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Abstract

In this study, the bioreactors were constructed as systems designed to simulate waste degradation and biogas generation in landfills, promoting
greater environmental control and contributing to the Sustainable Development Goals, particularly SDG 7 (Affordable and Clean Energy), SDG 11
(Sustainable Cities and Communities), and SDG 13 (Climate Action). Their use enables sustainable strategies for leachate management, percolate
recirculation, and energy recovery. This study evaluated biogas production in 1,000 L reactors filled with municipal solid waste and subjected to
semi-continuous application of raw leachate, concentrated leachate, and septic tank effluent, simulating seasonal dry and rainy conditions. The
experiment was conducted over a 12-month period, with daily measurements of biogas composition and flow. The results show that leachate
recirculation significantly increased methane production in both seasons, whereas septic tank effluent had a positive effect primarily during the dry
period. The findings highlight the potential of leachate recirculation as an environmentally sound strategy to enhance anaerobic digestion, reduce
greenhouse gas emissions, and strengthen sustainable solutions for landfill management.

Keywords: Solid Waste, Biomethane, Methane, Leachate, Landfill, MSW.

Resumo / Resumen

APLICACAO SEMI- CONTINUA DE CHORUME E EFLUENTE DE FOSSA SEPTICA VISANDO AO AUMENTO E ACELERACAO
NA PRODUCAO DE BIOGAS EM ATERRO SANITARIO

Os biorreatores constituiram sistemas projetados para simular a degradagdo dos residuos e a geragdo de biogas em aterros sanitarios, promovendo
maior controle ambiental e contribuindo para os Objetivos do Desenvolvimento Sustentavel, especialmente os ODS 7 (Energia Limpa e Acessivel),
11 (Cidades e Comunidades Sustentaveis) e 13 (Acdo Climatica). Sua utilizagdo possibilitou estratégias sustentaveis de manejo do chorume,
ciclagem de liquidos percolados e estimulo a recuperagdo energética. Este estudo avaliou a producgdo de biogéds em reatores de 1.000 L preenchidos
com residuos solidos urbanos e submetidos a aplicagdo semicontinua de chorume bruto, chorume concentrado e efluente de fossa séptica, simulando
condi¢des sazonais de seca e chuva. O experimento foi conduzido por 12 meses, com medi¢des diarias de composi¢do e vazdo do biogas. Os
resultados demonstram que a recirculagdo de chorume aumentou significativamente a produgdo de metano em ambos os periodos sazonais,
enquanto o efluente de fossa apresentou efeito positivo principalmente no periodo seco. A pesquisa evidencia o potencial da recirculagdo de liquidos
percolados como estratégia ambientalmente favoravel para incremento da digestdo anaerdbia, reducdo de emissdo de GEE e fortalecimento de
solugodes sustentaveis aplicaveis a gestao de aterros sanitarios.

Palavras-chave: Residuos Solidos, Biometano, Metano, Lixiviado, Aterro Sanitario, RSU.

APLICACION SEMICONTINUA DE LIXIVIADOS Y EFLUENTES DE FOSAS SEPTICAS PARA AUMENTAR Y ACELERAR LA
PRODUCCION DE BIOGAS EN VERTEDEROS

En este estudio, los biorreactores fueron construidos como sistemas diseflados para simular la degradacion de residuos y la generacion de biogas en
vertederos, promoviendo un mayor control ambiental y contribuyendo a los Objetivos de Desarrollo Sostenible, en particular al ODS 7 (Energia
asequible y no contaminante), al ODS 11 (Ciudades y comunidades sostenibles) y al ODS 13 (Accion por el clima). Su utilizaciéon permiti6 la
implementacion de estrategias sostenibles para la gestion de lixiviados, la recirculacion de liquidos percolados y la recuperacion energética. Este
estudio evalu6 la produccion de biogas en reactores de 1.000 litros llenados con residuos sélidos urbanos y sometidos a la aplicacién semicontinua
de lixiviado bruto, lixiviado concentrado y efluente de fosa séptica, simulando condiciones estacionales de sequia y de lluvia. El experimento se
desarroll6 durante 12 meses, con mediciones diarias de la composicion y el caudal del biogas. Los resultados muestran que la recirculacion de
lixiviados incrementd de forma significativa la produccion de metano en ambas estaciones, mientras que el efluente de fosa séptica presentd un
efecto positivo principalmente durante el periodo seco. Los hallazgos ponen de relieve el potencial de la recirculacion de lixiviados como estrategia
ambientalmente favorable para mejorar la digestion anaerobia, reducir las emisiones de gases de efecto invernadero y fortalecer soluciones
sostenibles aplicables a la gestion de vertederos.

