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ABSTRACT

Increasing energy demands around the globe require alternative sources of energy. Considering the large amount of agro-industrial
and agriculture-related activities in Colombia, energy generation from biomass waste is a promising option to meet the energy needs
of the country. Anaerobic digestion (AD) is a good alternative to use these wastes. In this study, several potential substrates for biogas
generation using AD systems were identified through a literature review. Vinasses, palm oil industry residues, swine manure, coffee
industry residues, and municipal solid wastes were found as potential substrates for AD. Considering factors such as composition,
the amount of waste production, availability, and their relationship with important Colombian economic activities, three substrates
were selected to perform biochemical methane potential (BMP) experiments. The selected substrates were swine manure (SM), palm
oil mill effluent (POME), and coffee residues (CR). The obtained BMP values were 240, 465, and 314 NmLCH /g VS, respectively. An
analysis of kinetic parameters analysis was conducted for the BMP experiments, based on the logistic and Gompertz models. It was
seen that the AD of SM starts faster than in the other evaluated substrates. Nevertheless, the overall methane production rate was the
highest for POME, followed by CR. SM had the lowest methane production yield. The obtained values of BMP, kinetic parameters, and
those collected during the literature review can be useful for the design and implementation of AD systems in Colombia. Moreover,
attention should be paid to substrates such as POME, which have a high energy production potential.

Keywords: anaerobic digestion, biogas, biochemical methane potential, wastes

RESUMEN

El aumento de la demanda de energia en el mundo hace necesaria la bisqueda de fuentes alternativas de energfa. Considerando la
amplia actividad agroindustrial y agropecuaria en Colombia, la generacion de energia a partir de residuos de biomasa es una opcion
promisoria para satisfacer las necesidades energéticas del pais. La digestion anaerobia (DA) es una buena alternativa para aprovechar
estos residuos. En este estudio se identificaron varios sustratos potenciales para la generacion de biogds utilizando sistemas de DA a
través de una revision de la literatura. Las vinazas, los residuos de la industria del aceite de palma, el estiércol porcino, los residuos
de la industria del café y los desechos sdlidos municipales se consideraron como sustratos potenciales para la DA. Considerando
factores como la composicion, la cantidad de residuos producidos, la disponibilidad y su relacion con importantes actividades
econodmicas colombianas, se seleccionaron tres sustratos para realizar experimentos de potencial bioquimico de metano (BMP). Los
sustratos seleccionados fueron estiércol porcino (SM), efluente de la industria de aceite de palma (POME) y residuos de café (CR).
Los valores de BMP obtenidos fueron 240, 465 y 314y NmLCH /g SV respectivamente. Se realiz6 un andlisis de parametros cinéticos
para los experimentos de BMP con base en los modelos logistico y de Gompertz. Se vio que la digestion anaerobia de SM inicia
mas rapido que en los otros sustratos evaluados. Sin embargo, la tasa de produccion de metano fue mas alta para POME, seguida
por CR. SM tuvo la tasa mas baja de produccion de metano. Los valores obtenidos de BMP, parametros cinéticos y los recolectados
durante la revision de la literatura pueden ser de utilidad para el disefio e implementacion de sistemas AD en Colombia. Aln mas,
debe prestarse atencion a los sustratos como POME, que presentan un alto potencial de produccién de energia.
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EVALUATION OF POTENTIAL SUBSTRATES FOR BioGAs PRODUCTION IN COLOMBIA USING ANAEROBIC DIGESTION SYSTEMS

Introduction

In recent decades, global energy consumption has had a
progressive increase (British Petroleum Company, 2020).
The current world energy demand, added to the depletion of
fossil fuels, has aroused the scientific community’s interest
in conducting research for the development and subsequent
use of new, complementary energy sources. Attention
has been focused on renewable energies such as biofuels,
solar, wind, hydroelectric, biomass, among others, which
are more environmentally friendly (REN21, 2020). One of
the alternatives to meet the future energy demands lies in
the use of residual biomass, given that its use as an energy
source can also provide a solution to the issues regarding
its final disposal. Among the different methodologies for the
use of the organic substrates contained in residual biomass,
anaerobic digestion (AD) has emerged as one of the most
appealing options in recent years.

