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Abstract

Objective: Herein, using the Landfill Gas Emissions Model (LandGEM), adapted to the local
conditions of Monteria, Colombia, estimation of the energy available for electricity production from
biogas obtained from landfill waste was conducted.

Methodology: For this purpose, information on the Loma Grande landfill in Monteria was obtained
from databases and studies, including waste volume, climate, and waste composition, from 2016 to
2028. This dataset was then applied to the LandGEM for biogas energy production.

Results: The findings of this study reveal that only for 2022, the calculated methane quantity was

Received: 04/12/2023 9,984,000 m3/year and the total estimated energy was 268,496.8 MWh, which could meet the
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estimate energy production from landfill gas, thereby utilizing the potential of unproductive lands
that would typically be used as landfills for nondestructive contaminating materials.
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Objetivo: Estimar la energia disponible para generar electricidad a partir de biogas de vertedero
utilizando el modelo LandGEM adaptado a las condiciones locales de Monteria, Colombia.
Metodologia: Para ello se obtiene de base de datos y estudios la informacidn del relleno sanitario de
residuos Loma Grande ubicado en la ciudad de Monteria, volumen de residuos, clima y composicion
de residuos para el periodo 2016-2028, para aplicar el modelo LandGEM a la produccion de energia
de biogas.

Resultados: se observé que solo para el afio 2022 la cantidad de metano calculada es de 9.984.000
m3/afio y con esto la energia estimada total es de 268.4968 MWh, que podria suministrar los

requerimientos del relleno sanitario Loma grande.
@ @ Conclusion: El estudio predice que estos modelos de evaluacién se pueden utilizar para planificar la
BY

produccion de energia a partir de gas de vertedero, y asi, aprovechar la propiedad de terrenos
improductivos que normalmente se utilizarian como vertedero y que se crearon previamente para
materiales contaminantes no destructivos.
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Introduction

Currently, landfills represent a substantial energy source, offering considerable potential for harnessing energy
from waste, particularly in the form of biomass and, in certain cases, biogas. To generate biogas within
landfills, the deposited waste should contain organic materials and be conducive to anaerobic decomposition.
Furthermore, biogas production in landfills is not time-dependent; it increases during the initial year (the
primary biogas production phase) and gradually diminishes after the third year [1]. In 2014, Latin America and
the Caribbean generated 541,000 t of waste per day (of which 145,000 t per day went to landfills), and these
figures are expected to reach 671,000 t per day by 2050. Today, the Latin American and Caribbean regions
produce an average of 1.04 kg per day, with ~40 million people unable to collect their waste, and more than
50% of generated municipal solid waste (MSW) is organic [2].

For biogas production within a landfill, the stored waste should contain organic matter and meet the necessary
conditions for anaerobic decomposition [3]. Municipal waste landfills represent a considerable source of
greenhouse gas (GHG) emissions, primarily methane (CH4) and carbon dioxide (CO2), released into the
atmosphere. While emissions in developed countries have largely stabilized, those in developing countries
continue to rise [4].

MSW in Colombia typically includes organic matter and trimmings, as illustrated in Figure 1.

Figure 1. MSW characteristics - Colombia
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Source: [5]

In Colombia, there are established policies for waste management that outline the composition of MSW [6, 7].
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Research has been conducted in Colombia to assess and quantify greenhouse gas emissions from landfills. The
conditions in certain regions of the country, often characterized by high temperatures and humidity, promote
anaerobic waste decomposition, leading to considerable CHs emissions—the second-largest contributor
toward Colombia’s total emissions [8].

To provide more insights into electricity generation using landfill gas, it is crucial to identify the individual
variables included in the process, including plant efficiency, methane content of biogas, and storage
temperature. These variables help determine the amount of electricity produced by a specific amount of
biogas. The gas production datasets were derived from [9], indicating methane quantity per volume of landfill
gas, utilizing information from the thermodynamic properties table of methane [10].

Given that methane is a natural gas with superior characteristics compared to conventional petroleum-based
energy sources, its use as a substitute makes energy-consuming activities, where methane is involved, more
environment friendly [11].

Additionally, Novotny [12] assessed three integrated systems for water and MSW management in terms of
energy use, production, and COz2eq emissions. An aerobic treatment based on wastewater biogas and solid
waste disposal through landfilling involved sludge codigestion with MSW and landfill gas capture to generate
electricity using a turbine and generator. Wastewater treatment based on biogas with sludge codigestion and
biodegradable solids was combined with the incineration of combustible sludge and other solids. Furthermore,
a hydrogen-based system replaced landfilling through indirect gasification of organic solids, followed by
hydrogen fuel cells.

