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Abstract: This paper studies the potential of utilizing cocoa residues to address energy
demands in post-conflict regions of Colombia. Through a systematic review, the findings
indicate that cocoa byproducts from 170 municipalities could produce enough biogas to
power a population nearing one million inhabitants. Three main residues can be obtained
from processing cocoa—mucilage, cocoa bean shells, and cocoa pod husks —which are ana-
lyzed and recognized as the most significant in terms of potential biogas yield. The review
highlights a considerable gap in existing research regarding the specific characteristics of
cocoa residues and their biogas production rates. Additionally, this study emphasizes the
need to investigate pretreatment methods for these materials, particularly cocoa pod husks,
as well as the critical impact of transportation logistics. It also suggests exploring inte-
grated valorization strategies and various energy conversion pathways. Finally, the article
emphasizes the importance of establishing markets and promoting new initiatives to effec-
tively utilize this abundant amount of waste. The insights gained from this analysis are
relevant to similar regions, not only across South America but also in any cocoa-producing
area worldwide.

Keywords: biomass; agricultural residues; cocoa production; Sustainable Development
Goals (SDGs); post-conflict regions

1. Introduction

Sustainable Development Goals (SDGs) are guidelines for improving global socioeco-
nomic and environmental situations [1]. Specifically, SDG 7 encourages efforts to ensure
access to affordable, reliable, sustainable, and modern energy for all [2]. In this context,
there is a consequent need to develop new sources of energy. The production of fuels de-
rived from biomass emerges as a promising alternative in the current global scenario [3].
The use of residues (i.e., agricultural and domestic) for energy production has gained trac-
tion due to its potential to minimize the environmental impact of energy production and
the utilization of widespread resources such as these residues, with both factors becoming
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highly relevant for rural areas [4]. Biofuels are key for the transition from non-renewable
to renewable resources [5]. Biorefinery processes, i.e., the sustainable method for produc-
ing biofuels and other bioproducts from biomass feedstock using different conversion tech-
nologies, are being transformed from concepts to reality [6,7] and constitute a fundamental
step in the path to implementing a bioeconomy model [1,8].

Globally, agricultural residues are increasing and approximately one third of the food
produced, i.e., 1.3 billion tons/year, is wasted during processing, distribution, and con-
sumption [9]; however, that waste could be transformed into clean energy and a new rev-
enue source [10,11]. The waste resulting from the agricultural industry represents 50%
of the total weight of the fresh harvested product, which in energy terms is equivalent
to 90 million tons of oil [12]. The growing world population demands a greater amount
of energy [13].

Agricultural residues are important in countries with an agricultural vocation, such
as Colombia. According to the World Bank [14], the agriculture in Colombia accounted for
7.6% of gross domestic product (GDP). Agricultural biomass encompasses both the food-
based portion, i.e., oils and carbohydrates from crops like corn and sugarcane, and the non-
food-based portion, from crops such as coffee leaves and cocoa pod husks (CPH) [15,16].

The United Nations Framework Convention on Climate Change (UNFCCC) noted
that Colombian agriculture has been severely affected due to the armed conflict that has
been going on for more than 50 years [17]. In August 2016, the two parties (i.e., government
and guerilla) signed a peace agreement to end the oldest conflict in Latin America [6], and
one of the tools for its implementation is Decree 893 of 2017 [18]. In Decree 893, the country
regions were prioritized (i.e., 16 regions and 170 municipalities) according to the criteria
of (i) poverty levels, (ii) degree of affectation derived from the conflict, (iii) weakness of
administrative institutions and management capacity, and (iv) illegal presence of crops
and other illegitimate economies. Economic activities in prioritized post-conflict areas are
highly dependent on agriculture [19]. After signing of the peace agreement, attention has
been focused on the implementation of comprehensive rural reform [20,21] to prevent envi-
ronmental problems such as deforestation, land use, and biodiversity preservation [19-22]
and to reduce the economy’s dependence on the extractive sector [23], therefore seeking to
generate activities from agricultural and forest residues [22]. Colombia is the only coun-
try in the world where post-conflict strategies have been implemented amid armed con-
frontation and without peace negotiations having been completed [19]. Thus, the post-
conflict scenario in Colombia envisions new opportunities for economic development in
rural areas [24,25].

Cocoa, a perennial neotropical crop, is one of the most widely distributed and recog-
nized products globally [26], serving as the foundation for the thriving chocolate indus-
try [27,28]. Worldwide, cocoa bean production is estimated at 4.9 million tons, with the
market projecting a value of EUR 169 billion by 2026. The growth of confectionery prod-
ucts in Asian countries has led to an increasing demand for high-cocoa content products
and organic chocolates. Colombia ranks among the top 10 cocoa producers [29-32], and
in Latin America, the cocoa fermentation process has led to shorter production times and
enhanced aroma quality.

Recently, efforts have been made to implement the criteria determined by the ISO
3410 Standard called: Sustainable and traceable cocoa, Part 1: Requirements for cocoa sus-
tainability management systems [33] for sustainable cocoa production as a differentiation
strategy [34].

Meanwhile, industrial waste from cocoa is estimated to be between 10 and 15 times the
amount of cocoa produced, influenced by various factors such as weather conditions and
species [35]. The main waste products resulting from cocoa industrialization include CPH,



Energies 2025, 18, 3091

30f23

mucilage (CM), and cocoa bean shell (CBS) [36], which remain underutilized. According to
the Ministry of Agriculture and Rural Development [37], in 2017, the total area cultivated
for agro-industrial purposes in Colombia was 2 million hectareas, with cocoa cultivation
accounting for 6.3%. In 2020, 65,170 tons of cocoa were produced and 11,150 tons were
exported, representing approximately USD 27,942,058 or around 0.011% of the Colom-
bian GDP. Cocoa is cultivated across 27 departments and 422 municipalities, involving
65,341 families [38].

Planting, growing, and harvesting cocoa in post-conflict regions generates residues
that are used in different ways. Among the alternative uses of agricultural residues are
the production of direct heat [39], biogas, and liquid biofuels [40]. The potential of biogas
as a viable alternative energy source has been widely recognized globally, and the use
of agricultural biomass for biogas production has increased in recent years [41]. Biogas
is used for cooking and also provides health benefits compared to alternatives, such as
burning cattle dung, leaves, and wood indoors [16]. Additionally, biogas is regarded as
a climate-neutral fuel, as the carbon dioxide released during combustion is considered
biogenic and, therefore, does not contribute to climate change [21,42]. There are thousands
of centralized biogas plants in Europe that utilize manure and sludge from wastewater
treatment plants, along with a wide range of easily digestible residues for heating and
electricity generation [16]. Most of these facilities are based on anaerobic digestion (AD)
or fermentation [16,43,44]. Between 2009 and 2015, the number of biogas plants in Europe
increased from 6000 to 17,000, with an annual growth rate of 9% [45]. Brazil and Mexico are
the countries with the most advanced biogas facilities, followed by Colombia and Peru [46].

