biofuels to establish themselves as a sustain-
able energy source. While biofuels are seen to decrease GHG emissions and reduce reliance
on fossil fuels, their economic sustainability is a complex matter shaped by various elements
such as feedstock accessibility, production expenses, and government policies [10].

The cost of feedstocks, such as corn and sugarcane, plays a significant role in the
economic sustainability of biofuels and can be impacted by factors like weather conditions,
crop yields, and global demand. Additionally, the cost of converting these feedstocks
into biofuels can differ based on the technology and efficiency of the production process.
Moreover, competition with food production is another concern, as the use of food crops as
biofuel feedstocks (e.g., corn and sugarcane) can result in rising food prices and decreased
food security [26].

Government policies and regulations also have a considerable impact on the economic
sustainability of biofuels. Policy measures such as subsidies and mandates for biofuels
can aid in establishing markets and lowering production costs, but they can also lead to
economic imbalances and limit incentives for innovation [27].

2.1.2. Social Overview

The impact of the rise of biofuels on energy production is significant, and the social
consequences of biofuels cannot be ignored. Land use changes, displacement of local
communities, and violations of human rights and labor conditions are among the far-
reaching effects of biofuels [7].

One of the most alarming social impacts of biofuels is the displacement of local
communities. The conversion of natural habitats like forests into bioenergy crops often
forces indigenous and traditional communities to leave their homes, disrupting their
livelihoods and way of life. This can also lead to social conflicts such as land grabbing and
disputes over land ownership [28].

The production and use of biofuels also pose threats to human rights and labor
conditions. The use of hazardous chemicals like pesticides and fertilizers can put workers’
health and safety at risk, and there have been reports of child and forced labor in some
countries [29]. To ensure that biofuels are socially sustainable, policies and regulations
must be put in place to protect the rights and well-being of local communities and promote
fair labor practices. Utilizing sustainable feedstocks, such as waste and residues, and
avoiding the conversion of natural ecosystems into bioenergy crops are crucial steps in this
direction [30].

2.1.3. Environmental Overview

The environmental aspect of biofuels is critical to their acceptance as a sustainable
energy source. Complex environmental factors, such as feedstock source, production
techniques, and land usage shifts, shape the environmental sustainability of biofuels.
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Biofuels have the potential to create environmental concerns, including competition for
land and water resources with food production. Large-scale cultivation of bioenergy
crops, like corn and soybeans, can result in deforestation and land use changes, negatively
impacting biodiversity and carbon sequestration, as well as cause water scarcity and
degradation [31].

While biofuels can decrease GHG emissions in the transportation sector, the emissions
generated by their production, such as land use changes and fertilizer usage, can counteract
these reductions, making the environmental impact of biofuels a multifaceted issue that
demands a comprehensive examination [32].

To attain environmental sustainability in biofuels, the adoption of sustainable feed-
stocks like waste and residues, along with policies and regulations promoting sustainable
production methods, are key considerations. Additionally, advanced biofuels, like algae-
based options with lower environmental impacts compared to traditional biofuels, deserve
greater attention in the biofuels industry [33].

2.1.4. Political Overview

The political viability of biofuels globally is a multi-faceted and constantly changing
topic. On the one hand, governments see the benefits of biofuels in reducing reliance
on fossil fuels, reducing GHG emissions, boosting rural development, and creating jobs,
and therefore have implemented policies such as blending mandates, subsidies, and tax
incentives to support the growth of the biofuels industry [34].

However, studies conducted by Lazaro et al. [35] reported that biofuels are also facing
criticism over potential negative consequences such as food insecurity, deforestation, and
land usage. Takaes et al. [36] argue that the use of land for biofuel production may cause
food shortages, higher food prices, and environmental degradation. Additionally, the
extent to which biofuels decrease GHG emissions is still under investigation, with some
research indicating limited impact. The political sustainability of biofuels has also been
impacted by trade policies; for instance, the US and EU have encouraged the use of biofuels
to increase energy independence and reduce reliance on foreign oil, but these policies have
been criticized for benefiting domestic biofuel industries at the expense of industries in
developing nations [35].

2.2. Importance of Residual Biomass Transformation Technologies

Biofuel transformation technologies are dynamic and constantly advancing, with new
advancements and innovations being made. Upgraded technologies focus on converting
sources like corn, sugarcane, and algae into biofuels like ethanol, biodiesel, and biogas
through methods like fermentation, bioconversion, hydrolysis, thermochemical conversion,
and newer techniques like enzymatic conversion and synthetic biology [37-40].