Palabras-clave: Residuos Sélidos, Biometano, Metano, Lixiviado, Vertedero, RSU.
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INTRODUCTION

The main technique for proper final disposal in developing countries is landfills. This treatment
method reduces possible negative environmental impacts from incorrect disposal, such as air, soil and
groundwater contamination (COSTA et al., 2018). The anaerobic digestion of waste in the landfill
produces biogas, which is mostly made up of CH4, CO2 and small concentrations of N, O2, H2S, NH3,
H, CO2 among others (MAGALHAES, 2018; SILVA; MOTA, 2019). Its use as an energy source is a
type of Clean Development Mechanism (CDM) that complies with the Kyoto Protocol by reducing
GHG emissions (SILVA; MOTA, 2019). It is one of the most promising solutions for treating food
waste and producing energy and nutrients (PARITOSH et al., 2017).

In addition to environmental conservation and improved quality of life, the use of energy from
landfills can be employed to sell carbon credits and make an important contribution to increasing the
country's energy matrix. Currently, around 77% of the energy used in Brazil comes from hydroelectric
power stations, making it vulnerable to depend predominantly on just one source of energy - such as the
crisis that occurred in 2001, when the reservoirs fell, making it impossible for the large hydroelectric
power stations to function properly (CROVADOR et al., 2018; SILVA; MOTA, 2019).

According to Nascimento et al. (2019), Brazil exploits between 7% and 20% of the biogas
produced in landfills. In 2022, 77,076,428 tons of solid waste were generated in the country and around
93% was collected, of which 61.1% was destined for landfills. This is a slight increase compared to
2019, when 92% was collected and 59.5% was sent to landfills. Although the Northeast is the region
with the second-highest generation of MSW (24.6%), it has the lowest MSW Collection Coverage Index
of any region in Brazil, with 82.7% of waste collected of this amount, only 37.3% is sent to landfills,
which corresponds to 5,844,347 tons/year. Albeit a portion is still not covered by regular MSW
collection, there has been a quantitative and qualitative improvement in collection coverage in all
regions of the country (ABRELPE, 2020; ABREMA, 2023).

In the northeast of the country, the GNR Fortaleza Valorizagdo de Biogads LTDA renewable
natural gas plant stands out. The plant captures the biogas produced at the Caucaia West Metropolitan
Landfill (ASMOC), purifies and treats it to produce biomethane, and distributes the renewable gas to
industries, businesses, and homes via the Ceard Gas Company (CARVALHO et al., 2021). ASMOC
began operating in 1991 with waste produced in Caucaia/CE and began receiving solid waste from the
city of Fortaleza/CE in 1998 (SILVA, 2017). Currently, ASMOC receives around 5,500 tons/day of
MSW and produces around 80,000 m3/day of biomethane.

Locational studies should be carried out to understand biogas production, which changes
according to the region (GOMES et al., 2024). In addition to geographical location, other variables
interfere with biogas generation, such as type and age of waste, degree of decomposition, leachate
irrigation, climate, landfill cover, landfill management, air humidity, precipitation, atmospheric pressure,
wind speed, solar radiation, pH, temperature, oxidation-reduction potential, volatile solids content, and
variation in gas composition (CANDIANI; VIANA, 2017; COSTA et al., 2018; GOLLAPALLI; KOTA,
2018; GOMES et al., 2024; LUCERNONI et al., 2017; MACHADO et al., 2021; MAGALHAES, 2018;
MORALIS et al., 2020; MOTA et al., 2019; SANTOS et al., 2019). Therefore, to increase the efficiency
of methane energy use in landfills, the aforementioned variables that interfere with it must be studied.