There are notable variations in CO2eq emissions between biogas and hydrogen-based systems. The initial two
systems emit CO2 and methane positively, making it improbable to achieve net-zero carbon emissions. On the
contrary, the Haz-based system is entirely decarbonized and, in addition to providing clean water and energy as
well as exhibiting negative CO2 emissions, it yields valuable byproducts such as energy, concentrated hydrogen,
fertilizers, oxygen/ozone, and concentrated CO..

Padilha and Mesquita [13] conducted a succinct review of recent literature on waste-to-energy technologies
and operational projects in Brazil as well as introduced an innovative approach to assess the financial viability
of established routes (technological routes) for MSW management. These routes incorporated waste-to-
energy practices and considered income supplementation for small cities with populations ranging from 30,000
to 250,000 through the application of a contribution optimization algorithm. They employed a structured
algorithm concentrating on estimating the minimum value of contributors’ contribution (RPC) to ensure the
viability of these routes for most cities considered in the project. The economic metrics employed included net
present value (NPV), internal rate of return, discounted payback period, and levelized cost of electricity. A
sensitivity analysis of the two most favorable routes (based on the lowest RPC values) was conducted with a
focus on the NPV. The results confirmed solutions that could garner approval not only from the government
but also from the business sector. The most promising routes involved landfill and landfill gas as well as
recycling and anaerobic digestion, considering the sale of digestate and landfill. The sensitivity analysis
highlighted a more considerable impact on landfill gas investment costs for the first route, whereas the second
route was more influenced by urban collection and cleaning services.
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Further, Moutushi et al. [14] studied the abiotic decomposition of simulated MSW to elucidate thermal
reactions impacting landfill gas components such as methane, carbon dioxide, and hydrogen. The regulation of
gas composition and temperature was based on the heating rate and time. Gas composition trends indicated
that for heat inputs surpassing 46 W, the CH4/CO: ratio deviated from the initial value of 1.0-0.2, which
correlated with a reduction in CHas concentration. The key study findings revealed that the primary gas
composition ratio (CH4/CO2) begins to decline from the reference value of 1.0 as the heating rate escalates
from 30 to 51 W and it continues to decrease at considerably higher rates beyond 51 W. Their study shed light
on operational conditions, such as available heat and moisture, contributing to alterations in landfill gas ratios.

The global impact of various waste types has been a major concern, and recent advancements have enabled
intelligent waste management. In Australia, artificial intelligence has emerged as a potent technology gaining
traction and applications across diverse fields, including waste management [15].

The integration of technological tools for production, classification, collection, vehicle routing, handling,
disposal, and management planning has streamlined these processes in Australia. Building upon work
conducted from 2005 to 2021 on MSW using several databases has allowed for the increasingly precise
implementation of artificial intelligence in resource management. By comparing the performance of artificial
intelligence applications, exploring its benefits, and addressing its potential issues, recommendations have
been proposed to optimize the efficiency of this environmental and social process [16].

Ultimately, it was that the application of these processes has a more positive impact than using conventional
systems. The intelligent processing of data leads to improvements in predictions crucial for early decision-
making, providing substantial benefits to Australia by offering a more environmentally sound approach and
transforming existing problems into sustainable solutions. This approach applies to other locations worldwide
[16].

Methodology

Municipal Solid Waste Collection in Monteria

The waste collection company serves the 250 neighborhoods in Monteria, with 83% of them falling within the
urban area [6]. Consequently, Urbaser manages ~13,700 t of monthly waste, which is subsequently directed to
the Loma Grande landfill.

Biogas Composition

Anaerobic decomposition occurs in the absence of air when organic matter containing cellulose, such as
manure, bird droppings, and decomposing plants, is involved. This lack of exposure to oxygen during
decomposition leads to the production of combustible gas.

Gases obtainable from landfills include ammonia (NHs), carbon dioxide (CO2), carbon monoxide (CO), hydrogen
(Hz2), hydrogen sulfide (H2S), methane (CHa), nitrogen (N2), and oxygen (O2) [1]. Methane and carbon dioxide

are the primary gases generated during the anaerobic digestion of biodegradable organic waste components in
MSW.
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Given that methane, with a concentration ranging between 5% and 15% in air, is explosive, it plays a critical
role in this assessment. As landfills have limited oxygen, the risk of explosions within them is low when
methane concentrations reach critical levels. However, if landfill gas migrates off-site and mixes with air, it can
form a methane—air mixture within the explosive range.