The future of biofuel transformation technologies is promising as it keeps advancing
and becoming more efficient due to the emerging need for renewable energy and the
requirement to decrease GHG emissions. The growth of these technologies is expected to
be accelerated by the abundance of data and state-of-the-art computational tools [38].

However, studies conducted by Takaes et al. [36] have pointed out that political and
economic factors are expected to impact the future of biofuel transformation technologies,
as those variables influence investment and growth in the sector.

2.2.1. Bioenergy Production by Thermal Methods

Thermal conversion methods are being utilized more frequently for bioenergy pro-
duction, converting biomass into energy through heat. As shown in Table 1, techniques
like combustion, gasification, pyrolysis, and co-firing are seen as cost-effective and efficient
ways to harness energy from local sources like agricultural waste in developing countries.
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Table 1. Biomass thermal conversion technology.

Technology Definition Common Fuel Used Reference
. The process of burning biomass to Wood, wood waste, agricultural residues,
Combustion .. [41]
produce heat and electricity. and energy crops.
Gasification The process of conyertmg biomass into  Wood, wood waste, agricultural residues, [42,43]
a gaseous fuel, typically syngas. and energy crops.
. The process of heating biomass mn th.e Wood, wood waste, agricultural residues,
Pyrolysis absence of oxygen to produce a liquid and enerev crops [44,45]
biofuel, typically bio-oil. BY Crops.
. . Wood, wood waste, agricultural residues,
The process of using biomass along
.. . - and energy crops. However, the fuel used
Co-firing with fossil fuels, such as coal, to . ..o [44,46]
enerate electricity in co-firing is mostly dependent on the
& ' type of fossil fuel used.
Source: the authors.

However, these methods may face difficulties in implementation and development in
some developing nations due to the need for high capital investments, high operational
costs, and limited advanced infrastructure and technology.

2.2.2. Bioenergy Production by Biochemical /Chemical Methods

Biochemical /chemical conversion methods are a way to produce bioenergy by us-
ing chemical and biological reactions to convert biomass into a usable form of energy.
These methods include transesterification, synthetic biology, anaerobic digestion, and
enzymatic conversion.

The methods presented in Table 2 offer a cost-effective and efficient way to generate
energy from local resources, like agricultural waste, in developing countries. However,
their implementation and development can be limited by high capital and operational
costs, as well as the lack of necessary infrastructure and technology. This lack of economic
resources can make it difficult to establish and maintain biochemical /chemical conver-
sion facilities, and the absence of skilled labor and access to advanced technology and
research may limit the growth of the bioenergy production sector in some developing
nations [26]. Addressing these challenges is important for promoting the growth of the
bioenergy industry in developing countries and should be a priority for governments and
other stakeholders.

Table 2. Biomass biochemical /chemical conversion technology.
Technology Definition Fuel Used Reference
.The process of converting fats or oils Lipid-rich feedstocks such as vegetable
I into methyl esters (biodiesel) by . .

Transesterification X . . oils, animal fats, and waste [47,48]

reacting with an alcohol, typically . .
cooking oils.

methanol or ethanol.
The field of biology that involves the . . . .
design, construction, and manipulation Various microorganisms, mainly algae,

Synthetic Biology ’ ! to produce biofuels such as bioethanol [49]

Anaerobic Digestion

Enzymatic Conversion

of biological parts, devices, and
systems that do not occur naturally.
The process of breaking down organic

and biodiesel.

matter in the absence of oxygen to
produce biogas, a mixture of methane
and carbon dioxide.

The process of using enzymes to
convert biomass into a usable form of
bioenergy, such as bioethanol or biogas.

Organic waste, such as food waste,
agricultural waste, and sewage sludge.

Various types of feedstocks, such as
lignocellulosic materials, such as
agricultural waste and woody biomass,
as well as starchy and sugary materials
like corn and sugarcane.

[50]

Source: the authors.
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Results from Scown et al. [52] argue that the development of bioenergy through
biochemical /chemical conversion methods is of interest to many developing countries
despite the inherent challenges. Innovations and advancements, as well as increased
funding and support, may help alleviate some of these challenges and enable more countries
to adopt these methods. The relevance of a particular bioenergy production method for a
country depends on various factors, including the availability of local resources, market
demand, and government policies.