The most recent research has expanded the technological opportunities to obtain bio-
gas from new types of waste which, in addition to generating economic benefits, generates
environmental, social, and health externalities [44,47,48], and interest for industrial appli-
cations in the production of biogas using cocoa residues has grown in the last decade [49];
however, it has been little explored as a biological treatment of cocoa residues [50]. AD
has benefits ranging from generating renewable energy and reducing greenhouse gas emis-
sions to improving health/hygiene and the overall socio-economic status of rural communi-
ties in developing countries. It is probably the most important technology to provide clean
and renewable energy to millions of people in rural areas of these countries [51,52]. On the
other hand, [53] mention that the technology generates income for impoverished countries.

This paper hypothesizes that cocoa waste is a significant resource in post-conflict re-
gions of Colombia. It proposes a “waste factor” as a means to quantify this resource and
explore the relationship between the amount of cocoa waste and the potential biogas yield.

The main objectives of this paper are as follows: (i) to explore the cocoa production
in post-conflict regions in Colombia during the period 2007 to 2019, (ii) to examine the
waste generated during cocoa production and, (iii) to investigate the potential to produce
biogas through anaerobic digestion as a sustainable alternative to the use of fossil fuels.
On the other hand, the paper shows data on the performance of waste in obtaining bio-
gas and discusses the relationship between the volume of cocoa obtained and the waste
generated through the so-called waste factor, a relationship shown in a few studies. The
data presented can be extrapolated to any region in South America and globally where co-
coa is planted, cultivated, and industrialized. The use of biogas or other biofuels in cocoa
residues has been little explored [2,3]. In addition, in this study, the potential of the use of
the cocoa residues in post-conflict areas in Colombia is addressed.



Energies 2025, 18, 3091

40f23

2. Materials and Methods
2.1. General Methodology for the Review

To conduct the review, a five-stage systematic mapping is illustrated in Figure 1. The
steps are as follows. (i) Define the research questions. The following questions were de-
fined: a. Which are the prioritized regions in the peace agreement in Colombia [6]? b.
What is the historical production of cocoa in the prioritized regions [54]? c¢. How are the
residues derived from cocoa cultivation produced [51]? d. What is the potential for bio-
gas production using these residues, as well as their yield [52,55-59]? (ii) Information was
obtained from the Scopus and Web of Science databases and the official websites of the
Colombian Ministry of Agriculture (Agronet), the Agricultural Institute (ICA), the Colom-
bia Fund for Peace, the Food and Agriculture Organization of the United Nations (FAO),
the National Administrative Department of Statistics (DANE), and the National Institute
of Health. In addition, the following keywords were analyzed: cocoa production in post-
conflict regions, residues, biogas, and biogas yield. These terms were introduced into of-
ficial databases and websites before mentioned. (iii) The inclusion and exclusion criteria
were defined as the year of publication (2002 to 2019) and the type of publication (articles,
books, book chapters). (iv) Documents that could answer the research questions related to
the study topic were selected from the database. The information obtained from the docu-
ments was synthesized and displayed in figures or tables to demonstrate that the research
questions were answered.

i.-Research
questions

ii .-Information
search (Scopus,
Springer, Official
pages)

SYSTEMATIC
MAPPING

iii. Inclusion and
exclusion criteria

v. Analyze and
argue results

iv. synthesize
evidence

Figure 1. Systematic mapping steps.

For research question (a) (What are the prioritized regions in the peace agreement in
Colombia?), the information was summarized using a map of Colombia, where the prior-
itized regions are clearly observed. For question (b) (What is the historical production of
cocoa in the prioritized regions?), the information that answers the question is shown us-
ing a bar graph of cocoa production in tons per year for each region. For question (c) (The
production of waste derived from cocoa cultivation), after applying the respective calcula-
tions, a table is obtained that mentions the type of waste and the percentage that this waste
represents in terms of the fruit and from there, the amount of waste generated for each ton
of fruit is shown. Finally, to answer question (d) (The potential for biogas production that
can be generated from waste), tables were raised that show the type of cocoa waste, the
percentage that this type of waste represents in terms of the fruit, the tons of waste gener-
ated, and the potential for biogas production in cubic meters for each ton of waste. (v) In
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the Results and Discussion sections, the results are thoroughly analyzed and evaluated,
culminating in the Conclusions.

2.2. Identification of Prioritized Regions

The first step of the specific methodology of this paper was to identify the prioritized
regions in Colombia. In this case, according to the Decree 893 of 2017 [60], a document
issued by the Presidency of the Republic of Colombia, in which the post-conflict regions
in Colombia were prioritized, was used in this research. This document defined the pri-
oritized regions that have a Territorial Development Plan (PDET), an instrument created
to accelerate the implementation and have the necessary resources defined in the peace
agreement [61].

2.3. The Cocoa Production in the Prioritized Regions

The second step of the methodology was to study cocoa production in the selected
regions. Cocoa production quantities were obtained from the information reported by the
Ministry of Agriculture of Colombia in the open-access database Agronet! for production,
planted area, harvested area, and crop yield during the period from 2007 to 2019. All
municipalities in the prioritized areas were studied, culminating in a comprehensive total
of 170 municipalities.

To perform searches related to cocoa production in the post-conflict regions of Colom-
bia, different databases containing information on agricultural production in Colombia
were located. The databases included as possible sources of information are mentioned as
the System for Rural Agricultural Planning (SIPRA) [62], Agricultural Library of Colombia
(BAC) [63], and Agronet [64] (the information and communication network of the Colom-
bian agricultural sector) [65].

To select the appropriate database, the comparison method of information retrieval
systems was applied. In their work, Ritchie et al. mention that the recovery search results
in databases and other information retrieval systems also support database comparison
methodologies [66]. The authors” methodology mentions two parameters in the selection
of databases: (i) relevance and agreement between evaluators (design) and (ii) statistical
validation of the data [67]. In the authors’ research, statistical tests were used to determine
the significance of their results; the test chosen depends on the nature of the data.