Table 1. Typical constituents of MSW gases

Methane CH4 50-70
Carbon dioxide CO, 35-55

Nitrogen N> 2-5
Sulfurs, disulfides, mercaptans, etc. - 0-1.0
Oxygen 0; 0.1-1
Ammonia NH3 0.1-1
Hydrogen H, 0-0.2
Carbon monoxide co 0-0.2

Source: [1]

Table 1 displays the percentage distribution of common gases present in MSW landfills. This distribution varies
based on the landfill’s age and the characteristics of the waste. Hence, it is essential to conduct periodic waste
inspections to assess the amount of biogas that can be utilized within a specific time period.

Mathematical Model

The Landfill Gas Emissions Model (LandGEM), based on the first-order equations developed by the US
Environmental Protection Agency (EPA) [17], is an automated Microsoft Excel-based tool that can be used to
estimate emission factors for biogas, methane, carbon dioxide, and other compounds. The LandGEM [18] uses
the first-order reduction equation (Equation (1)) to estimate annual emissions over a period of time.

Qcx, =i i kLG.(%)e_krij (1)

i=1 j=0.1
where:
3

year

Qcn,: Annual methane production calculated during year n [

i : A l-year time increase;
n: The difference between the calculation year and the year waste collection begins;
j: A 0.1-year time increase;

. 1
k: Methane production rate [—];
year

Revista Investigacion e Innovacién en Ingenierias, vol. 11, no. 2, pp. 16-27, 2023, https://doi.org/10.17081/invinno.11.2.6373

20



20

Stiven Javier Sofan German, Jose David Arrieta Torres, Alejandro Ruiz Garcés, Miguel Emigdio Doria Oviedo

m3 CHy
e

year
M,: Amount of waste collected annually i [t];

tij. Year of the “j” section of waste accumulated during the “/” year.

Ly: Methane production potential [

’

The values of k and L, vary depending on the annual rainfall recorded in the city where the landfill is located,
as denoted in Table 2.

Table 2. Methane generation rates: k and Lo

T RPTOR s
0-249 0.040 60
250-499 0.050 80
500-999 0.065 84
>1000 0.080 84
Source: [1]

The Loma Grande landfill is located on the outskirts of the city center of Monteria, with an average
temperature of 26°C and average precipitation of 1262 mm/year. This creates a favorable environment for the
development of anaerobic digestion and enhances the extraction of landfill biogas.

The quality of the model’s output depends on the input data, which necessitates certain assumptions to
estimate the quantity and composition of waste. These parameters can be easily assigned based on field
conditions.

Determination of Electricity Generation Potential

CHa from MSW was used to determine the electricity generation potential. Equation (2) shows how to forecast
the magnitude of energy generation from a landfill biogas recovery system.

Quss #3728  EGE +ER + 0.9+ C

AG = m? (2)
6]

where:

Qcn,: Methane generated;

37.2 (%): Minimum warming for methane [17, 18];

EGE: Energy production efficiency of the conversion device. According to [18], an acceptable value is 35%;
ER: Methane recovery efficiency and it is assumed to be 75%, as stated in [18, 19];

0.9: Landfill oxidation factor [17];

C: Capacity factor, considered as 85% [18, 19];

@: Conversion factor from MJ to MWh.
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Raw data was collected from the solid waste deposited in the landfill managed by Monteria Loma Grande. The
specific landfill data are presented in Table 3 as a reference for the Colombia case study.

Table 3. Elemental MSW composition - Colombia

Waste %H,0 ‘ %C ‘ %H %0 %N %S %Ash
Food 70,0 48.0 6.4 37.6 2.6 0.4 5.0
Paper 6.0 43.5 6.0 44.0 0.3 0.2 6.0
Plastic 2.0 60.0 7.2 22.8 0.0 0.0 10.0

Textiles 10.0 55.0 6.6 31.2 4.6 0.2 2.5
Wood 20.0 495 6.0 427 0.2 0.1 1.5

Pruning 60.0 47.8 6.0 38.0 3.4 0.3 4.5

Source: [20, 21].
Results

Primary and secondary solid waste data were collected from the Loma Grande landfill located in Monteria.
According to [22], the available data and projections of the amount of solid waste entering the landfill in this
study, and the characterization of residential solid waste from the Loma Grande landfill in the municipality of
Monteria is shown in Table 4.

Table 4. Characterization of residential solid waste from the Loma Grande landfill

Paper 1.87
Cardboard 3.34
Plastic 18.06
Textiles 5.35
Rubber 0.33
Wood 0.2
Metal 0.33
Gardening products 0.6
Ceramics, rubble, ashes, and rocks 0.33
Organic waste 60.87
Hygiene and sanitary items 4.01
Other 4.71

Source: [22]

The waste entering the Loma Grande landfill is predominantly composed of organic or food waste, followed by
plastic, textiles, hygiene and sanitary items, cardboard, and paper, as indicated in Table 4.
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Meanwhile, Table 5 provides insights into the current waste generation patterns and the municipality’s
population, along with projections for the years 2016-2028 (the landfill's anticipated lifespan) [22].
Calculations for waste production were based on a per capita production of 0.911 kg/person/day, yielding an
estimated total of 360,720 t of MSW in 2028. Presently, the municipality generates ~390,198 t of MSW.