In Latin America, the adoption of bioenergy technology is primarily based on resid-
ual biomass from the agriculture sector, livestock, and wastewaters. These resources are
abundant and widely available in the region, making them suitable feedstocks for bioen-
ergy production. Additionally, biofuels produced in the region can be summarized as
follows [53]:

Latin America’s biofuels can be categorized as sugarcane-based ethanol, biogas,
forest-based bioenergy, and microalgae-based biofuels. Sugarcane-based ethanol is well-
established and cost-effective, particularly in Brazil and Colombia. Biogas is advantageous
in countries with high livestock populations and abundant organic waste. Forest-based
bioenergy utilizes wood residues and forest biomass, contributing to sustainability and
biodiversity preservation. Abundant sunlight and water resources create an ideal envi-
ronment for microalgae cultivation, offering vast potential across various industries. The
factors driving the successful adoption of bioenergy technologies in Latin America include
the country’s specific resources, energy needs, and government policies. For instance,
Cherubin et al. [54] argue that countries rich in sugarcane and with a well-established
ethanol production infrastructure may find that sugarcane-based ethanol is the most feasi-
ble bioenergy technology due to the availability of feedstocks and established production
facilities, making it a cost-effective and efficient option. Meanwhile, Kabeyi et al. [55]
propose that biogas can be a more appealing option for countries with a high potential
for organic waste generation, especially those with large livestock populations, while
Jankovsky et al. [56] and Sallustion et al. [57] move towards the perspective that forest-
based bioenergy may be a suitable choice for countries with vast tropical forests. The
selection of the most appropriate bioenergy technology will depend on the unique circum-
stances of each country.

3. Potential Opportunities in Biomass Conversion from Biological Methods
3.1. Potential Biomass Feedstocks in Colombia

Residual biomass as a feedstock for biogas production in Colombia can be classified
into five categories, including agricultural waste, livestock manure, organic municipal
waste, industrial wastewaters, and energy crops. The utilization of these feedstocks in
Colombia holds tremendous potential to not only reduce waste volume and mitigate
environmental impact but also to generate clean energy, paving the way for a significantly
more sustainable energy matrix [13].

Agricultural waste, comprising flowers, panela cane, palm fiber, potato, beans, and
corn stalks, is a readily accessible and economically feasible source for biogas produc-
tion in Colombia. The convenient collection and transportation of these feedstocks to
biogas facilities for anaerobic digestion has resulted in their growing utilization in biogas
production [6,8].

The livestock sector plays a considerable role in manure generation in Colombia,
primarily from cattle, pigs, and poultry. Utilizing livestock manure as a source for biogas
production offers various advantages, such as reducing odors, pathogens, and environ-
mental pollution associated with conventional manure disposal methods. Additionally, the
use of stabilized manure as a feedstock can enhance soil health and fertility through the
application of digestate, which acts as a fertilizer residue [58,59].

Organic municipal waste as a feedstock for biogas production can help reduce waste
volume and produce clean energy. However, managing organic municipal waste in Colom-
bia can be challenging, with a large portion of it being landfilled.
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Incorporating energy crops like jatropha, sweet sorghum, and elephant grass in the
energy mix can offer diversification by generating biogas. These crops grow rapidly and
can be grown in marginal or degraded lands. Table 3 presents comprehensive information
on the biogas energy potential of various residues, including municipal wastewater, agri-
cultural waste, food waste, and livestock manure. The data include the biomass produced,
the biogas yield per ton of residues, and the methane concentration, providing valuable
insights into the biogas production potential from different residues and aiding in the
selection of the most suitable residue for biogas generation.

Table 3. Potential biogas energy generation from different substrates/feedstocks available in Colombia.

Municipal Wastewater

Bogota Medellin Cali Barranquilla Cartagena Cucuta Soledad Ibague Bucaramanga
Volume per year 520,684 161,236 154,518 80,414 63,550 41,597 40,722 34,640 34,533
Biogas yield (m®/year) 27,196,203 8,421,626 8,070,723 4,200,192 3,319,307 2,172,669 2,126,985 1,809,293 1,803,721
Biogas energy yield 634 196 188 98 77 51 50 2 2
(T]/year)

Livestock

Poultry Swine Bovine
Total manure (ton/year) 6,619,942 2,745,392 83,497,181
Methane yield (m®/year) 238,317,928 115,306,473 2,003,932,344

Agricultural
Rice Plantain Coffee Corn

Production (ton/year) 2,078,073 310,192 859,185 912,659
Methane yield (m?/year) 438,888,968 233,880 4,484,945 225,171,298

Source: the authors. Adapted from TECSOL [60].