The design required the following first steps. The level of agreement of three review-
ers of the data obtained needed to be quantified [68] considering the timeliness of the data
(years) and how the data are presented (disaggregation, level of detail in terms of depart-
ments, municipalities, cities). Regarding the timeliness of the data (year), the SIPRA page
presented data up to 2017, the BAC page data up to 2018, and only Agronet showed data
up to 2019, so at this point, the best selection is Agronet. Regarding how the data are pre-
sented, SIPRA shows studies on cocoa production in the form of bulletins without specify-
ing production at the departmental level and BAC shows newsletters with cocoa produc-
tion data only from certain departments and regions, among which are not all of the post-
conflict regions that this study considers. Agronet provides information in two sections:
(1) the statistical information section breaks down topics such as agriculture, livestock, and
trade and (2) in the agricultural section, information related to agricultural production is
shown by crop type, period year (from 2007 to 2019), product (e.g., coffee, cocoa, others),
and department.

The Agronet database has the parameters of relevance and agreement between eval-
uators, and the statistical validation or data quality. Agronet database is subjected to val-
idation. Stokes et al. mentioned the following: Agronet database uses statistical tests to
determinate the significance of the results, and the chosen test depends on the nature of
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the data [69]. On the Agronet website, it is mentioned that the database can be subject
to the Friedman test to identify the differences between other databases in terms of preci-
sion, novelty, and availability. Deka et al. [66] mentioned that the ANOVA and Tukey’s
HSD tests are used to evaluate the difference between the mean of relevant/stable results.
Sewell et al. [69] mentioned that SIPRA and BAC do not have information about the reports
of statistical validation.

Regarding the information given above, it suggests that Agronet is the best database
to consider for the present study. On the other hand, it was found that according to [64],
Agronet is recognized as an efficient tool by all policy makers from all government lev-
els, technicians, academics, union leaders, and general citizens. Also, it is considered a
reference for most of the actors of the Colombian agricultural and academic sectors.

2.4. The Residues Derived from Cocoa Industrialization in the Prioritized Regions

Once information regarding cocoa production was obtained in the prioritized areas
in Colombia, a calculation of the total quantities of residues was performed. For the
calculation of residues generated during the cacao industrialization, the residue index
(RPR), i.e., the ratio of the residue produced to the main product, was used, according
to Equation (1) [61,70]:

[(Residues) _crop (ton) = (Product) _crop (ton)xResidue index(RPR) 1)

The energy production generated from residues is limited by their moisture content,
which is usually in the range of between 60% and 80%, and the feasibility of the technology
being applied [70]; a dry mass of the residues was obtained using Equation (2):

% ms = %mhx((100—%H))/100 ()

where ms is the dry mass, mh is the wet mass, and %H is the percentage of moisture of the
residue under study [34].

All of the data from the equations were obtained from different references according
to the general methodology of Figure 1.

2.5. Potential of Biogas Production Using Residues from Cocoa Industrialization in the
Prioritized Regions

Once the total quantity of residues is obtained, the following step is to study the po-
tential of biogas production. In this case and taking into account the general methodology
illustrated in Figure 1, a review of the literature was carried out using the Scopus and Web
of Science databases; the keywords cocoa, biogas, and production were introduced, words
that allowed us to answer the research questions posed (stage I of the MS systematic map-
ping). A total of 35 articles were obtained in Scopus and 37 documents from the Web of
Science (stage II of the MS) to identify a. technologies to produce biofuels, with emphasis
on the production of biogas from cocoa crop residues; b. the most widespread technolo-
gies used for the pretreatment of cocoa crop residues; and c. the information necessary
to calculate the potential for biofuel production using the quantities of waste generated in
post-conflict regions (stage III of the MS). Therefore, in each case, the biogas/biofuel pro-
duction performance (i.e., L of fuel/kg of waste) and operating conditions were identified,
then the evidence was synthesized (stage IV of the MS) to finally analyze the potential of
biogas in the post-conflict rural areas in Colombia and to discuss the obtained results (stage
V of the MS).
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3. Results and Discussion
3.1. Identification of Prioritized Regions Subsection

Decree 893 of 2017 considered the following criteria for the prioritization of regions:
a. high levels of poverty (i.e., extreme poverty and unmet needs); b. degree of affectation
derived from the conflict; c. weak administrative institutions and management capacity;
and d. the presence of crops for illicit use and other illegitimate economies [34]. The mul-
tidimensional poverty index is ranked as 72.8%, in contrast with 49.0% for the national
level [59]. It is mentioned that in prioritized or post-conflict regions, strategies to reduce
poverty must include the social and productive inclusion of the population.

The concept of post-conflict not only recognizes the absence of conflict but also the
transition to lasting peace, which influences social cohesion and increases the potential to
improve the use of natural resources, the consolidation of peace allows for better function-
ing of the sustainable land use systems including agriculture and the cultivation of regional
products [3,4]. Multidimensional poverty is greater in post-conflict regions of Colombia
than in those where access to land and crops are adequate; poverty resulting from conflict
undermines social trust and cohesion [5].

Moreover, 67.0% of the prioritized regions have between a very high and high inci-
dence of armed conflict, and 94.2% of the illicit crops are concentrated here. During 2015,
those regions, according to the comprehensive municipal performance evaluation score,
had average efficiency and efficacy components of 56.4 and 66.1 in comparison to the na-
tional scores of 59.8 and 75.3 [71]. In terms of economy, agriculture is the third largest
sector of all economic activity after social services and mining [59,72].

As a result, 16 subregions with a total of 170 municipalities were prioritized that re-
spond to similar levels of development, history, and economic activities and are home to
6.8 million inhabitants, with 56% living in rural areas]. Thus, the prioritized regions are
presented in Figure 2.
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Figure 2. Prioritized regions in Colombia post-conflict.
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3.2. Cocoa Production in the Prioritized Regions

According to the specific methodology of this study and as shown in Section 2.1,
studies of the total cocoa production from the years 2007 to 2019 were obtained for
the 170 prioritized post-conflict municipalities (www.agronet.gov.co, accessed on 8 April
2025) [73]. The results show a 123% increase in production, from 18,260 tons in 2007 to
40,740 tons in 2019.

Yearly regionalized production is presented in Figure 3, where it can be observed that
the departments of Arauca, Antioquia, Norte de Santander, Cesar, and Tolima have the
highest cocoa production during the analyzed period. Arauca was the department with the
highest production, with 6270 tons in 2007 and 12,360 tons in 2019, whereas Norte de San-
tander had 4160 tons in 2007 and 3990 tons in 2019. Cesar produced a total of 2180 tons in
2007 and 3660 tons in 2019, whilst Tolima 2007 had a production of 2740 tons and 1700 tons
in 2019. As can be seen in the results, Arauca and Cesar increased the production of cocoa
from 2007 to 2019; however, Norte de Santander and Tolima reduced the production by
4% and 38%, respectively.

