Acta Ambiental Catarinense, ISSN 2175-1552 - Unochapecé oren s

A SMART REAL-TIME MONITORING SYSTEM FOR UPGRADING BIOGAS AND
BIOMETHANE

SISTEMA INTELIGENTE DE MEDICAO EM TEMPO REAL DE BIOGAS E UPGRADE DE
BIOMETANO

Mauricio Camargo'
https://orcid.org/0000-0002-2454-8551
Pedro Guerra Trindade Santana?
https://orcid.org/0009-0000-6981-8028
Adriano Rufino da Silva Filho®
https://orcid.org/0009-0009-6484-5751
Rodrigo Evandro Camargo*
https://orcid.org/0009-0007-1252-4783
Igor Karsten Barbosa de Medeiros®
https://orcid.org/0009-0004-7347-3068
Thyago Leite de Vasconcelos Lima®
https://orcid.org/0000-0002-8011-7027
Ruth Amanda Estupifian’
https://orcid.org/0000-0001-8743-3500

Submetido: 28/05/2024 / Aprovado: 23/07/2025 / Publicado: 01/09/2025.

Abstract

Anaerobic digestion contributes significantly to the generation of biomethane, which is a
renewable energy source. Effective management in a bioreactor requires monitoring its internal
digesting levels in order to have a prompt response, which will ensure production and prevent any
process problems. Currently, there is a dearth of affordable and accurate instruments for small-
scale or research-scale biomethane production system measurement. The goal of this research was
to develop a device that could track the components of biogas mixture and its production in real
time. Initially, the Arduino Uno microcontroller was used to develop this, and later, the open-
source ESP32-LoRa was used to
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measure and control, in real time, the production of reactors installed in remote areas. The device
includes a brushless motor-driven compound mixing rotor and a network of connected sensors that
are periodically checked via remote communication and data archiving. In order to enhance the
biomethane generated, it also features a gas filter system. Within the framework of a circular
economy, this device's low cost and reproducibility make it suitable for measuring and controlling
biogas production from remote reactors autonomously in real time.

Keywords: ESP32-LoRa. MQ gas sensors in bioreactors. loT system for biogas monitoring.

Resumo

A produgdo de biometano por digestdo anaerdbica constitui uma importante contribuicdo para as
energias renovaveis. Para garantir a producdo e evitar possiveis falhas no processo, o controle
eficaz em um biorreator requer o monitoramento de suas grandezas internas de digestdo de forma a
ter rapida resposta. Atualmente se tem caréncia de dispositivos baratos e confidveis que possam ser
aplicados na medi¢dao de biometano em sistemas de produgdo, seja para pesquisa ou em pequena
escala. Este estudo buscou construir um dispositivo para monitorar em tempo real a producao de
biogds e os componentes de sua mistura. Este foi desenvolvido inicialmente com o
microcontrolador Arduino Uno e posteriormente com ESP32-LoRa de cédigo aberto. O
dispositivo tem um sistema de sensores associados e um rotor de mistura dos compdsitos,
acionado por um motor brushless, que sdo autuados regularmente, com comunica¢do e
armazenamento dos dados via remota. Também possui um sistema de filtro de gases para dar um
upgrade do biometano produzido. Por seu baixo custo e sua replicabilidade, este dispositivo pode
ser aplicado para medir e controlar de forma auténoma e em tempo real, a producdo de biogas de
reatores instalados em areas remotas, no contexto de economia circular.

Palavras-chave: ESP32-LoRa. Sensores de gases MQ em biorreatores. Sistema loT para
monitoramento de biogas.

1. INTRODUCTION

Anaerobic digestion (AD) is a biochemical process that reduces organic materials into
biogas by mineralizing them. It is mediated by many kinds of syntrophic microorganisms
belonging to the Bacteria and Archaea domains (Amaral; Steinmetz; Kunz, 2022). AD has long
been used to treat an array of pollutants, including industrial wastewater, livestock manure,
organic components of municipal solid waste, and sludge from municipal sewage systems
(Grosser; Neczaj, 2018; De la Rubia et al., 2018; Cardoso et al., 2022). Biomethane has two
potential uses: it can be compressed for use as biofuel and utilized on-site as a fuel to provide
thermal and electrical energy, or it can be turned into renewable natural gas by eliminating carbon
dioxide and other impurities (EPA, 2024, Renewable Fuel Standard Program).