AD is a biochemical process in which organic matter is
decomposed by the action of different microorganisms in
the absence of oxygen, thus producing biogas and a liquid
effluent known as digestate. Biogas is a gaseous mixture
composed mainly of methane (55-65%), carbon dioxide
(35-45%), and some small amounts of ammonia and other
gasses (Uddin et al., 2019). The AD process involves four
successive types of reaction: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis. These reactions are
performed by different bacterial groups working together
as a consortium. The process is mainly divided into two
stages: in the first stage, complex organic compounds are
degraded to Volatile Fatty Acids (VFA), H,, and CO, through
hydrolysis, acidogenesis, and acetogenesis reactions; in
the second stage, VFAs are transformed into CH, and CO,
through methanogenesis reactions (Wong et al., 2013).

At a global level, AD is a technology with broad development
and high industrial application, with an estimate of more
than 100 000 anaerobic digestion plants with the capacity
to produce electrical energy around the world, as well as
about 50 million micro-scale biodigesters located mainly
in rural areas of China and India (Jain et al., 2019; Linville
et al., 2015; Wu et al., 2019). In Colombia, the industrial
application of this technology has been relatively low, and
the number of anaerobic digestion plants currently operating
in the country is uncertain. However, different projects have
been known to take advantage of this technology in sectors
such as the swine and poultry industry, the palm-growing
industry, companies in the dairy sector, and some plants
dedicated to the production of beer (Veldsquez et al., 2018).
Some institutions in Colombia carry out different activities
aimed at encouraging the use of AD systems for utilizing
waste. Among them, it is worth highlighting the association
of the national pig farming fund (PORKCOLOMBIA), the
mining and energy planning unit (UPME), and the Colombian
network of biodigesters (REDBIOCOL).

Regarding research on AD processes, Figure 1 shows the
number of articles published on different topics regarding AD
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in Colombia and the world as of December 2021, according
to the Web of Knowledge database. While there is an evident
and rapid growth in the volume of research on this topic
around the world in the last decade, in Colombia, increasing
research on this topic has just recently made itself evident
(i.e., since 2018). Considering the extensive agro-industrial
and livestock activity in Colombia, the use of organic waste
in these activities in the form of AD systems represents a
great potential to obtain energy and other interesting by-
products of the AD process. It is therefore necessary to carry
out more and better research to generate knowledge and
technologies adaptable to the needs of the country, as well
as to expand the practical applications of AD. This should
include a general assessment of the potential use of different
organic wastes generated in the country as substrates for
biogas production.
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Figure 1. Number of scientific articles published annually in indexed
journals on topics of anaerobic digestion by research carried out in the
world (a) and in Colombia (b)

Source: Web of Knowledge

Some research carried out in the country on this topic has
focused on exploring and identifying different substrates that
could be used in AD systems. Rincon et al. (2018) carried
out a study in order to identify the different types of residual
biomass available for the generation of biogas in Colombia
and theoretically estimate their energy and biogas production
potential. To this effect, they relied on the Biomass Atlas of
Colombia, on information from the Colombian Agricultural
Institute, and on data from the sectoral associations. Residual
biomass from the agricultural, livestock, and urban sectors
was identified. The energy potential was determined using
the amount of organic matter contained in the biomass, the
lower heating value of methane, and the concentration of
methane in the biogas generated by each residual biomass.



RAMéN, A., ET AL

According to the results, the cattle sector has the highest
potential, with more than 70 000 TJ/year. However,
according to availability and feasibility criteria in terms of
ease of collection, quantity of supply, other possible uses,
and transportation, the exploitable potential was higher for
the Panela production sector, with 22 660 T)/year at the
national level.

Velasquez et al. (2018) studied the potential of biomass
conversion to biogas in Colombia in a joint project involving
Universidad Nacional de Colombia and UPME. This study
presents the identification of different types of residual
biomass available in the country for the generation of biogas,
and it estimates the potential of biogas production from some
of these sources. The study included the economic analysis
for the possible establishment of AD projects in light of the
theoretically estimated potential. Among the results reported
in this work, several promising biomasses were identified
in different sectors. In the livestock sector, biomasses from
pig, bovine, and poultry waste are mentioned. The study
concludes that, in general, the use of these biomasses for the
production of biogas seems favorable. It also presents few
data on BMP measurements, but these are not presented in
detail, and the experimental results are not largely discussed.