14,000 |

Il Antioquia [l La Guajira ‘
I Arauca Meta
Bolivar [l Narifno
I Cauca I Norte de Santar
12,000 | Cesar [ Putumayo ]
|Choco I Sucre
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=)

é 8000 — —

(=1

(=]

k=

o

B

la~]

‘E 6000 H =1
4000 =1
2000 ‘ =1

o Whlal s AN oL |.ILI: [k |IJ. ||4 Lt d IIi ! I[I. | | I
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Figure 3. Regionalized cocoa production in post-conflict regions (ton). Source: own elaboration
using information from Agronet (www.agronet.gov.co, accessed on 5 March 2025) [73].

3.3. Amount of Residues Derived from Cocoa Industrialization in the Prioritized Regions

Residues generated during the industrialization process of cocoa are shown in
Figure 4. Three types of waste are mainly produced:

o  Cocoa pod husks (CPHs) constitute the external part of the fruit and are composed
of three layers (endocarp, mesocarp, and epicarp). It is the most abundant residue
(i.e., between 67% and 76% of the mass of the cocoa fruit) and it has been the most
studied by several authors [74-76]. Among the studies stand those that have found
the use of CPH as a precursor for the production of biofuels and fertilizers [77], and
the production of low added value products such as soaps or animal feed [28].

e  Mucilage (CM) is a residue of whitish appearance that constitutes a fraction of the
pulping process. This is a controlled fermentation where biochemical reactions at-
tempt the separation of the grain from the mucilage. The amount of this residue de-
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pends on the type of cocoa, the state of maturation, and its physical integrity [28] and
is usually between 3 and 5% of the weight of the total fruit [28,78].

e  Cocoa bean shells (CBS) constitute around 2.8% of the weight of the fruit [70,79,80]

and represent around 10-17% of the total weight of cocoa beans [80].

(cocoa bean shell

Cocoa bean

Mucilage

Cocoa Pod husk

Figure 4. Industrialized cocoa residues. Source: adapted from [28].

It is estimated that approximately 10 tons of residue is produced for each ton of indus-
trialized product [28,81] and that the average of the moisture content of the different frac-
tions of cocoa residues is 85, 82.5, and 71% for CBS, CM, and CPH, respectively [74,80,82].

The total quantities of waste generated during cocoa industrialization in post-conflict
areas in Colombia were calculated according to Equation (1), considering the cultivated
quantities of cocoa between 2007 and 2019 (Figure 3) and the average production of the
residue according to the references. The results are presented in Table 1, where it can
be seen that during 2007, there was a total production of 18,260 tons of cocoa (on a wet
basis) in the post-conflict regions, with an estimated 182,600 tons of residue produced,
discriminated as 26,400 tons of CBS, 23,000 tons of CM, and 133,200 tons of CPH. In 2019,
the production of cocoa (on a wet basis) was 40,740 tons, with 407,400 tons of residues,
discriminated as 58,960 tons of CBS, 51,300 tons of CM, and 297,200 tons of CPH.

Table 1. Potential of residues production from the industrialization of cacao in the post-conflict

regions in Colombia.

9% Residue Cacao Production Residue Production
Residue (Wet Basis) (Wet Basis) (Wet Basis)
in 2007 and 2019 [ton] in 2007 and 2019 [ton]
Cocoa bean shell (CBS) 14.5 26,420-58,960
Mucilage (CM) 12.6 23,000-51,280
Cocoa pod husk (CPH) 72.9 133,200-297,200
Total 100.0 18,260-40,740 182,600-407,400

To demonstrate the potential for waste production, the cacao variety used in the anal-
ysis must be considered. There are three genetic groups of cacao trees or varieties: Criollo
(T. cacao spp. Criollo), Forastero (T. cacao spp. Sphaerocarpum), and Trinitario [83].

Criollo cacao is currently grown in Colombia. This type is of higher quality and repre-
sents only 5% of the total cacao produced worldwide. In Ecuador, the so-called Forastero
cacao is grown, which is of medium quality and accounts for 75% of global production.
Trinitario cacao, a hybrid between Criollo and Forastero, accounts for 20% of the global
total and is produced in the same areas where Criollo cacao is produced [84].

Criollo cacao is considered a fine variety of so-called aromatic cacao, used to make
much sweeter and less bitter chocolates. This variety represents 10% of global annual pro-
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duction. Forastero is the most widely cultivated variety, accounting for almost 90% of
global production; it grows mainly in West Africa (Ivory Coast, Ghana, Cameroon, and
Nigeria) and has little flavor or aroma.

Trinitario is a hybrid derived from a variety obtained on the island of Trinidad; de-
rived from the crossing of the two previous varieties, it is more aromatic than the Forastero
and more resistant than the Criollo [53].

It is estimated that between 80% and 90% of total cocoa production is discarded as
waste, and only between 10% and 20% is destined for the market (cocoa beans) [15].

After harvesting the cocoa fruit, the first residue produced during pulping is the cob
husk (CPH), the main residue generated in cocoa production, which represents between
52 and 75% of the weight of the fruit; other authors such as [53] mention that they rep-
resent between 70 and 80% of the weight of the fruit, though this depends on the variety
of cocoa and the way of processing it [53]. The authors also mention that it should be
considered that these proportions depend on the climatic conditions—temperature and
humidity —determined by the geographical location of the cocoa plantations. As observed,
the variation in the amount of CPH generated ranges between 5% and 18%. If we compare
the three varieties of cocoa, studies such as [27] determine that, in general, the so-called
Trinitario generates the greatest amount of waste, followed by the Criollo and finally the
Forastero; however, this cannot be generalized because other factors influence the genera-
tion of waste, as mentioned above.

As will be seen later, the CM mucilage is obtained after cocoa processing by manip-
ulation and pressure; it is obtained from the pulping of the fruit, after splitting the cocoa
pod in half [27]. The amount of mucilage generated as a residue depends on the type of
cocoa, the maturation, and the physical integrity of the fruits. The data show that the CM
represents 8 and 13% [27,53] of the total weight of the fruit; a variation of 5% is verified,
according to the author mentioned [85,86]. This percentage of variation depends on the
factors already mentioned.