Since methane is the primary component of biogas and affects its energy capacity, the rate
at which it is produced defines the performance of an anaerobic bioreactor. Methane production
rate is dependent on various operating factors, including feed quality and rate, temperature,
alkalinity, solids retention time, and hydraulic and solids retention time (Ibro et al., 2024; Ding et
al.,2023; Liu, et al., 2022, Sahoo, et al., 2023, Nagao et al., 2012).

Understanding the biogas flow rate and methane content is necessary for the proper
operation and control of anaerobic digesters (Ghofrani-Isfahani et al., 2020). The pace of methane
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generation is typically tracked in order to optimize methods to prevent disruptions and control the
process (Polag et al., 2015; Lara et al., 2015). Measuring instruments for gas analysis are readily
available on the market, such as mass spectrometers (Safi, Arnold, Rennick, 2024), infrared
spectroscopes (Yacovitch et al., 2014), and gas chromatography (Krause et al., 2018). However,
because of their high cost and the logistical requirements of operation, these instruments are
frequently unsuitable for use in remote areas (Yang et al., 2019).

The physical processes involved in the conversion of inputs into outputs must be measured
in order to investigate and analyze biodigestion and the reactions that take place. As a result, when
a physical quantity is measured with a sensor, the stimulation of the measure results in the
generation of an electrical output signal (Ida, 2020; Fericean, 2019).

This paper introduces a robustly sensitive methane measurement system based on the
ESP32-LoRa platform. The ESP32 has built-in Wi-Fi and Bluetooth interfaces that simplify
connection and communication with other devices or networks and that can track real-time
biomethane content in remote places. One of this device's advantages is that it is inexpensive and
lightweight (Hercog et al., 2023). Waste is effectively reused to generate methane for specific
purposes, minimizing environmental impacts on the soil and the overall environment by lowering
methane emissions. This promotes economic benefits and enhances community well-being.

2. MATERIAL AND METHODS

2.1 Arduino-Uno Platform

A gas detector mod. DG-500 with a USB interface was used to measure the amounts of
CO, hydrogen sulfide gas, and methane produced by experimental bioreactors. These samples
served as calibration parameters for the first measuring device, which was previously constructed
using an Arduino Uno platform in conjunction with pH450C and sensors: MPX5050; DS18D20,
MQ4, MQ8, and MQ136. The Arduino IDE environment was used for programming, and C/C++
was the language used. As a result, the control system was made up of a number of sensors that
monitored the pH, temperature (°C), pressure (KPa), and gas concentrations (ppm) created by
anaerobic decomposition in an experimental reactor. Following the introduction of the biogas
samples, the gadget was configured to automatically measure these values.

2.2 Quantities and sensors

The glass electrode that powers the analog pH450c sensor is sensitive to hydrogen ions
(H"). In essence, the analog output produced by this sensor is proportionate to the concentration of
H+ ions in the solution, which is correlated with the pH value, and indicates the degree of acidity
or alkalinity. With a measurement range of 0 to 50 kPa, the MPX5050 pressure sensor is designed
to function on the basis of capacitive deformation. The temperature sensor DS18B20 is a digital
device that uses a single data wire for communication and operates on the one-wire protocol.
Temperature is converted into digital values with great precision and a 9- to 12-bit resolution. A
source provided power to this sensor (3.0V to 5.5V).

Sensors from the MQ series were installed for gas measurements. MQ-136 (hydrogen
sulfide), MQ-8 (carbon dioxide), and MQ-4 (methane), each with a distinct measurement range.
These sensors' working principle is based on how electrical resistance changes in response to a
certain gas's presence. To guarantee accurate readings, these sensors need to be calibrated first.
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These sensors' analog response is proportionate to the gas concentration that is sensed, which
makes it easier to integrate them with microcontrollers (Figure 1).