Amado et al. (2021) simulated the AD of three different
residual biomasses using the ADM1 model, in order to
evaluate the energy recovery potential in Colombia from
those substrates. The study included validation with
experimental data obtained from batch AD processes with
the three substrates. According to this work, the energy
recovery potential from coffee mucilage, cocoa mucilage,
and Swine manure in Colombia is about 155,1 Ktoe. The
local availability of these three biomasses was identified
as the most influential parameter to estimate the potential
recovery from the substrates. Moreover, Gutiérrez et al.
(2020) carried out an extensive literature review to create
an inventory of available biomass residues with potential
application as energy sources, including their use in AD.
Several wastes were summarized, including different
agricultural and agro-industrial wastes, waste from crops,
and livestock waste. The combined bioenergy potential of
these residues was calculated to be 216 000 to 432 000 T)
per year.

On a different approach, Mosquera et al. (2020) developed
a statistical model to evaluate the anaerobic co-digestion
potential of several biomass sources commonly found in
Colombia. BMP assays for different combinations of the
substrates were performed. They found that the best co-
digestion occurs when mixing residues from the bottled fruit
drinks industry and the organic fraction of municipal solid
waste, reaching a BMP value of 382,17 mL CH, /g VS.

The aforementioned studies have mainly focused on
identifying potential substrates for AD in Colombia and
evaluating their theoretical potential for energy production.
Only in a few cases, limited experimental data have
been shared regarding the AD process of the considered

substrates. This kind of empirical information is important
for the design and implementation of AD systems, and more
detailed data on the methane production from potential
substrates in the country is needed to stimulate biogas
production technologies in Colombia.

The objective of this study was to compare the different
potential substrates for biogas production in Colombia
using different criteria based on an extensive literature
review, as well as to select the most promising substrates
to experimentally evaluate their methanogenic potential and
kinetic parameters within the AD process.

Materials and methods

Substrate evaluation

The selection of potential substrates for biogas production
was performed through a literature review, considering
different criteria such as the annual national production
of each waste and its availability, the adequacy of the
biomass or the pretreatment requirement for its use in the
anaerobic digestion process, and the values reported for
physicochemical factors associated with the process, i.e.,
the methanogenic potential, the organic matter content
represented by the amount of volatile solids, and the
presence of nutrients such as carbon and nitrogen, with an
optimal carbon-nitrogen ratio (C /N) from 20 to 30, which
is essential for the growth of microbial communities (Rivas
et al., 2016; Lohani et al., 2018). Then, the ones considered
to be substrates with the most interesting features for AD
and biogas production in Colombia were characterized, and
their methanogenic potential was experimentally evaluated.

Substrate selection and physicochemical characte-
rization

Following the literature review, different substrates were
selected for the BMP tests. In order to characterize the
selected substrates evaluated in this work, experimental
measurements of different physicochemical parameters
were carried out. These parameters were pH, percentage
of humidity, chemical oxygen demand (COD), total solids
(TS), and volatile solids (VS). All measurements were carried
out following the standard methods of the American Public
Health Association (APHA, 2019).

Methanogenic potential (BMP) of selected substrates

For the evaluation of the methanogenic potential, an
automated volumetric method was implemented using
the AMPTS Il — Light equipment developed by Bioprocess
Control (BPC). Testing was carried out in triplicate in batch
assays at different times, within reactors with a working
volume of 2 L and a headspace of 300 mL. The assays were
run under mesophilic conditions at 35°C for 30 days. The
inoculum used for the experiments was obtained from the
biodigester of the San Fernando wastewater treatment plant,
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located in Medellin, Colombia. An inoculum to substrate
ratio in terms of volatile solids content of 2 was employed.
The vessels were gassed with pure N, for 1 minute in order to
ensure anaerobic conditions. All reactors were mechanically
stirred at 60 RPM in cycles (each cycle consisted of 10
minutes with mixing and 10 minutes without mixing).
The biogas produced in each vial passed through a vessel
containing an alkaline solution of 1 M NaOH, allowing only
CH, to pass through the gas flow in-line measuring device.
Finally, data on methane volume production were collected
from the equipment. The volume data was normalized at a
temperature of 0°C and a pressure of 1 atm.

Determination of kinetic parameters

To evaluate and compare the degradation kinetics of
the different substrates in the BMP tests, two different
equations were used, corresponding to models widely used
in anaerobic digestion processes. Equation (1) represents
the calculation of accumulated methane produced (B) by the
logistic model.

K
B= W (1)
l+et
(r;(’)((ﬁ‘ft)+]
B=K* e*e[ ) @)

In the above Equations, K represents the maximum methane
production, 8 represents the lag phase, r represents the
maximum methane production rate, and t represents time.
To find the values of the kinetic parameters, an optimization
was carried out using Excel’s Solver tool in order to minimize
the square error between the experimentally measured
methane production and the methane production calculated
with the models.