3.4. Biogas Production Potential from the Waste Studied, and the Production Yield of Each Type
of Waste

In Colombia, Law 1715 of 2014 establishes regulations for the integration of non-
conventional renewable energy, including biogas and biomethane, into the National En-
ergy System, providing a solid legal framework and offering investment incentives [87].
This law incentivizes the development of renewable energy in Colombia to reduce de-
pendence on a single technology, maintain a clean energy generation matrix, and reduce
the risks associated with relying on energy imports. In Colombia, the biofuels policy
is the strongest element of the country’s energy security strategy. Biofuels reduce the
need to import diesel or gasoline by replacing a percentage of each gallon with ethanol
or biodiesel [88]. The law mentions that in the case of individuals and the self-government
structures of Indigenous peoples and communities and of peasant, Black, Afro-Colombian,
Raizal, and Palenquera communities that are constituted as Energy Communities, they
may be beneficiaries of public resources for the financing of investment, operation, and
maintenance of theses infrastructures [87]. Additionally, Law 2099 of 2021, in addition to
making numerous modifications and additions to Law 1715 of 2014, authorized the Min-
istry of Energy and Mines to promote the development and research of energy products
of organic and renewable origin to issue the regulations that allow their inclusion within
the national energy matrix [53].

Biofuels for domestic consumption, as in South American countries, have also been
promoted in some sub-Saharan African countries, especially in landlocked countries such
as Malawi [53].
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Cocoa cultivation is of great socioeconomic importance in Latin America and the
Caribbean (LAC) as it is one of the main export products, both as a raw material and as
processed products. There are approximately 1.8 million hectares planted in Latin Amer-
ica and the Caribbean [69]. Cocoa is cultivated from Mexico to Brazil, the latter being the
most important in terms of planted hectares, accounting for 40% of the region’s total. The
countries that follow in terms of planted hectares are Ecuador (24%), Colombia (9%), the
Dominican Republic (9%), Peru (6%), and Venezuela (4%) [85]. Nearly 90% of production is
cultivated in family farming (FF). In the region, cocoa cultivation has a long history linked
to millions of people, many of them linked to AF, so it is a source of economic income and
favors the redistribution of the wealth of the countries [53].This crop constitutes an alter-
native to face the effects of climate change and is currently key to carrying out peace pro-
cesses, constituting a viable option to replace illicit crops and other less profitable crops in
several countries such as Colombia. In Colombia, with the signing of the peace agreement
between the FARC and the national government in November 2016, access to producing
farms that were located in conflict zones was facilitated, as well as to new areas suitable for
cocoa [8]. Regarding job creation, it is estimated that in Colombia, three hectares of cocoa
generate one direct job and one and a half (1.5) indirect jobs. Between 2013 and 2018, direct
jobs related to cocoa production activities increased from 51,000 to 62,000, and indirect jobs
increased from 75,000 to 93,000 [8].

In countries like Ecuador, cocoa production has a significant impact on the country’s
economy, providing an important source of employment and generating income for farm-
ers and their families. According to estimates by the Ministry of Agriculture and Livestock,
cocoa cultivation in Ecuador generates approximately 500,000 direct and indirect jobs [89].

The production of raw materials for biofuels has been associated with various socioe-
conomic and environmental impacts at the local level. Economically, it has been shown
to boost rural development and increase population income [90]. In this regard, local re-
sults are positive due to the participation of rural communities in the production of raw
materials, their transportation, processing, and final use in obtaining biogas [86,91]. These
positive aspects are also related to household income, poverty alleviation, and increased
food security [92].

In these contexts, biofuels are perceived as a way to increase the energy security of
countries and, at the same time, boost rural development and poverty reduction through
the generation of income and rural employment [12,86]. Installing and operating biogas
production plants not only allows for the proper use of waste from local agricultural prod-
ucts, but also generates employment because they require the collection and transportation
of biomass, and once at the plant, personnel with different levels of education are required
to monitor its operation [93].

In addition to influencing the improvement in the quality of life of households, in-
creased income can also have additional impacts on human well-being, for example, by
facilitating better access to food. Access to mass consumption goods, such as clothing,
food, and household items, is also improved [92,94].

Biogas technology offers a sustainable and environmentally friendly solution to meet-
ing energy needs, especially in rural areas.

Although biogas technology has several advantages, the main problem hindering the
technology’s penetration in rural areas is the high maintenance cost of digesters [12,86].
The lack of knowledge regarding the maintenance of biogas storage systems is the biggest
challenge to biogas production in rural China. Other challenges include the lack of techni-
cal knowledge and the complexity of some biogas digester designs.

On the other hand, [92] summarize the main challenges encountered in rural areas of
Limpodio, South Africa, which can be extrapolated to the reality of rural areas in South
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America [12]. These challenges are summarized as the following: limited resources avail-
able, technical challenges (digesters do not work, biogas production is limited, access to
technical personnel is limited), knowledge problems (lack of awareness, perceptions about
biomass, mistrust about the operation of biodigesters), and socioeconomic factors (restric-
tions, high investment, little financial support from institutions). They also mention that
most biogas users are unaware of the operating principle of the technology. This lack
of knowledge makes the operation, maintenance, and even technical service of biogas di-
gesters difficult. This also results in suboptimal production, since the biogas requirements
for optimal production are not fully met. Despite the difficulties and challenges that de-
termine the adoption of biogas technology in post-conflict areas of Colombia, it is possible
to apply it because this technology responds to the needs of rural areas, especially when
integrated with agricultural practices [86].

Although biogas technology presents difficulties, comprehensive policies addressing
the construction and operation of high-efficiency biogas systems could resolve the existing
dilemmas in their operation [87,88]; furthermore, if rural households were subsidized for
the operation and maintenance of high-efficiency biogas systems, this could increase their
production [91,95,96].

The main biofuels are bioethanol, biogas, and biodiesel. Bioethanol is a type of alcohol
that is produced from materials rich in sugars and is mainly used for vehicles mixed with
gasoline. In post-conflict regions, the presence of vehicles is limited or non-existent [22].
On the other hand, biodiesel is produced from vegetable oils and animal fats, which in post-
conflict regions of Colombia are limited; biodiesel is used mixed with diesel to be used in
engines [97]. Biogas is obtained from the decomposition of organic matter in the process
of anaerobic digestion and is mainly used to generate heat and electricity and, unlike the
previous two, it is more useful in rural areas because it is in these areas where conventional
energy is limited [90,98].