Figure 1. Arduino platform with sensors installed for gas monitoring
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Source: The authors, 2024

To make integration with the microcontroller easier, measurements were taken using an
alphanumeric component or a 16x2 LCD display with 32-character display capability that included
an HD44780 controller. A 12 volt, 3 amp AC/DC source that transformed grid alternating current
(AC) into direct current (DC) and included voltage regulation circuit to guarantee a steady output
powered the entire system (Figure 2).

Figure 2. Circuit Simulation design made by tinkercad Platform (https://www.tinkercad.com)

~

Source: The authors, 2024
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2.3 Biogas upgrade

The direct exposure of MQ sensors to the corrosive effects of contaminants like hydrogen
sulfide was one of the constraints of using these sensors. As a result, experiments on moisture
retention and desulfurization were done in the gas combination. The alkaline reaction of biogas
fractions with sodium hydroxide was the first test, which was conducted in accordance with VUT
(2012) Angelidaki et al., (2018) and Nezamabadi, Yousefi and Saraei (2022) (Figure 3). To assess
the HoS filtering power, the biogas samples were injected into a medium containing sodium
hydroxide solution and then quantified.

Figure 3. Alkaline reaction test for gas mixture desulfurization

Source: Thé uthors, 2024

A dry reaction between hydrogen sulfide and iron oxide generated by a steel sponge was
the second test, as reported by Magomnang and Villanueva, (2015); Riyadi, Kristiano and Priadi
(2018) (Figure 4). The samples' H2S content was measured after they underwent filtration.

Figure 4. Dry reaction of hydrogen sulfide with iron oxide
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2.4 ESP32 system platform (LoRa)

The Arduino was swapped out with an ESP32-LoRa V2 board that had a WiFi and
Bluetooth module in order to apply the set of sensors in an Internet of Things system. The board
can establish long-distance communication with other LoRa devices thanks to the LoRa SX1278
chip. The electronic system of the bioreactor was split into Flumen Point and Flumen Hub.
Through the use of an ADC (Analog Digital Converter) chip, the Flumen Point reads the sensors
and transmits the data to the main microcontroller board via the 12C (Inter-Integrated Circuit)
protocol (Figure 5).

Figure 5. LoRa, brushless motor control, and sensor reading system
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Source: The authors, 2024

2.5 Point Flumen: Interaction

A breadboard was used to assemble the system, which consists of two parts: a receiver to
evaluate the data on a computer or other receiver, and an analog-to-digital converter and voltage
regulator for the biodigester. To function remotely, a battery-powered system has to be
implemented in addition to the microcontrollers. A 12.6V, 2200 mA/h battery was used to power
the brushless motor (Figure 3). The computer supplied USB power to the hub and biodigester. The
ESP32 LoRa V2 Heltec module was used to program the board via the Platform IO extension of
Visual Studio Code (https://platformio.org).

The ADC converter on the main board receives data from the sensors, and the computed
and processed values are transmitted to the Flumen Hub via the LoRa network. The Flumen Hub
additionally makes use of the ESP32 WiFi LoRa V2, which is the part that receives the signal
transmitted by the Flumen Point and instantly logs it into the database. Every hour of the day, the
signal obtained by the LoRa chip is processed and transmitted to the Google Firebase Realtime
Database. The ESP32 establishes an internet connection, stores the data, and retrieves it using its
API protocols. The code library Firebase Arduino Client Library for ESP8266-ESP32@14.4.9,
created by user Mobizt, 2021, was used to produce the protocols (Figure 6).
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Figure 6. ESP32 communication system connected to Google Firebase Realtime Database in real-
time via LoRa.
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3. RESULTS AND DISCUSSION
3.1 Results

A circuit board was used in place of a breadboard to construct the project's physical form
(Figure 7). Following the use of the set of sensors to evaluate gas samples in a capsule, the
following project execution issues were found: 1. Filtration systems were used to remove any non-
flammable gases from the combination, with the primary goal being to get rid of hydrogen sulfide
gas (H»S), which corrodes sensors due to its acidity. It was attached to the filter with a PVC
capsule and a steel sponge acting as a sacrificial metal to remove HzS.