Results and discussion

Considered substrates

For the literature review, national published documents
were taken into account, such as the Biomass Atlas of
Colombia, information on the elaboration of the productive
censuses of the Colombian Agricultural Institute (ICA). In
addition, a search was carried out (in academic databases
such as Dialnet, Scielo, and Redalyc, among others) of recent
publications, using the name of the substrate, anaerobic
digestion, or biogas as a keywords in their title.

The information found allowed collecting relevant data
to compare the potential use in AD systems of substrates
such as vinasse, coffee residues (CR), palm oil wastewater
(POME, rachis and almond), pig slurry (SM), and urban
solid waste (RSU). Other wastes that have been mentioned
as possible substrates by other studies for the AD process
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in Colombia were excluded here because there was not
enough information to make a comparison according to the
criteria mentioned in the Materials and methods section. 1

Appendices 1 and 2, summarize the information on the
selection criteria and the main characteristics of the
substrates reviewed. Some details of the considered
substrates are described in this section.

Vinasse

Vinasse stems from the industrial process of obtaining
ethanol as fuel. Specifically, vinasse is a residual effluent
from the distillation stage that allows obtaining a purer
alcohol (Durdn et al., 2015; Fedebiocombustibles 2020).

Currently, the National Federation of Biofuels of Colombia
(Fedebiocombustibles) reports seven production plants of
ethanol fuel produced from sugar cane, which in turn are
the largest producers of stillage in the country. These plants
are located in Valle del Cauca, Meta, and Risaralda. The joint
ethanol production of these facilities reached 2 150 000 L/d
in 2019 (Fedebiocombustibles, 2020; Asocana, 2019). It is
estimated that the amount of vinasse produced per liter of
ethanol is between 0,8 and 3 L. However, the information
provided by ethanol producing companies shows that the
amount of stillage obtained in the process is between 7
and 14 L of stillage/L of ethanol, depending on whether the
distillation is carried out with or without recycling (Asocana,
2019, Rincdn, 2018).

Generally, the alternative use of vinasse is low. One of the
most studied ones is the use of vinasse as a fertilizer due
to its high content of phosphorus, nitrogen, and potassium.
Other uses that are given to vinasse include dehydration and
subsequent composting or incineration (Asocana, 2019). In
general, these alternative uses are attempts to give a better
disposition to the vinasse. In this sense, almost all of the
vinasse produced is available for use in other processes such
as AD. The availability of vinasse for its use in other processes
such as AD is almost full. It should be taken into account,
however, that the use of vinasse in this process usually
requires its pretreatment by means of an ozone process to
reduce the phenols that it contains and can be inhibitory for
microorganisms producing biogas (Duran et al., 2015).

Coffee residues (mucilage and pulp)

Coffee pulp is obtained through the pulping process, which
consists of removing the pulp around the coffee fruit. As the
coffee cherry passes through a rotating drum, the coffee is
brought to a point where the pressure exerted separates the
pulp from the fruit, given the slime or mucilage contained in
ripe coffee. Coffee pulp accounts for about 42% of the mass
of the coffee cherry on a wet basis.

Mucilage is a gelatinous film that that is exposed when
the coffee fruit is pulped. It is characterized by a strong
water retention capacity. In Colombia, coffee mucilage is
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removed from the pulp by natural fermentation (12 to 18
hours), mechanical means, and the addition of enzymes
(Moreno and Jiménez, 2016). Coffee mucilage represents
approximately 15% of cherry coffee on a wet basis.

The coffee industry, one of the most important in the
country, reported a production of 13,8 million bags of
coffee in the 2017-2018 period, according to the National
Federation of Coffee Growers (Moreno and Jiménez, 2016).
This high activity of the coffee industry generates large
amounts of pulp and mucilage, close to 2,25 and 0,76 tons/
year * ha, respectively (Rodriguez and Zambrano, 2010).
The high production of these wastes and their high sugar
content make them potential substrates for the production
of biogas via AD.

Mucilage and coffee pulp have several alternative uses.
Among them are the production of ethanol and its use in
vermicomposting processes. It has also been tested as a raw
material for the production of coffee mucilage concentrates,
thanks to the fact that it contains high concentrations of
fructose, glucose, pectin, chlorogenic acid, and polyphenols
that contribute to health and well-being (Moreno and
Jiménez, 2016; Rodriguez and Zambrano, 2010). Some
pretreatments that may be required by coffee mucilage
before its use in anaerobic digestion processes include
leaching processes and pH adjustments. The pulp may also
require pH adjustments or the mechanical reduction of
particle sizes.