3.2. Adoption of Traditional Bioenergy Technologies
3.2.1. Conventional Anaerobic Digesters in Emerging Countries

In Latin America, and in developing countries worldwide, the design of household
digesters is dependent on climate conditions, organic waste availability, and the materials
and skills available locally. Fixed dome, floating drum, and tubular digesters are the most
common models employed in rural areas of developing countries to suit the conditions of
Latin America. Table 4 presents an overview of the most common biodigesters utilized in
rural areas of Colombia, including a concise description of their operational advantages
and disadvantages.

Table 4. Operational advantages and disadvantages of commonly used anaerobic digesters in rural
areas in Colombia.

Biodigester Fabrication Temperature Advantages Disadvantages Geographical Other
Technology Materials Requirements 8 8 Implementation Considerations
More expensive than
other types of
Bricks High biogas production. biodigesters, making China
them a less
cost-effective option.
Less maintenance than ‘I;;}III; lr:ecc:)rcr?p;:ég’to
Cement other types of other esp of India
biodigesters. ther typ
biodigesters.
. Fragile and can be Lifespan: over
Underground Quick and easy o .
Concrete 8ro : . damaged easily if not Nepal 20 years if
Fixed dome cons;fructlgrg installation. handled correctly. maintenance is
biodigesters Unaffected by Constructed with Less efficient than guaranteed.
Polymers temperature durable materials built other types of Uganda Construction time:
variations. to last for many years. biodigesters. approx. 18 days.
Glass-fiber- . . Poor performance in
) Suits a variety of . .
reinforced L cold climate Tanzania
. applications. .
plastics conditions.
Supports higher gas

pressure than tubular
and floating drum
biodigesters.
Self-agitated by
biogas pressure.
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Table 4. Cont.

Biodigester Fabrication Temperature Advantages Disadvantages Geographical Other
Technology Materials Requirements 8 8 Implementation Considerations
Bricks and Cost-effective solution as ~ Fragile and can be
concrete it requires minimal damaged easily if not India
for digester maintenance. handled correctly.
. Poor performance in Lifespan: 20 years if
: Quick and easy . - A
. Metal for drum It requires warm . . cold climate maintenance is
Floating drum o . installation. .
I conditions for its conditions. guaranteed.
biodigesters imal . . . S
High-densit optimal operation. ~ High capacity when Bi leak Construction time:
igh-density iogas leakages may
compared to other types approx. 18 days.
Polyethylene S occur.
of biodigesters.
Medium biogas Requires manual
production. steering.
Polyethylene Low-cost solution. L;)O“ésé%%f South America Lifespan: 2 years if
. P ' exposed to the sun.
. Structures are Low-maintenance .
Poly vinyl - pp Easily damaged by . Between 2 and
. easily heated due  biodigester compared Africa :
Tubular chloride DR external factors. 5 years if
biodigesters to their thin walls.  to others. maintenance is
8 High-density Built partially Versatile and easy Biogas leakages .
. South Asia guaranteed.
polyethylene underground. to install. may occur. e S
X onstruction time:
Glass-fiber- . .
. Construction with . . approx. 2 days.
reinforced ) Steering not possible.
: low-cost materials.
plastics

Source: the authors. Adapted from Rodriguez-Nufiez et al. [61], Ahmed et al. [62], and Abubakar A. [63].

3.2.2. Alternative Energy Sources from Biogas

Biogas has versatile applications as an alternative fuel. It can be directly used as
compressed biomethane gas (CBM) or blended with natural gas for transportation, generate
electricity in combined heat and power (CHP) plants, provide thermal energy for industrial
processes, or be distributed through natural gas networks for heating homes and buildings.

Likewise, electricity generation through the metabolic activity of microorganisms has
gained considerable interest in the academic community as a potential alternative to tradi-
tional energy sources. Lohani et al. [31] attribute this observable fact to the increasing need
for sustainable and renewable energy solutions to mitigate the negative environmental
impacts of fossil fuel consumption. The utilization of the metabolic processes of microor-
ganisms to produce electricity through chemical reactions has emerged as a promising
area of research. Murugaiyan et al. [64] and Tawalbeh et al. [65] have conducted research
studies on methods that have garnered increasing attention in the academic community
and evaluate the following techniques:

Bioelectrochemical systems (BES) consist of different technologies that utilize mi-
croorganisms to convert chemical energy into electrical energy by means of a series of
electrochemical reactions. These systems typically consist of an anode and a cathode sepa-
rated by a membrane, allowing the transfer of electrons or ions. Microbial Fuel Cell (MFC)
and Microbial Electrolysis Cell (MEC) are the most studied bioelectrochemical technologies.