Due to the importance of sanitary landfills for solid waste disposal in Brazil, and the potential for
energy generation using the biogas produced at ASMOC, the behavior of landfills in Brazil needs to be
studied and techniques and technologies need to be developed in order to increase production efficiency
of the use of biogas as an incremental source in the energy matrix. This study aims to evaluate biogas
production through the anaerobic digestion of municipal solid waste with semi-continuous application of
leachate and domestic sewage septic tank effluent.
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METHODOLOGY
STUDY SITE

The research was conducted at the GNR, on the premises of the Aterro Sanitario Metropolitano
Oeste de Caucaia (ASMOC), located in the municipality of Caucaia/CE (Figure 1), 30 km from
Fortaleza, which receives around 5,500 tons of MSW per day from both the municipalities of Caucaia
and Fortaleza. The temperature at the landfill varies between 24.6°C and 29.1°C, with an average of
27.5°C. The average monthly rainfall during the rainy season is 286mm, while during the dry season it
drops to 23.1mm. (GOMES et al., 2024).

LOCATION MAF OF THE STUDY AREA IN THE GNR, CAUCAIA WEST METROPOLITAN SANITARY
LANDFILL - ASMOC
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Figure 1 - Location map of the study area in the GNR, Caucaia West Metropolitan Landfill - ASMOC.
Source: The authors (2024).

ASSEMBLY AND OPERATION OF REACTORS

A 1,000 liter container was used to assemble the reactor. Four overlapping layers were added,
with the bottom layer consisting of 0.15m of gravel n°02, followed by a 0.05m layer of gravel n°1l and
sand, 0.5m of MSW medium-textured soil cover at a height of 0.20 m, and approximately 10% of the
remaining headspace. Each layer was compacted with a socket (Figure 2).

A low-pressure manometer was placed at the top of each reactor for connection to the gas quality
detector. The reactors were hermetically sealed to prevent loss of gas and moisture.

The waste mass collection devices were inserted at two different heights in the reactor, 0.40m and
0.6m. At the top, a liquid distribution system was inserted, consisting of a spiral-shaped hose, 2m long,
with a 3/4" diameter, and with 1" holes distributed along its length, closed at the end to distribute the
leachate and water over the surface of the reactor.
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Figure 2 - View of a representative section of the research reactor installed at GNR/ASMOC. Source:
The authors (2024).

The number of reactors was determined based on a factorial statistical design, with 16 IBC-type
reactors (Figure 3), of which 4 were irrigated with leachate from the old cells (approximately 23 years
old), 4 received concentrated leachate (from the reverse osmosis treatment of the new cells, that began
operating in January 2021), 4 with domestic septic tank effluent and another 4 received neither leachate
nor domestic septic tank effluent.

Leachate

Concentrated
leachate

Septic tank
effluent

Control

Figure 3 - Layout and assembly of the experiment with the reactors installed at GNR/ASMOC, Caucaia
CE. Source: The authors (2024).

Every 15 days, 20L of leachate or cesspit effluent were applied to each reactor, with a surface area
of 1m2, which was mixed to homogenize it before application. Irrigation with 30L of water in each
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reactor was also carried out every two weeks to simulate rainfall, keeping the minimum humidity at
50%. Water irrigation was interspersed with effluent disposal, so the reactors were irrigated weekly. The
reactors irrigated with water were called rainy and the other reactors were called dry (Figure 3).

In order to more accurately simulate the decomposition of solid waste in the ASMOC, the IBCs
were filled according to the proportion of waste types obtained from the gravimetric analysis (Figure 4).
The organic waste was collected from the university restaurants at the UFC PICI Campus; the other
materials were collected as soon as they were unloaded at the landfill.

2.8%
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s
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® Pruning, tree, leaves Glass, plastic, metal, other inert materials

Figure 4 - Gravimetric composition of representative sample of ASMOC waste. Source: Created by the
author with data taken from ASMOC (2022).

The materials were weighed according to each composition in order to achieve the desired
proportion, based on gravimetric analysis; after weighing, they were crushed and mixed in order to
obtain a homogeneous mass to be inserted into the reactors. Following the mixing process, the waste
was reweighed for equal distribution to each reactor. Both the waste and the topsoil were compacted
manually with a socket to a density of 332.23 kg/m3.

According to the percentages from the gravimetric analyses and the volume to be inserted, each
reactor received 166.12 kg of solid waste, distributed in different compositions, as shown in Table 1.