Biogas is widely distributed in countries with developed agriculture (such as India,
China, Brazil, etc.), which makes it an economically and ecologically viable option as a
simultaneous solution to waste treatment problems and energy demand [99]. The main
problems associated with the production of ethanol as a fuel are economic and environ-
mental. The economic problems are related to the prices of cereals that compete with its
use as food [100], which is scarce in post-conflict areas of Colombia. A more attractive op-
tion in rural areas is the production and use of biogas because it is always related to the
simultaneous processing of waste and energy production with the closing of the carbon
cycle at the local level [98,99].

The potential for using cocoa residues to generate energy is promising [12], and
some experiences show that the yield values are good enough to consider these
possibilities [12,13]. However, in the post-conflict regions of Colombia, there is no evidence
that anaerobic digestion plants in can use cocoa residues as a substrate [8-10].

Recent studies have reported the use of cocoa industrial wastes to produce solid, lig-
uid, and gaseous biofuels [27]. Different types of biofuels can be obtained from cocoa
residues: biogas, ethanol, methanol, biodiesel, etc. [27]. Cocoa pod husks (CPH) are one
of the most studied; however, they are underexploited [30,82].

According to [76,101,102] anaerobic digestion, compared to other biofuel production
processes, is at a more advanced level of technological maturity and sectoral development,
which allows the treatment of organic matter from different types of waste or materials
of agricultural origin and also integrates the generation of renewable energy with the de-
velopment of the circular economy and waste management in the same process. On the
other hand, from a technical point of view, anaerobic digestion generates environmental
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and economic advantages derived from the integration of the recovery of different wastes
in a single facility [77,102].

Tables 2—4 summarize studies on technologies to produce biogas from industrial co-
coa residues. Biogas is one of the most versatile sources of renewable energy [84]. The
obtainment and use of biogas has many advantages compared to bioethanol and biodiesel,
the main one being that it is the only renewable energy that can be used for all energy appli-
cations, whether as fuel, or for thermal or electrical applications, according to M. K [103].
The processes of recovery of cocoa residues in anaerobic digestion produce digestate. In
addition, mentions that for every ton of CPH, 0.89 tons of digestate are produced [80]. This
can be used as high-quality fertilizer, which has not only economic but also environmental
benefits [81] because it can replace traditional fertilizers, which allows increased produc-
tivity in the fields of livestock and agriculture.

Table 2.

Potential production of biogas from CPH residues.

AD = anaerobic digestion.

CPH = cocoa pod husk.

Yield Operation Conditions Biofuel Use Comments Ref.
Different studies have emphasized
that CPH is a potential biomass
Using the SMP (Specific Methane resource for further valorization into
Production) values and based on bioenergy and biobased products
10,000 kg wet weight substrate N/A with the biorefinery approach. [27]
samples, the electrical potential was Ghysels et al., for example, claimed
estimated to be in the range of that the combination of AD with
1192-1284 kWh. slow pyrolysis technology generated
not only biogas but also biochar
and biooil.
Co-AD was evaluated using a 3:1 ratio of
CPH and cow manure (volatile solids), Production of biogas was for the
20-25% by weight of biogas for 117 days, 400 mL of functional volume, digesti % 21% b ioht
mono-digestion and co-digestion. mesophilic conditions (35 °C), and an mo EO 1§ESHOn o fo 4}:/&“2725 CH 36
Direct pyrolysis of CPH produced increase in organic load from 1 to WIZI fa Comg(])jsmfoznsoo/ S . }: ; [36]
48% by weight of biochar. 4 VSS/L per day. With those conditions, 280/ 1;) T eo-Ato o by weight an
e . o o by volume of CHy.
a significant improvement in biogas
production was observed.
Given its high lignocellulosic content,
CPH is difficult to break down for Obtention of fertilizers using the
bacteria; therefore, it is necessary to Pretreatment using Pleurotus Ostreatus structural characteristics of the
pre-treat to allow its use as a cepa for 28 days, with results residues, use of residues in sanitary [53]
substrate for biogas production comparable with those obtained with field, antioxidants, biofuels such as
through AD. Pre-treatment chemical (acid) pretreatment. biogas, ethanol, methanol, biodiesel,
improved digestion rate, obtaining and solid fuels.
up to 71% biogas yield.
Temperature of 40 °C, biodigesters were
connected to gas holders and kept at
357 L(N)/kgVs; 40 °C during 70 days of AD using N/A [81]
55% methane content. two cocoa varieties. Inoculum was used,
sludge from an AD biodigester of
bovine manure.
650 L(N)/kgVS. Production of biogas Direct sale to consumers as methane
reached its maximum around day 11, Temperature 100 °C, co-AD using CPH content was between 63 and 66%
being higher for the case of CPH and chicken manure as co-substrate and/or injection into the electricity [104]

treated with H,O, reaching
600 L/kgVS.

during a 30-day retention period.

grid. The purification of biogas was
not discussed in the paper.
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Table 3.

Potential production of biogas from CBS residues.

VS = volatile solids.

CBS = cocoa bean shell;

Yield Operation Conditions Biofuel Use Comments Ref.
Biogas yield was 21% = 3.6% by Mon.odlg.estlon. of cocoa resuiges and
weight after the monodigestion co-digestion with cow dung using a N/A [36]
temperature of 350 °C and 500 °C.
Production for 40 days using batcb t ests Biomethane produced was converted
under controlled mesophilic conditions.
C . . . . to thermal energy, 0.840 kWh/kg VS,
CBS is a lignocellulosic residue. Biomethane production was measured . . - o
re . with a conversion efficiency of 50%.
Pretreatment conditions used were by the water displacement method, and The heat enerey required in the [76]
3 hand 120 °C. Specific methane the inoculum was collected from a pretreatment %ﬁit vC\{zas equal to
yield was 226 £ 27.0 L CHy/kg VS ﬁzgrlel;iza;fl ?‘,]3 }Felantegz; :Z?Ei:;f;alo 1.231 kWh/kg VS, which produced a
Ve negative value of —0.391 kWh/kg VS.
mozzarella factory.
The bovine manure presents a Biogas produced in biodigesters can
composition that allows the definition of =~ be used as a source of heat or
the initial concentrations of substrate in ~ electricity generation in any of the
the process. The initial concentrations of ~ following uses: (i) generation of heat
N/A bacteria in cattle manure are small, or electricity in a boiler; (ii) electricity =~ [97]
approximately 0.01 g/L for acidogenic generation in motors or turbines;
and acetogenic bacteria and 0.001 g/L for  (iii) production of liquefied natural
methanogenic bacteria. The gas or methanol; and
concentration of cocoa shell is 30g/L. (iv) vehicle fuel.
Biogas production required a minimum
time of 15 days. Carbon and nitrogen are  Biogas would be the most advisable
the main sources of food for for domestic use in the marginal
methane-forming bacteria. Operation sectors of the coast and the east of
N/A variables such as pH 7, temperature Ecuador, where farmers do not have  [105]
35 °C, stirring nutrients of 1% in the mix, the possibility of accessing
particle size, and atmospheric pressure, continuous gas service liquefied
0.740 atm, remained constant in this petroleum (LPG).
investigation.
. . . Sludge collected in the grease
Four typical organic residues were separation facilities presented high
The highest methane yield was tested to determine their potential pare °P &
. S . specific methane yields, between 350
obtained by a sample composed of methane yield: CBS, cheese whey, dairy and 388 L CH. /ke VS. Despite low
manure (60%), milk sludge (35%), sludge, and dairy manure. Anaerobic 47K Vo P [106]

and CBS (5%) and produced 32.5 L
CHy/kg sample.