MEFC is a specific type of BES that converts the metabolic activity of microorganisms
directly into electrical energy. Microorganisms in the anode compartment oxidize organic
matter, releasing electrons and protons. The electrons flow through an external circuit to
the cathode, generating electrical current, while the protons migrate through the membrane
to the cathode, where they combine with the electrons and an electron acceptor to form
water. Some of the most common substrates studied include organic substrates such as
acetate, cellulose, glucose, landfill leachate, macro algae, micro algae, sucrose, and various
types of wastewaters [66,67]. For the case of MEC, it employs microorganisms to drive the
electrolysis of water, producing hydrogen gas (H;) or other desired products. In a MEC,
an external voltage is applied which facilitates the transfer of electrons from the anode to
the cathode. The electrons are used to reduce protons at the cathode, forming hydrogen
gas [68].

Proton exchange membrane fuel cell (PEMFC) is a system presented in a research
study conducted by Guan, T. et al. [69] that utilizes biogas generated from the anaerobic
digestion of organic waste from a dairy farm as the hydrogen source for the fuel cell. In this
process, methane is supplied to the anode of the PEMFC, where it undergoes oxidation,
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releasing electrons that travel through an external circuit, thereby generating electricity.
Simultaneously, positively charged hydrogen ions are generated and traverse the proton
exchange membrane to reach the cathode. At the cathode, it combines with oxygen and
electrons, forming water and thus completing the electrical circuit.

Biogas steam reforming is a process used to produce hydrogen gas from biogas. In
this process, the biogas is reacted with steam at high temperatures, typically in the presence
of a catalyst, to produce a mixture of carbon monoxide and hydrogen. Nickel is commonly
used as a catalyst for hydrogen production. Other catalysts, such as cobalt (Co) and iron
(Fe), are also used in biogas steam reforming, but nickel is the most widely used due to
its favorable properties. The choice of catalyst depends on various factors such as the
composition of the biogas feedstock, operating conditions, and the desired product quality.
Syngas can then be further processed to separate the hydrogen and remove impurities. The
resulting high-purity hydrogen can be used as a fuel for transportation, heating, or power
generation, or as a feedstock to produce chemicals and fertilizers [70].

Alkaline water electrolysis processes consist of a method in which biogas is used to
generate electricity, which is then used to split water into hydrogen and oxygen through
electrolysis. The electrolysis takes place in an alkaline solution, which acts as an electrolyte,
facilitating the ion transfer and increasing the efficiency of the process [71].

Chemical looping is a process that involves the use of a solid material, called the
oxygen carrier, to transfer oxygen from the air to a fuel source in a reactor. In a chemical
looping system based on biogas production, biogas produced through anaerobic digestion
of organic waste is used as the fuel source. The biogas is fed into a reactor where it reacts
with the oxygen carrier, transferring oxygen to the fuel and producing a mixture of carbon
dioxide and hydrogen. The carbon dioxide can then be separated and stored or utilized for
various applications, while the hydrogen can be utilized as fuel in a fuel cell or other energy
conversion system. This method stands as a sustainable and renewable energy source,
converting waste into useful energy while also reducing the carbon footprint through the
separation and utilization of carbon dioxide [72].

3.3. Socio-Economic and Environmental Benefits

The rural farmer population in Colombia, known as campesinos, exhibits a variety
of socio-economic characteristics. A significant number of them face challenges such as
poverty, limited land access, restricted market opportunities, inadequate infrastructure,
limited access to education and healthcare services, as well as exposure to armed conflict.
Nevertheless, multiple programs and policies aimed at improving the lives and liveli-
hoods of rural farmers in Colombia, such as sustainable agriculture support, secure land
ownership, and market access, are being executed [73].

Poverty is a prevalent issue within the rural sector in Colombia, which has a signifi-
cant impact on the adoption of technology in developing countries. Studies conducted by
Khan et al. [74] identified that poverty can limit an individual’s ability to access and afford
new technologies in rural areas. In addition, the authors listed the factors contributing
to this phenomenon, which include limited access to capital, education, and skills, as
individuals living in poverty may not possess the financial resources necessary to invest
in new technologies, such as purchasing a computer or paying for internet access. Addi-
tionally, the ongoing costs associated with using new technologies, such as service and
maintenance, may be unaffordable for individuals living in poverty, and they may also not
understand the potential benefits of these technologies in terms of improving their lives
and livelihoods. Mendieta et al. [7], Puzzolo et al. [26], and Sarker et al. [75] have studied
the barriers of technology adoption in developing countries created by poverty. In their
studies, there are stated strategies to improve access to technology for individuals living in
poverty, such as the utilization of digital financial services, mobile technologies, and digital
literacy programs.
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The utilization of biogas production in Colombia holds the potential to act as a catalyst
for socio-economic growth in various ways, including job creation, income generation,
energy security, rural development, and decreased costs associated with imports [76].