Palm oil industry residues

In Colombia, palm cultivation has spread throughout the
territory, reaching 480 000 ha in 2020, making the country
the first palm oil producer in America and the fourth in the
world (Fedepalma, 2021). During the palm oil extraction
process, a large amount of waste is generated, such as fibers
(12%), palm kernels or shells (5%), empty fruit clusters or
rachis (23%), and wastewater from each cluster of processed
fresh fruit (Saelor et al., 2017).

Palm oil mill effuent (POME): is a combination of effluents
from cluster sterilization condensate (36%), clarification
wastewater (60%), and hydrocyclone wastewater (4%)
(Ahmed et al., 2015). POME is a concentrated brownish
acidic liquid with a pH in the range of 3,5 to 5,0. It is
discharged at a temperature of 80-90 °C and is characterized
by a high chemical oxygen demand. It is estimated that, for
each ton of processed fresh fruit bunch, 0,5 to 0,7 m* of
POME are produced (Suksong et al., 2017).

The use of POME as a feedstock for biogas production has
been applied on an industrial scale in the countries with the
highest palm oil production, i.e., Malaysia and Indonesia. The
conversion of POME to biogas provides different benefits
such as reducing waste contamination parameters such as
organic solids, microbial pathogens, and toxicity. Under
mesophilic conditions, it is estimated that 28 m* of biogas
can be produced from 1 m* of POME (Shakib et al., 2019).

In Colombia, Nabarlatz et al. (2012) conducted a study
with the purpose of evaluating the production of methane
using POME and sludge and pig manure as inoculum. The
maximum accumulated methane production was 2 740 mL
(343 mL CH /g VS). Currently, at the national level, there
are nine palm oil beneficiation plants that have a system
of lined anaerobic lagoons in order to capture methane
and reduce the generation of greenhouse gasses. Three of
those companies have developed cogeneration projects
implementing biodigesters for the use of methane gas from
POME, generating approximately 8 MW of clean energy
per year and selling surplus energy to the external network
(Fedepalma, 2020).

Palm rachis: The cluster of empty fruit or palm rachis is a
lignocellulosic material composed mainly of polysaccharides
(66%) such as cellulose, xylan, and glucan; and polymers
(12%) such as lignin. Palm rachis has a moisture content in
the range of 60-65% and 1 to 2,5% of impregnated vegetable
oil. In addition, it is rich in nutrients such as potassium
and, to a lesser extent, in magnesium, nitrogen, and
phosphorus (Ramirez et al., 2011). The main use of rachis
is to incorporate it into the soil as organic fertilizer due to its
potassium content.

There has been little interest in using palm rachis for
biogas production due to its lignocellulosic composition.
However, it shows great potential to produce methane,
given its biodegradability and high moisture content. Some
studies, such as those by Paepatung et al. (2009), Nieves et
al. (2011), and O-Thong et al. (2012), have estimated the
potential yield of specific methane for rachis at different
operating conditions. The results express maximum methane
productions of 370, 181, and 202 mL/g VS, respectively.
Likewise, Suksong et al. (2019) have investigated the fungal
pre-treatment with TRICHODERMA reesei TISTR 3080 in
order to produce enzymes capable of degrading cellulose,
hemicellulose, and lignin, thus improving methane recovery.
The results express a maximum methane yield of 315 mL/g
VS for the retention of 15 days.

Palm kernel is the shell that covers the almond and
corresponds to approximately 7% of the weight of the fresh
fruit cluster. It is characterized by a low moisture content and
a high content of volatile matter. Among the residues from
palm oil extraction, the shell has the lowest sulfur content
and the highest calorific value, which is why palm shells
are used as fuel for preheating boilers and are important
in the search for different processes of energy use of this
biomass. Jekayinfa et al. (2013) developed a study of biogas
production using palm shell as a substrate on a laboratory
scale under mesophilic conditions at 35 °C for 30 days. A
maximum methane production of 50 mL/g VS and a biogas
yield of 80 mL/g VS were achieved.

Swine manure

Swine manure are the feces produced in operations involving
swine, which can be used as fertilizer. They contain nutrients
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such as nitrogen, phosphorus, and potassium among others
(Grisales et al., 2016).