Table 5. Waste production estimates - Municipal Capital, Monteria

Mcuar;)iiii:lal MSW generated MSW generated MSW generated Total MSW

T (kg/day) (t/day) (t/year) generated
2016 346,921 294,883 294.88 107,632.24 107,632.24
2017 352,796 299,877 299.88 109,455.05 217,087.29
2018 358,771 304,955 304.96 111,308.74 328,396.03
2019 364,847 310,120 310.12 113,193.81 441,589.84
2020 371,026 315,372 315.37 115,110.81 556,700.66
2021 377,310 320,713 320.71 117,060.28 673,760.94
2022 383,699 326,145 326.15 119,042.76 792,803.70
2023 390,198 331,668 331.67 121,058.82 913,862.52
2024 396,806 337,285 337.29 123,109.02 1,036,971.53
2025 403,526 342,997 342.99 125,193.94 1,162,165.47
2026 410,360 348,806 348.81 127,314.17 1,289,479.64
2027 417,310 354,713 354.71 129,470.31 1,418,949.95
2028 424,377 360,720 360.72 131,662.96 1,550,612.90

Source: [22]
CHs Production Calculation Using the LandGEM

Moreover, Table 5 shows the estimated composition of MSW reaching the Loma Grande landfill in Monteria,
considering the study period from 2016 to 2028. Urbaser, the waste collection company in the city, reports
managing 16,500 t of waste per month across Monteria’s 250 neighborhoods. However, this study specifically
examines MSW from the urban area, comprising 207 neighborhoods and corresponding to an approximate
monthly waste generation of 13,700 t. The calculation of CH4 production for a year in Colombia utilized the
modified LandGEM. As depicted in Figure 2, the model estimates an annual average methane volume of
9,297,923 m3/year.
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Figure 2. Annual methane production at the Loma Grande landfill from 2016 to 2028 (m3/year)
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However, Figure 3 illustrates the yearly trends in gas emissions (m3/year) for all the calculated gases (total
landfill gas, CHa, and COz). As observed, the annual production increases because the population is growing,
leading to a higher generation of MSW. Consequently, gas production increases over the years.

Figure 3. Annual gas emissions within the Loma Grande landfill from 2016 to 2028 based on the LandGEM
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Calculation of Generated Power

The proportion of CHs4 produced from the accumulated and managed MSW at the Loma Grande landfill was
assessed for the potential generation of electricity from biogas using Equation (2), which offers an estimate of
the electricity generation potential at the Loma Grande landfill. Based on the assessment, it was observed that
the landfill could have supplied 17,152 MWh in 2022 for the municipality of Monteria. Furthermore, it was
projected for the annual timeframe, with a net production of 3,250 GWh.

Figure 4. Production of electrical energy (MWh) from MSW within the Loma Grande landfill from 2016 to
2028
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The models generating these landfill methane estimates are crucial for considering their potential
environmental impacts and aiding in the preparation and tracking of greenhouse gas inventories.

Conclusions

The compiled background information on solid waste deposited in the Loma Grande landfill was used for
estimating landfill gas emissions using the LandGEM. The average quantity of methane indicated in the MSW
was 9,297,923 m3/year. The total electricity consumption for 2016—2028 was expected to be between 113,273
and 300,931 MWh to meet the landfill’s demand (water treatment systems and pumps), as well as additional
household payments and other benefits. This estimation heavily relies on the quality of available data and the
selection of appropriate factors. The calculated production volume using the model was strongly influenced by
the amount of generated waste, suggesting that a higher waste generation rate will lead to an increase in
methane production in the future [23].

The results are region-specific and depend on qualities strictly related to each area. Within the context of this
study, the results are quite beneficial compared to those found in the rest of Colombia and worldwide. This is
due to the abundance of elements necessary for biogas in the landfill of Monteria and the quality of MSW
available in this region due to diverse vegetation. Furthermore, the project contributes to the improved use of
idle lands surrounding the area. In addition to reducing its impact by diverting materials for this project, it
helps to organize the space more efficiently, resulting in an increase in recycling efficiency, which is also crucial
in such locations. Therefore, this study makes a considerable contribution to the improvement of the
environment in Cérdoba, setting a good example for how MSW should be handled throughout the region.
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