Wood Paiir PruniE Glass, plastic,
products per, Organic Textiles g metal, other inert Total
cardboard tree, leaves 2
(treated) material
468kg | 1983kg | 6744kg | 804kg | 307kg | 63,04 kg | 166,12 kg

Table 1 - Waste mass composition in each reactor. Source: The authors (2024).
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The leachate from the old cell and the concentrated leachate were collected and pumped into
storage tanks for application. The leachate was then pumped from the reservoirs to the reactors using a
% HP single-phase centrifugal pump with 32 mm PVC pipes, connected to the distribution system at the
top of the reactor. Before connecting the pump, the effluent and leachate were mixed to homogenize the
compound.

The existing outlet valve at the base of the IBC was used to capture the leachate produced in the
reactors, connected to pipes for draining the percolate. During the first half of the year, the leachate was
drained weekly by opening the valve to the tank of each reactor; thereafter, it was drained daily.

MONITORING THE COMPOSITION AND FLOW OF BIOGAS

The gas composition was measured individually, one point at a time, on a daily basis.
LANDTEC's GEM5000 portable gas analyzer was used to measure the composition, connected to the
G0.6 gas volume meter manufactured by LAO in the PAs of each reactor (Figure 5). The flow valve was
opened daily to read the flow rate and composition; once all the gas had passed through, the valve was
closed again.

Figure 5 - Measurement of gas flow and composition in the reactors installed at GNR/ASMOC. Source:
The authors (2024). Statistical analysis.

The data were tabulated in Excel and the statistical software JAMOVI version 2.3 was used for
the statistical analysis, with a 95% confidence interval. The readings from each type of reactor per
month were summed, totaling 11 samples each. The Shapiro-Wilk test was applied to assess the
normality of the data, followed by the Friedman and Durbin-Conover tests.
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RESULTS AND DISCUSSION

The Shapiro-Wilk test (Table 2) indicated that the methane production data from the different
reactors over time did not follow a normal distribution, so the Friedman test (Table 3) was carried out
and revealed there were significant differences between the groups. Subsequently, the multiple
comparisons test was then carried out (Table 4).

Rainy Dry Rainy Dry Rainy Dry Rainy Dry
control control | effluent effluent leachate | leachate Cone. conc:
leachate leachate
Median 32,9 0,33 2,71 52,5 290 89,9 119 73,5
230 | gag 0 0 T 199 59,6 20,3 35,6
percentile
75th
. 508 0,688 495 189 426 711 222 498
percentile
Minimum 0,58 0 0 0,62 64,1 26,1 8,77 7,86
Maximum | 926 2,9 233 428 653 1122 307 866
W for
Shapiro- 0,761 0,714 0,645 0,83 0,938 0,752 0,888 0,769
Wilk
p
Shapiro- 0,004* | 0,001* < ,001* 0,021* 0,471 0,003* 0,111 0,004*
Wilk

Table 2 - Descriptive volume statistics of methane in liters produced during the experiment in the
reactors installed at GNR/ASMOC. Source: The authors (2024).

Friedman
X gl p
573 T < 0,001*

Table 3 - Friedman volume test of methane in liters produced during the experiment in the reactors
installed at GNR/ASMOC. Source: The authors (2024).
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Statistics p
Rainy control Dry control 5,667 < 0,001
Rainy control Rainy effluent 4,959 <0,001*
Rainy control Dry effluent 1,133 0,261
Rainy control Rainy leachate 3,542 < 0,001
Rainy control Dry leachate 3,400 0,001*
Rainy control Rainy conc. leachate 0,000 1,000
Rainy control Dry conc. leachate 1,417 0,161
Dry control Rainy effluent 0,708 0,481
Dry control Dry effluent 4,534 <0,001*
Dry control Rainy leachate 9,209 <0,001*
Dry control Dry leachate 9,067 <0,001*
Dry control Rainy conc. leachate 5,667 < 0,001~
Dry control Dry conc. leachate 7,084 <0,001*
Rainy effluent Dry effluent 3,825 <0,001*
Rainy effluent Rainy leachate 8,501 < 0,001
Rainy effluent Dry leachate 8,359 < 0,001
Rainy effluent Rainy conc. leachate 4,959 <0,001*
Rainy effluent Dry conc. leachate 6,376 < 0,001
Dry effluent Rainy leachate 4,675 < 0,001
Dry effluent Dry leachate 4,534 < 0,001
Dry effluent Rainy conc. leachate 1,133 0,261
Dry effluent Dry conc. leachate 2,550 0,013*
Rainy leachate Dry leachate 0,142 0,888
Rainy leachate Rainy conc. leachate 3,542 <0,001*
Rainy leachate Dry conc. leachate 2,125 0,037~
Dry leachate Rainy conc. leachate 3,400 0,001~
Dry leachate Dry conc. leachate 1,984 0,051
Rainy conc. leachate Dry conc. leachate 1,417 0,161