inoculum was collected from a pilot
CSTR digester that processed the
screened liquid fraction of dairy manure.

methane yields, the anaerobic
codigestion of organic waste from
the dairy industry would be a good
management strategy.

An anaerobic digestion plant provides a wide range of environmental and social ben-
efits for the actors in the system. The main product of the process is biogas. This is a
high-quality, renewable fuel that can be used efficiently for electricity generation, thereby
reducing greenhouse gas (GEI) emissions and dependence on imports [81].

On the other hand, [80] concluded that when using cocoa residues, the two most ef-
fective treatment technologies for the recovery of CPH are hydrothermal carbonization
and anaerobic fermentation since their potential in the production of biogas has already
been proven. Likewise, Rico et al. [83] noted that cocoa shells (CPH) showed the highest
methane yield compared to organic waste such as sludge and cow manure.

The use of cocoa residues for biogas production using anaerobic digestion (AD) is a
relatively simple alternative that allows a reduction in the mass of such residues [40]. How-
ever, given their high content of lignocellulosic material, sometimes it is necessary to pre-
treat them to increase the availability of organic material, therefore increasing the feasibil-
ity of the conversion via biofuel production. The pretreatment technologies used for cocoa
and specifically for CPH are important issues in the application of biofuel generation pro-
cesses (for example, biogas and ethanol) in small- and large-scale cocoa-producing coun-
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tries. The high availability of waste from cocoa is essential [87]. According to DANE data,

in 2019 in Colombia, 64,281 tons of cocoa were produced, which represents approximately
642,000 tons of waste; in Ecuador, according to ICCO, (2016) [10], 234,000 metric tons of
cocoa beans were produced per year and each ton of dry cocoa beans generated between

10 and 15 tons of wet cocoa residue, which consisted mainly of pods [53], CBS, a ligno-

cellulosic material obtained from the roasting process, has valuable nutritional compound

content thanks to the migration of polysaccharides, phenols, methyl xanthines, and caf-

feine from the cocoa grains during the fermentation process [27] Also, the potential for

energy production using CBS lies in its high calorific value, which is slightly higher than

that of wood. In the article by [50], the authors present a review of the possibilities of ap-

plying the concept of biorefineries using the different types of residues generated during

the industrial processing of cocoa [50]. For instance, direct combustion was studied, and a

high potash content was found in the ashes; therefore, the use of this process needs more

analysis [64]. In the case of AD, to ensure adequate stability of the process, the decisive fac-
tor is the C/N ratio, whose optimal range is from 25 to 32. The CPH has a C/N range of 28 to
34; therefore, it has been considered as a promising material for the application of AD [81].

Table 4. Potential production of biogas from CM residues. CM = mucilage. COD = chemical oxygen

demand.
Yield Operation Conditions Biofuel Use Comments Ref.
The best carbon-to-nitrogen C/N ratio for
the anaerobic digestion process is 20-30.
Temperature work under mesophilic Captured and used for the
N/A conditions: 20-45 °C. pH: Methanogens  generation of energy (as heat or as [80]
work efficiently between pH values of power) and liquid fertilizer.
6.5-8.2, reaching their optimal
development with a pH of 7.
The semicontinuous biogas evaluation
was carried out through the operation of
two ASBR-type reactors. Biodigesters
. . made of PVC with a total volume of 6 L
Maximum methane yields of d leavi head 1L N/A 97
636 NmLCH,/g were obtained. were used, leaving a head space o ’ 7]
The biodigesters were operated at a
room temperature of approximately
30 °C. The MC had a humidity of
92.63%.
The increase in the rearing of pork,
For AD 433-459 L of biogas/kg .Cotﬁee’ t"’.‘nd Coioa:“lggesf for th
COD (total organic load) with a Reactors were operated under g;liﬁz;;fnpgfe; IZHEZka?strZies ¢
CHj content of 70%, respectively. mesophilic temperature (35 °C), and the However. fluc tua%ion in the ’
Dark fermentation (DF) was inoculum used for experiments (AD and o ductic;n of these residual
evaluated as a second operation, DF) was obtained from a wastewater p [105]

and the production of biogas
ranged from 602 to 864 L of
biogas/kg COD with CHy (25-51%),
CO;, (30-35%), and H; (17-40%).

treatment plant of a dairy company that
was pretreated via a heat shock (30 min
at 100 °C).

biomasses may represent a weakness
for the perspective evaluations. A
periodic update of the input data for
the models is necessary to better
follow the dynamics of

future production.

Research conducted by [101] presents the results obtained from technical, economic,

social, and environmental analyses of different alternatives for thermo- and biochemical

conversion processes using cocoa residues for the production of heat and power in rural ar-

eas of the Cote d’Ivoire (i.e., direct combustion, gasification, pyrolysis, anaerobic digestion,

and hydrothermal carbonization). This investigation concludes that CPH is a material that,

in addition to being abundant and not competing for land, has a high calorific value, i.e.,
17.9 MJ/kg vs. 18.6 M]/kg for wood (dry basis) [24].
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The study concluded that from the examined alternatives, AD and hydrothermal car-
bonization are the most feasible due to six factors being considered, such as the efficiency
in the coal conversion and in the electrical energy production, requirements for raw materi-
als, products, use of products, and cost. In the case of AD, the reactor model analyzed was
a continuous flow horizontal reactor operating under thermophilic conditions. Biogas pro-
duction was calculated as 208.1 m3/ton of wet CPH, with a methane concentration of 53%.