In Colombia, the swine population is estimated to be
about 6,4 million. With an average of 2,35 kg of manure
produced per pig every day, the manure produced in
the country reaches values close to 5,5 million ton/year
(Mosquera et al., 2020). As manure is sometimes used as
a fertilizer, not all of it is available to be used in energy
production. Gutiérrez et al. (2020) estimated that only
about 61% of the total manure produced is available. The
potential for methane production of manure varies greatly.
The literature reports values between 210 and 437 mL
CH,/gV$ (Rodriguez et al., 2017; Gutiérrez et al., 2020). In
Colombia, the swine industry has shown great interest in
the development and implementation of AD processes to
use their residues.

Organic Fraction of Municipal Solid Waste (OFMSW)

Municipal solid waste refers to all waste consisting of
organic and inorganic material generated in private homes
from institutional and commercial sources, such as offices,
hotels, and restaurants, among others. The organic fraction
of municipal solid waste (OFMSW) represents, on average,
between 50 to 70% of the composition of urban solid waste,
consisting mainly of garden waste, food scraps, and paper
(Malik et al., 2013).

OFMSW has great potential as a substrate in AD due to
the large volumes of generation related to population
growth and its organic content, availability, and geographic
location. In Colombia, an average of 0,74 kg is estimated
per day of waste generated per inhabitant (CEPAL, 2021).
According to the 2018 Solid Waste Final Disposal report,
the final disposal of solid waste in Colombia amounts to 11
390 329 tons per year, which corresponds to more than 14
500 daily tons of organic waste for use (Superintendencia de
Servicios Publicos Domiciliarios, 2019). Among the current
treatment methods for OFMSW, composting and AD stand
out (Lopez et al., 2020). Composting is considered to be the
best option due to its low cost and ease of implementation,
transforming waste into a homogeneous material with
nutritional contents that contributes to the recovery of
degraded soils (Tortosa, 2020). The use of OFMSW in AD
systems for biogas production is very recent. According to
CONPES 3874 of 2016, energy recovery is included as a
strategy for the alternative treatment of this type of waste
before its final disposal in landfills (Departamento Nacional
de Planeacion, 2016).

Residues selection and characterization

Swine manure (SM), POME, and coffee residues (CR)
were selected as substrates to conduct the BMP test. The
selection was based on their high content of VS, high
volume of production in Colombia, high availability, and
few pretreatment requirements, as well as for their key role
in the Colombian industry with regard to the commercial
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sectors that produce these wastes. To conduct the BMP test,
the residues were collected from different sources.

Swine manure was collected from a pig farm located in
the outskirts of Medellin, Colombia. The solid manure was
diluted with water in a manure:water ratio of 1:5, and then
it was filtered with an 18 mesh to remove large solids in
the mixture. The liquid obtained after filtration was used for
the BMP. POME was obtained from the COOPAR palm oil
extraction plant located in El Zulia, Colombia. Coffee residues
consisted of the wastewater resulting from the washing and
centrifugation of coffee fruits. They were collected from a
coffee processing plant located in Andes, Colombia. No
pretreatment was made to POME or CR before the BMP
tests. Table 1 shows the values for different parameters of
the collected samples.

Table 1. Measured parameters of the substrates used in the BMP test

cobD Humidity

Substrate  pH [mg/L] [%] TS [mg/L] VS [mg/L]
50600 + 9494+ 50590 + 7 42838 =
POME 42205 “3g18 0,76 660 7 863
o 738+ 35270+ 9744+ 25633 =3 18991
0,08 9310 0,31 135 2527
R 335E B7561x g 0. 85876x3 75546+

0,09 40 765 032 1620

Source: Authors

BMP assays

Figure 2 presents the BMP results obtained for the three
selected substrates. It can be seen that POME has the
highest BMP, with a value close to 465 NmL CH,/gVS
after 30 days of experimentation. The BMP values for SM
and CR were 240 and 314 NmL CH /gVS, respectively. It
is interesting that AD processes in Colombia have focused
mostly on one substrate (SM), which has a lower BMP value
than other potential substrates. New projects of AD using
alternative substrates such as CR and POME are a potential
way to generate larger amounts of energy in the country.
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Figure 2. Evolution of methane production during the BMP test for the
selected substrates. Error bars represent the standard deviation for the
triplicates.