Table 4 - Multiple volume comparisons (Durbin-Conover) of methane produced during the experiment
in the reactors installed at GNR/ASMOC. Source: The authors (2024).

Tables 2, 3, and 4 show that the data was divided into three groups, with statistical differences
between the groups and similarities among the parameters in the same group. The group with the lowest
methane production was made up of the dry control and the rainy effluent.

The intermediate group consisted of dry effluent, rainy concentrated leachate, dry concentrated
leachate, and rainy control. Finally, the reactors with the best methane production efficiency were the
rainy leachate and the dry leachate (Figure 6). He e Fei (2020) also found higher methane values with
the introduction of leachate than water.

The dry concentrated leachate was between the highest methane production and the intermediate
methane production, as it showed a statistically significant difference from the dry effluent and
similarity to the dry leachate; however, it was classified in the intermediate group as it showed statistical
similarity with the rainy concentrated leachate and the rainy control and difference with the rainy
leachate.
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1 Higher methane Intermediate methane Lower methane
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Figure 6 - Similarity in methane production between reactors. Source: The authors (2024).

Given this data, it can be seen that there is no difference between the dry and rainy periods when
the reactor receives leachate and concentrated leachate. In the case of the control and the effluent, there
is a significant difference between the dry and rainy periods. Therefore, it is clear that the introduction
of raw or concentrated leachate increases methane production, as it introduces nutrients and water into
the environment. The recirculation of leachate in a landfill culminates in the treatment of leachate
through physical, chemical, and biological processes. It also increases biogas production, improves
biodegradability, adjusts the degradation environment, can prevent acidification in the rapid degradation
stage, and accelerates the decomposition and stabilization of MSW (LIU et al., 2021a; MEHRDAD et
al., 2021; ZHANG et al., 2021).

Leachate produced in the methanogenic phase, when recirculated, increases the hydrolysis of
solid food waste, degrades volatile solids, improves the rate of acidogenesis, increases mass transfer, and
positively effects the volatile fatty acid concentrations and redistribution of nutrients (KO; YANG; XU,
2016). However, despite having a concentrated amount of microorganisms, nutrients, and heavy metals,
leachate from landfills can contaminate the environment and pose risks to human health if improperly
disposed of (LIU et al., 2021a; MEHRDAD et al., 2021; ZHANG et al., 2021).

In order to improve the performance of anaerobic digestion in landfills, the application rate needs
to be studied, as the leachate must be recirculated in a quantity that allows the substrate to be supplied
with moisture. However, when introduced in very high volumes, it causes acidification, and elimination
of nutrients, organic matter and microorganisms, which reduces methane production (DEGUEURCE;
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TREMIER; PEU, 2016; LI et al., 2020). The improvement of the leachate application rate in a
thermophilic leaching bed reactor was found by Hussain et al. (2017), which improved the efficiency of
acidification, hydrolysis, and degradation.

Concerning the control, there was a statistical difference between the dry and rainy periods,
determining that rainfall affects biogas production, with the dry period producing less methane, as found
by (GOMES et al., 2024) when they analyzed the ASMOC massifs monthly between January 2019 and
December 2022. They concluded that there is a positive correlation between rainfall and methane
production in the ASMOC. The same was found by Abushammala et al. (2016) and Romana Gomes et
al. (2022) when studying methane production and rainfall in a landfill and in a dump, respectively.

Another alternative that increases the efficiency of anaerobic digestion is the use of co-digestion,
which is the mixing of different substrates with complementary, methane-producing characteristics. In
addition to interfering with the type of waste, the co-substrate provides nutrients and provides positive
synergistic effects on the environment, improving the digestion process and biogas production
(OBULISAMY et al., 2016). Many studies of the co-digestion of food waste and sewage sludge have
been carried out, as both are produced on a large scale and have the potential to produce methane
(FERREIRA, 2017).