The study by [76] showed that CPH was effectively pretreated using a 7.5% (w/v) aque-
ous solution of hydrogen peroxide (H,O,) at a temperature of 30 °C, with 130 rpm for
75 min, before the co-AD process of a mixture CPH/chicken manure which produced a su-
per habit of 134 kWh of heat from the biogas, a methane content between 63 and 66%, and
therefore can be used for direct supply or converted to electrical energy.

The potential of biogas is calculated in relation to the obtained residues and taking
into account the dry bases of the residues and the yield of biogas. Table 5 shows the
obtained results.

Table 5. Potential production of biogas and biofuels from cocoa residues.

% Residue Yield Biogas Production

Residue (Wet Basis) (m3/ton of Residue) Ref.
Cocoa bean shell (CBS) 14.50 279.0 [81]
Mucilage (CM) 12.60 490.0 [53,78]
Cocoa pod husk (CPH) 72.90 306.85 [7[17’:]7]
Total 100.0

The potential available electricity in the 170 municipalities of the prioritized areas in
Colombia based on the biogas production from cocoa residues is shown in Tables 6 and 7.
The electricity production potential was calculated considering that every 20 m> of methane
can produce 250 KWh of electricity, the 56% methane of biogas, 12.5 KWh/m? from
the methane, and a daily average electricity consumption per capita in Colombia of
3.87 KWh [49,52,90,98]. According to the results, the daily electricity potential production
will be 1393 MWh in 2007 (141 from CBS, 216 from CM, and 1036 from CPH) and 3109 MWh
in 2019 (315 from CBS, 482 from CM, and 2312 from CPH). However, if we take into account
the results of Macini et al. [76], the daily electricity potential production will be 531 and
1186 MWh in 2007 and 2019, respectively, only taking into account the CPH residues.

Table 6. Potential production of electricity and inhabitants in relation to the production of cocoa
in 2007.

Residue Production Anr‘lual Biogas‘ Da'ily Biogas ) Dai!y Methane‘ Daily Electricity Inhabitants to
(Wet Basis) [ton] Potential Production  Potential Production Potential Production = Potential Production Be Supplied
(10° m?) (103 m?) (103 md) (MWh) PP
CBS: 26,420 7.37 20.19 11.31 141.40
CM: 22,980 11.26 30.85 17.28 215.90
CPH: 133,200 54.02 148.0 82.87 1036
Total: 182,600 72.65 199.0 111.50 1393 360,000

Table 7. Potential production of electricity and inhabitants in relation to the production of cocoa

in 2019.
. . Annual Biogas Daily Biogas Daily Methane Daily Electricity .
Rf‘f\l,jtu ;iﬁg;ﬂ Rz:;)n Potential Production  Potential Production  Potential Production  Potential Production Igtasbl;taxitisé(tio
(106 m3) (103 m?) (103 m3) (MWh) 4
CBS: 58,960 16.45 45.07 25.24 315.50
CM: 51,280 25.13 68.85 38.55 481.9
CPH: 297,200 120.50 330.30 185.0 2312
Total: 407,400 162.10 444.20 248.70 3109 803,400
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4. Conclusions

This study determines the potential application of cocoa residues for biogas produc-
tion in post-conflict areas in Colombia; a total of 170 municipalities from 16 subregions
were prioritized, having 6.8 million inhabitants, with 56% living in rural areas.

The production of cocoa in the prioritized regions showed an increase from 18,260 tons
in 2007 to 40,750 tons in 2019, highlighting the departments of Arauca, Antioquia, Norte
de Santander, Cesar, and Tolima.

The studies reviewed highlighted several factors: (i) the need to combine or inte-
grate technologies (anaerobic digestion, pyrolysis, and dark fermentation) among others
to achieve higher yields; (ii) the need to make technologies energetically self-sustainable,
which may involve coupling different technologies such as anaerobic digestion/slow pyrol-
ysis to increase the possibility of biofuel/biochar/chemical production; and, (iii) depending
on the specific market situation, the product portfolio produced can be high quality energy
and/or other products.

In addition, there are still some challenges to make the recently developed technolo-
gies feasible for use in remote and deprived regions such as those prioritized in post-
conflict Colombia. The main challenges are as follows: (i) distances between the cacao
growths to optimize the trades off between fuel consumption during transportation and
energy been produced; (ii) pretreatment required to make the residues, especially the co-
coa pod husk, a suitable material for subsequent biogas production; (iii) market creation
and price competitiveness; (iv) more environmental studies on the possibility of using bio-
gas plants in these areas.

Although challenges are encountered in introducing biogas technology in post-conflict
regions, there are government policies seeking to integrate biogas as a non-conventional
renewable energy into the National Energy System. Investment in these technologies al-
lows for the design, implementation, maintenance, and safe operation of future biogas
production facilities.

The industrialization of cocoa produced 26,420 tons of cocoa bean shell in 2007 and
58,960 tons in 2019; 22,980 and 51,280 tons of mucilage in 2007 and 2019; and 133,200 and
297,200 tons of cocoa pod husk in 2007 and 2019, producing biogas for heating and cooking
purposes or to supply electricity for 360,000 inhabitants in 2007 and 803,409 inhabitants
in 2019.

The implementation of biogas production plants in post-conflict zones requires ad-
equate coordination between the communities in post-conflict zones, the government, in-
vestors, and the technical and operational personnel who will introduce these technologies.
It is recommended that the first plants be pilot plants with moderate production capacities,
so that as their operations stabilize, they can grow in production capacity. This will require
the involvement of other stakeholders, such as cocoa producers, the Colombian energy sec-
tor, government authorities, and academics, who will provide support and raise awareness
among the population about the advantages and disadvantages of this technology and how
to efficiently operate the facilities.

This study has limitations in terms of the amount of information presented on the so-
called residue index (RPR); however, it is sufficient to guarantee a good approximation of
the amount of biogas that can be generated in the areas studied. It is necessary to corrob-
orate the RPR data with experimental data in different regions of South America and the
world where cocoa is grown and industrialized.
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\& volatile solids

UNFCCC  United Nations Framework Convention on Climate Change
CPH cacao pod husk

CM mucilage

CBS cocoa bean shell

AD anerobic digestion

Agronet  Ministry of Agriculture of Colombia

ICA Agricultural Institute

FAO Food and Agriculture Organization of the United Nations
DANE National Administrative Department of Statistics
PDET Territorial Development Plan

RPR residue index

MADR Ministry of Agriculture and Rural Development
MS systematic mapping

GEI greenhouse gas emissions

SMP specific methane production

C/N carbon nitrogen

COD total organic load

DF dark fermentation

ASBR anaerobic sequencing batch reactor
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