Source: Authors
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The BMP values obtained in this study can be compared to
the information found in the literature. In the case of CR,
no reliable BMP values are found in Colombian studies. In
a study conducted in Ethiopia, Chala et al. (2018) reported
BMP values for different fractions of coffee wastes, ranging
from 159 to 294 mL CH /gVS. The BMP value found for
CR in this study was slightly higher. In the case of POME,
other studies have reported BMP values below 400 mL CH,/
gVS. The value found in this study is considerably higher.
In the case of SM, reported values rank from 210 to 437
mL CH,/gVSs. In this study, the value found was close to
the lower reports. Nevertheless, it should be stated that, in
this study, the SM was diluted in water and then filtered
for large particles that could cause complications during its
use in reactors requiring feeding by pumps. Unfiltered SM
preparations may show a higher BMP, as they could contain
larger amounts of organic matter. However, preliminary
assays have shown that the methane production rate for the
unfiltered SM (with the same dilution ratio) is much lower
than that of the filtered SM (data not shown).

It is also noticeable that methane production from CR had
almost finished on day 11, while POME showed methane
production until day 13. The behavior of CR at the beginning
of the fermentation was slower. However, after day 8, it
surpassed SM. After days 11 and 13, POME showed no
significant changes in methane production. However, CR
showed a slightly higher daily methane production on day
28 in one of the reactors. This is less clear for SM, as the
methane production seems to become fully established only
after day 24, with an increase in daily methane production of
less than 1,0% compared to previous days. This is important
when it comes to defining the hydraulic retention time
(HRT) of an AD process with any substrate. In the case of
SM, as the complete degradation of organic matter can take
longer, a higher HRT should be ensured, whereas, for CR
and POME, the HRT can be lower. Additionally, in the first
13 days, POME showed a large standard deviation reflected
in the speed of adaptation of the sludge to said substrate,
due to the use of a more active sludge for performing the
tests at different times.

Kinetic parameters

The logistic and Gompertz models were applied, and their
parameters optimized, for the BMP assays carried out with
POME, SM, and CR as substrates. Both models showed a
good fitting to the experimental data in all cases (Figure 3).

The estimated kinetic parameters for the selected substrates
are shown in Table 2. According to the experimental results,
POME had the highest K value, and SM had the lowest,
indicating a higher BMP of POME, followed by CR, and a
lower BMP for SM. Interestingly, the shortest lag phase
(represented by 8) was observed for SM. A 8 value of 0 d for
SM indicates that there is practically no lag phase during the
AD of this substrate. This value was higher for POME, while
CR showed the highest value of 8. A larger lag phase in an
AD process implies that the microorganisms in charge of

degrading the substrates take longer to adapt to it, and the
biogas production will thus take longer to start during the
early stages of the process.

As for the maximum methane production rate (represented
by 1), the highest value was obtained for POME, followed
by CR and, finally, by SM with the lowest value. This
indicates that, once the microbial community has adapted
to the substrate, POME can be more easily transformed into
biogas than CR and SM. This parameter is important for the
design of AD systems using a given substrate, and having
it calculated for different substrates can support the design
and implementation of AD plants in Colombia.
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INGENIERIA E INVESTIGACION voL. 43 No. 2, Aucust - 2023 7 of 11



EVALUATION OF POTENTIAL SUBSTRATES FOR BioGAs PRODUCTION IN COLOMBIA USING ANAEROBIC DIGESTION SYSTEMS

It can be seen that the previous discussion is similar
considering the results of both models, thus implying that
the calculations are consistent with different calculation
approaches and in accordance with the experimental results.

Table 2. Estimated kinetic parameters for the logistic and Gompertz
models applied to the anaerobic digestion of swine manure, POME, and
coffee residues

Parameters
Substrate Model K(NmLCH,) &(d) r(NmLCH,/d)

SM Logistic 225,65 0 22,91
Gompertz 227,72 0 24,28

Logistic 458,59 0,67 43,44

POME

Gompertz 464,10 0,53 45,21

R Logistic 327,03 1,57 32,04
Gompertz 333,09 1,19 31,56

Source: Authors

Conclusions

The wide agriculture and agro-industrial activity of Colombia
provides large amounts of different organic wastes that are
potential substrates for biogas generation using anaerobic
digestion (AD) processes. Among said wastes, swine manure
(SM), POME, and coffee residues (CR) are especially interesting
considering their chemical composition, their amount of
production and availability to be used in energy generation
processes, and their importance in Colombian economic
activities, which allows solving problems related to the
inappropriate use of solutions and constitutes an alternative to
the final disposal of said residues. The biochemical methane
potentials of SM, POME, and CR were found to be 240, 465,
and 314 and NmLCH,/gVS respectively. Kinetic parameters
for the AD process of these substrates show that, while
methane production starts earlier for SM, in later stages of
the process, the production rates of CR and POME are higher.
Although the few AD systems currently operating in Colombia
are focused on using SM as substrate, new systems should
be considered for substrates with high BMP, such as CR and
POME. The design and implementation of AD systems for this
kind of substrates should be supported by more experimental
data such as those reported in this study.
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Appendix 1. Selection criteria for the evaluated substrates