4. Challenges and Barriers for Biogas Production in Colombia
4.1. Centralized Residual Biomass Biorefineries

The centralization of solid waste for biogas production brings significant advantages
that lead to increased efficiency, as it allows for the collection of a greater amount of organic
waste in one location. This strategy increases the efficiency of the biogas production process,
reduces transportation costs, and facilitates access to the waste. Additionally, it generates
greater sustainability as the waste is handled safely, reducing leaks of methane and other
greenhouse gases into the atmosphere. The report presented by the OECD in 2021 [77]
demonstrated that the centralization also allows for better quality control in the biogas
production process as the waste can be classified and selected more accurately.

Based on the theoretical potential of biogas production in Colombia at 149,436 TJ/year
and the estimated technical potential of 53,554 T]/year, centralized waste management
could be an energy solution that would equate to 25% of the demand for natural gas in
Colombia in 2016 [3]. Furthermore, it is estimated that the potential of confined livestock
farming would represent approximately 50% of this percentage. Large-scale biogas pro-
duction plants, with daily production exceeding 1000 m3/day of biogas, are shown in the
Figure 3.

@ Geographical Distribution
of Large-scale Biogas Plants
in Colombia

Figure 3. Large-scale biogas plants in Colombia. Source: the authors. Adapted from Ali et al. [78].

4.2. Techno-Economic Biodigester Implementation Approach

Performing a techno-economic approach to biodigester implementation is a critical
method for ensuring its success. This approach involves conducting a feasibility study;,
including the analysis of local conditions, resources, and biodigester potential, and a cost-
benefit analysis to determine its economic viability. Based on the study results, the most
suitable technology is selected and the biodigester is designed and engineered to meet
specific project needs and requirements. The design and construction of the biodigester
are performed with attention to material and equipment specifications and standards.
The biodigester is then operated and maintained efficiently, with regular monitoring,
troubleshooting, and repairs as needed. Performance assessments and cost evaluations are
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conducted regularly, and modifications and improvements are made to optimize the system.
This approach integrates economic and technical analysis in biodigester implementation
and ensures the system meets project and end-user needs. In this sense, process control is
guaranteed to produce high-efficiency results.

4.2.1. Construction, Operation, and Maintenance

Anaerobic systems comprehend a range of scales, each with distinct operational char-
acteristics and corresponding knowledge requirements. These systems are frequently
installed to comply with environmental regulations and are sometimes donated by gov-
ernment entities. However, this lack of ownership often leads to their abandonment on
farms, thereby transforming them into sources of pollution and frustration by farmers [26].
The costs associated with acquiring robust technologies limits small-scale agricultural
producers from accessing them, leading them to opt for simple, low-cost, and low-efficiency
systems. Similarly, more efficient technologies require knowledge and experience on the
part of their operators, which increases risk in the operation and timely response to system
failures. This is particularly pronounced in energy generation and automation systems.

After-sales service, particularly in small and isolated projects, increases costs and is
difficult to obtain. There is also a perception of low monitoring after installation in publicly
financed projects [78].

4.2.2. Investment

The utilization of organic residual biomass to produce biogas in Colombia presents
significant challenges. One of the main obstacles is the acquisition of financial resources to
cover the costs associated with the construction of a biogas plant, including the acquisition
of equipment and the hiring of technical personnel. Despite the availability of various
anaerobic digestion technologies, potential biogas project developers perceive a high in-
vestment cost, particularly when accounting for the additional costs associated with the
refinement of gas and energy generation. The perception that these investment costs are
not recoverable from the operation of a biogas plant is prevalent [79].

To mitigate the initial investment barrier, Law 1715 of 2014 established tax incentives
that exempt the acquisition of equipment and consulting studies from the payment of
value-added tax (VAT) and allow for a deduction of up to 50% of investment costs for
15 years. Later in 2020, the decree 829 of June 10th revoked articles 11, 12, 13, and 14 of
Law 1715 of 2014, which established a new framework of incentives for the generation of
electricity using non-conventional sources. However, this information and its applicability
to biogas generation is not widely understood among agricultural or agro-industrial groups,
particularly among small- and micro-businesses [80]. A lack of knowledge applies not only
to tax incentives, but also to the financial structuring of biogas projects, which requires
consideration of all revenues and avoided costs throughout the value chain. This includes
costs associated with the treatment of residual biomass, the replacement of fuels, and the
value of the digestate generated as a byproduct, as well as potential tax and other incentives.
If these elements are not considered, the perception of a lack of return on initial investment
will persist.