In a sanitary landfill there are limitations to the use of sewage sludge due to the volume required
and also the interference with the geomechanical behavior of the landfill, so one way of analyzing
co-digestion was through the irrigation of domestic effluent on the waste. The results showed that
irrigation with septic tank effluent improved methane production when compared to the control without
rainfall, although it performed equally well in the rainy season without effluent irrigation. When
comparing the reactors that received septic tank effluent and rainfall, they performed less well than the
control with rainfall. It can therefore be seen that the irrigation of septic tank effluent in the dry season
increases methane production in landfills, although irrigation with both raw leachate and concentrated
leachate showed a better response.

Studying the effects of co-digestion of sewage sludge and organic food waste, Koch et al. (2016)
found an increase in the specific yield of methane compared to sludge mono-digestion, suggesting a
stimulation of methane generation by co-digestion due to the more favorable ratio of C/N
(Carbon/Nitrogen) with the addition of food waste. Ferreira (2017) also obtained an increase in specific
methane production by adding food waste to sewage sludge for anaerobic co-digestion in a bench-scale
biodigester with initial pH correction to 7.5. Cheng et al. (2021) found an increase in biogas production
through the co-digestion of sludge with food waste in a bioreactor, which could be a viable alternative to
fossil fuels. Y. Liu et al. (2021) obtained an increase in biogas production in a sewage sludge and
organic waste co-digestion system of up to seven times compared to the baseline scenario. Nair et al.
(2014) found an increase in methane production with the addition of sludge at various salt
concentrations.

Recent research into the anaerobic co-digestion of sewage sludge and food waste has found that in
the near future methane generation through co-digestion could be a promising energy source, but studies
are necessary to make the process economically viable (MEHARIYA et al., 2018).

The results reinforce the environmental and technological relevance of the study, as they
demonstrate that leachate recirculation—whether raw or concentrated—is an effective strategy for
intensifying methane generation and optimizing the operation of landfill bioreactors. These findings
advance the state of the art by demonstrating, in a controlled experimental environment with realistic
climatic simulation, that the recirculation of percolated liquids improves the microbiological and
physicochemical conditions of the waste mass, favoring critical stages of anaerobic digestion.
Furthermore, the results are directly aligned with SDGs 7, 11, and 13 by showing that integrated waste
management practices can enhance the energy recovery of biogas, reduce greenhouse gas emissions, and
extend landfill lifespan. The practical application of this knowledge may support the development of
public policies and operational strategies for leachate recirculation and the use of septic tank effluents,
contributing to the creation of replicable solutions for other Brazilian landfills, particularly in tropical
regions with high rainfall variability.
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CONCLUSION

Rainfall, irrigation of septic tank effluent in the dry season and the introduction of leachate in both
the dry and rainy seasons increased methane production in landfills. The highest methane production
occurred with the introduction of leachate in the dry and rainy periods.

Due to the importance of landfills for the final disposal of solid waste in Brazil and the high
potential for energy generation from biogas produced in facilities such as ASMOC, it is essential to
deepen the understanding of landfill behavior and to develop techniques and technologies that enhance
biogas production efficiency. The results of this study demonstrate that the recirculation of
leachate—raw or concentrated—and the application of septic tank effluent are effective strategies for
intensifying anaerobic digestion, increasing methane production, and promoting greater process
stability. These advances underscore the need for continuous improvement in leachate management
practices in Brazilian landfills, particularly in light of the country's climatic diversity and its influence
on waste biodegradation.

Beyond the technical contributions, the findings highlight significant environmental benefits and
show strong alignment with the Sustainable Development Goals, particularly SDG 7 (Affordable and
Clean Energy), SDG 11 (Sustainable Cities and Communities), and SDG 13 (Climate Action). The
enhancement of biogas production and its use as an additional energy source contribute to reducing
greenhouse gas emissions, improving integrated solid waste management, and strengthening practices
aligned with the circular economy. Thus, the study not only addresses the central research question but
also provides valuable insights for public policy development and for the implementation of replicable
solutions in other landfills, expanding the potential for energy recovery and environmental sustainability
in Brazil.
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