Selection

Palm Swine

Organic Fraction

P Vinasse Coffee Mucilage  Coffee pulp POME Palm rachis of Municipal
criteria kernel Manure Solid Waste
National 7-14 L vinasse 129 270 ton/year 366 960 ton/ 3770004 1649 735 502 093 5434524 11 390 329 ton/
production /L ethanol Y year ton/year ton/year ton/year ton/year] year
Availability [%] 100 - - 95 45 35 61 100
BMP*
[NmL CH, /g VS] 210 311 15 397 225 41 325 175
. H H adjustment H adjustment . :
Required . p ) p Jus! pH Size Size .
adjustment and leachate and size . A A None pH adjustment
pretreatments _ -~ 0 = o on production reduction adjustment  reduction  reduction
VS (mg/L) 28 785 3515 5335 26530984 81,3% 75,66% 42% 10 200 = 400
C/N ratio 17,9 29,8 27,44 27 45-65 50-65 10,7 20
Appendix 2. Reported characteristics and parameters of the considered substrates
Organic
Parameters Vinasse M(l::zfifl‘;eg 3 Coffee pulp POME Palm rachis  Palm kernel Swine Manure R;tg:g;;):lf
Solid Waste
VS(mgl) 28785 3515 5335 10500 9% 813% 75,66% 42% 10 200 = 400
TS (mg/L) 7 450 4 650 7 400 13 400-111029 97,04% - 6,4% 21 600 *= 700
BOD (mg
oL) - 6200 6 435 25 500 - - - -
C%'Z/{')“g 56 712 10 650 14305 62 973 - - 71592 12500 + 600
TOC (mg/L) 44 762 - - - 54,02 % TS - - 37,8 %
pH 4,5 4,4 4,4 4,58 7,4 - 7,7 5,3
Humidity
content (%) - 90,05 74,83 - 4,89 7,6 95,6 80,3
NTK (g/L) 1,227 - - 0,75 1,14%TS - 3,75 1,61
Fixed
carbon - - - - 14,88 15,67 - -
Calorific 2 (MJ/kg fresh 0,54 (MJ/kg N
value mucilage)  fresh mucilage) 22 480 kj/m 11920 k/kg 20110 k/kg ) .
C: 43,94 C: 47,53 C: 37,24 C: 46.6
Elemental H: 5,66 H: 6,21 H: 5,06 H: 6/6
composition - - - - 0:37,87 0O: 35,86 O: 34,89 N 2’9
(%) N: 0,73 N: 1,58 N: 4,08 S: 03
S: 0,09 S: 0,08 S: 0,28 Y
_ P: 180 mg/L
r\i\<7—166(())8 P=0.13 K:2270 mg/L  B: 10 mg/kg
8= > - Ca: 439 mg/L  Cu: 23 mgkg P= 1406
Fe= 0,04 K= 2,82
Metals ) Zn= 0,007 Ca= 032 B: 7,6 mg/L  Zn: 51 mg/kg ) K= 4929 )
content (%) Mn: 0,004 M B 00s Mn:20mgl  Mn: 48 mg/kg Cu= 41,3
o 000 8= " Cu: 0,89 mg/L  Fe: 473 mglkg Zn= 63,4
o Mg: 615 mg/L
Zn: 2,3 mg/L
Ashes (%) - 0,43 6,66 - 6,84 3,82 - -
Ramirez et al. Gutiérrez et al.  Siciliano et al.
Durdn et al. Puertaetal. Blanddénetal. Saeloretal. (2011) Meifa, (2015) (2020) (2021)
References (2015) (2011) (1999) (2017) Saelor et al. ToJrrés ot al Rodrfguez etal. Tosunetal.
Lorenzo et al. Rodriguez et al. Rodriguez et al. Suksong et al. (2017) 2019) (2017) (2008)
(2013) (2011) (2010) (2017) Suksong et al. Amado et al.  Campuzano et
(2019) (2021) al. (2016)
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