Micro-businesses, particularly in the agricultural sector, often perceive these technolo-
gies as an environmental requirement rather than a business opportunity. Farmers may be
beneficiaries of state projects that install biodigesters but lack the capabilities to conduct
technical and financial analysis of investments in this field. Small and medium-sized
enterprises may be persuaded by the fact of making supplementary investments beyond
their primary business focus. However, they must navigate the challenges posed by their
own production priorities and time constraints, which may impede their ability to engage
in such ventures. Micro-businesses generally do not have the ability to perform financial
analysis or structure business plans to present the project to a bank that would allow
them to obtain financing to implement the technology. Therefore, if it is an environmental
obligation, users carry it out as an expense and do not quantify or maximize the use of
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the products obtained from the anaerobic digestion process. Figure 4 summarizes the
opportunities of biogas production [79].

BIOGAS PRODUCTION PERSPECTIVE

Before 2022 After 2022
Wastewater treatment Electricity generation
Alternative fuel for cooking Key trends > Biofertilizer alternatives
Organic biomass disposal SDGs strategic programs

Rural sector Increase rural sustainability
Job opportunities Key challenges Propose new education programs
Decentralization Increase energy coverage

Figure 4. Biogas production perspectives in Colombia. Source: the authors.

4.2.3. Limited Experience with Biogas Projects Funders

Khan et al. [74] suggested that the limited experience of financial entities with biogas
production projects presents a significant obstacle to the development of non-conventional
sources of renewable energy. Investment funds have reported that many national and
international resources remain untapped due to a lack of maturity in the project structure,
which precludes the necessary risk analysis needed to allocate resources.

Sarker et al. [75], Ali et al. [78], and Mendieta et al. [7] highlight a deficiency of knowl-
edge among biodigester developers; however, it is also apparent that project evaluators
within financial entities, both public and private, lack a thorough understanding of anaero-
bic digestion technology. Unlike other technologies, such as solar or wind energy, anaerobic
digestion is a comprehensive and multi-faceted technology that encompasses the various
variables previously discussed [81]. This span of application, which can be an advantage
in a circular economy analysis, can also present a challenge when evaluating financial
analyses because of the complexity and interrelatedness of socio-economic, political, and
environmental variables. In addition to direct revenue generation, there are also potential
cost savings from biomass management, sales of the generated energy, savings on payments
to third parties for self-generated energy, sales of digestate as fertilizer, and reductions
in costs for purchasing fertilizer from third parties [31]. Additionally, there are potential
revenues from avoided carbon taxes for the use of self-generated fuels, avoided fees for
waste disposal, and other factors. This complexity poses a challenge for risk analysis,
particularly for evaluators who lack knowledge of the technology.

4.3. Social Acceptance and Technology Adoption

The social acceptance and technology adoption of biogas production in Colombia are
critical factors that determine the success of this renewable energy source in penetrating
the Colombian energy market. However, to ensure widespread acceptance and adoption of
biogas production, there are several obstacles that need to be addressed. These obstacles
stem from factors such as the lack of awareness and education about the benefits of biogas
production, inadequate infrastructure, and limited financing mechanisms in rural areas.
Therefore, a coordinated effort between policymakers, investors, and local communities is
required to promote the benefits of biogas production and overcome these obstacles. By
leveraging policy incentives, financial support, and education efforts, biogas production
can become a sustainable and widely adopted energy source in Colombia [7].

While there are significant obstacles that impede the adoption of biogas production
in Colombia, drivers could be leveraged to promote its social acceptance and technology
adoption. One such driver involves increasing awareness among local communities and
stakeholders about the numerous benefits of biogas production, such as improved en-
vironmental sustainability, economic development, and energy security [26]. Based on
this approach, policymakers could incentivize the development of biogas production by
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implementing supportive policies and regulations that eliminate financial barriers, stimu-
late investment, and promote technology adoption. These drivers, if utilized effectively,
could help to propel the widespread adoption of biogas production in Colombia, making
it an integral part of the country’s renewable energy portfolio. Table 5 summarizes the
obstacles and drivers to social acceptance and technology adoption of biogas production
in Colombia:

Table 5. Obstacles and drivers to social acceptance and technology adoption of biogas production
in Colombia.

Obstacles

Levers

Lack of awareness and education about biogas production

Inadequate infrastructure for biogas production in rural areas

Promoting benefits of biogas production to local communities
and stakeholders

Implementing policies and regulations that incentivize
biogas production

Limited or inaccessible financing mechanisms for small-scale Providing financial support and access to financing mechanisms

farmers and rural communities

for biogas production

Source: the authors.

4.4. Research, Development, and Innovation Knowledge Gaps

Currently, waste utilization technologies are being used in the market for energy and
fuel generation. Anaerobic digestion through specialized anaerobic organisms for biogas
production still presents restrictions due to the complexity of the optimal biochemical
reactions and their slow decomposition compared to other technologies. The study of
pre-treatment technologies is of great importance in biogas production to establish the best
alternatives to accelerate the process and ensure greater efficiency.

The existence of knowledge gaps regarding biogas production in Colombia has re-
sulted in several challenges, such as limited access to infrastructure and technology, limited
financing and investment, a shortage of professionals and experts, limited availability of
suitable raw materials, social and cultural barriers to adoption, and insufficient regula-
tions and policies. These obstacles delay project expansion and challenge the growth of a
sustainable biogas industry [79].

The insufficient understanding of biomass residual utilization technology creates
knowledge gaps that negatively impact research, development, and innovation efforts.
This leads to the limited application of research outcomes and a limited impact on relevant
sectors. Only large-scale projects with a need for automation and control processes tend
to incorporate research findings to increase efficiency and allocate resources for research
development. Meanwhile, the rural agricultural sector in remote and off-grid areas lacks ac-
cess to critical technical information, preventing improvement of their biological processes
and exploration through research, development, and innovation.

5. Conclusions and Recommendations

The emergence of bioenergy as a major contributor to the global energy mix highlights
the need for research and development in advanced biofuels and sustainable production
methods. Despite its potential to reduce greenhouse gas emissions, the impact of bioen-
ergy on the environment, including land use changes, biodiversity, and water resources,
must be evaluated and addressed to ensure its sustainable growth. In Latin America,
the rapid growth of biofuel production presents a complex challenge, with concerns over
environmental and social impacts, particularly land use changes, deforestation, and the
displacement of local communities.

Biogas production from residual biomass presents a range of opportunities and chal-
lenges across the socio-economic, technological, and environmental spheres in Colombia.
While the development of biogas production has the potential to create new employment
opportunities and reduce the country’s dependence on imported fossil fuels, there are also
significant technological challenges to overcome, such as efficient biomass collection and
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processing. Additionally, effective waste management strategies must be implemented
to mitigate negative environmental impacts. Nevertheless, biogas production has the
potential to provide a sustainable source of energy while contributing to the reduction of
GHG emissions, and as such, warrants further research and investment in Colombia.

This study highlights that the economic viability of biofuels is determined by feed-
stock accessibility, production costs, and government regulations. To ensure economic
sustainability, it is necessary to utilize sustainable feedstocks, encourage innovation, and
eliminate economic obstacles. The social sustainability of biofuels entails assessing the
effects on land use, local communities, human rights, and labor conditions. Funding and
support for bioenergy projects can overcome the challenges of high capital investments and
operational costs. Access to advanced technologies and research can improve the efficiency
and cost-effectiveness of bioenergy production.

This study concludes that the Colombian government can enhance the implementation
of biodigesters by implementing a combination of tax incentives, subsidies, and grants.
This financial support will assist in the installation and operation of biodigester systems. To
promote the understanding and proper use of biodigesters, awareness campaigns should be
organized to educate local communities on the benefits of biodigesters. Technical assistance
should be provided to ensure the effective development and maintenance of the biodigester
systems. Additionally, a partnership with the private sector can be established to advance
the implementation of biodigesters in agriculture and livestock farming industries.

Future research should focus on:

e The deployment of biogas facilities in Colombia with regard to addressing social
acceptance, technological advancements, and environmental challenges.

o  Conducting further studies to develop more efficient and cost-effective processes for
biomass collection, transportation, and processing.

e Carrying out research to identify and evaluate the most suitable waste management
strategies for different regions in Colombia.

e  Using research findings to inform policymakers and investors about effective and
sustainable ways to promote biogas production in Colombia.

e  Conducting additional studies on the socio-economic impacts of biogas production to
understand its potential benefits and drawbacks for local communities.

e  Aiming research efforts at promoting the sustainable deployment of biogas in Colom-
bia, aligning with the country’s broader goals of sustainable development (SDG), and
combating climate change.
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