2. A voltage regulator was added to the system since it was required to have an amperage
far more than what the Arduino Uno board could handle. When all of the sensors suddenly
dropped in voltage, it was found that a voltage higher than what was deemed safe for the particular
electronics was applied. The MQ sensors' and the associated wires' internal resistance was the
cause of the drop. As a result, the overall resistance of multiple parallelly connected sensors will
be less than that of a single sensor. Consequently, there was a greater overall current flowing
through the circuit due to the decreased total resistance.

In order to maintain the proper working of the components, the LM2596 Step Down
Voltage Regulator Module was linked to an external power source. The resistance of various tin
oxide (SnO2) metal alloys, which varies depending on how they are exposed to various gases, is
the basis for how MQ sensors function. These sensors, however, cannot be used to measure
mixtures with high gas concentrations. The sensor Methane MQ-4 only has a reading range of 100
to 10,000 ppm. This is in order to achieve the greatest possible concentration of methane gas
(CHa4), the principal gas in the Lower Explosive Limit (LEL) mixture, which was measured based
on a cylinder of known concentration with a 50% LEL (50,000 ppm).
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Figure 7. Flumen Gas Project — gas production tests and sensor system used on the Arduino 1
platform.
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3.1.1 Electronic system via IoT

The values from the sensors were transmitted by LoRa to Flumem Hub, which formatted and
converted them into integer values. Flumem Hub then relayed the information from the database to
Flumem Point over the WiFi connection (WPA2) and Google Firebase API. data in real time
(Figure 8).
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Figure 8. Flumem Hub relayed the information from the database to Flumem Point over the WiFi1
connection (WPA2) and Google Firebase API. data in real time.

https://biodigestor-lora-default-rtdb.firebaseio.com/
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Source: The authors, 2024

A variable from the database was read by the Flumem Hub, which then transmitted the data
to the Flumem Point over LoRa. The Flumem Point then produced a PWM pulse for the Esc
(Electronic Speed Controller), which turns on the Brushless motor.

3.1.2 Sketch Structure

Sequential set of commands for the Arduino device
#include <avr/io.h>

#define F_CPU 16000000UL

#include <util/delay.h>

#include <math.h>

#include <stdio.h>

/[#include <OneWire.h>//~~

/[#include <DallasTemperature.h>//~~
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3.2 Discussion

In remote locations, the Flumem gadget offers a feasible substitute for tracking the
production of biogas. MQ sensors have a wide range of applications due to their inexpensive cost
and accessibility (Mukhtarov et al., 2024). Despite these advantages, low-cost sensors have only
recently and infrequently been used in the biomass industry (Tabatabaei et. al., 2018).

The usage of MQ sensors, which can measure the gas concentration higher than the limit
specified for each sensor in the device through calibration curves, is one of the proposed uses for
the device. A novel device to be researched would be the dilution of a given mixture in a system
that upgrades methane and uses a calibration curve to measure higher concentrations. This device
would be highly useful in small-scale, low-cost biogas projects and at the experimental level.

Using iron oxide for biogas desulfurization has advantages over sodium hydroxide, which
may be safely released into the atmosphere due to its dry process and non-hazardous waste output
(Magomnang; Villanueva, 2015). However, purification using sodium hydroxide may be
economically feasible for production units that aim to create biomethane, given the fact that the
combination shows large amounts of H2S (Angelidaki et al., 2018; VUT, 2012).

Utilizing a brushless rotor in conjunction with the open-source ESP32-LoRa to monitor gas
output in remote locations offered benefits over the initial prototype put forth by Camargo et al.
(2024). Gas records can be obtained over the LoRa system through an application or computer
screen. When a brush motor is swapped out for a brushless motor to mix the biodigester solution,
the system becomes safer since there are less sparks that could cause an explosion in the presence
of gasses. It also uses less energy. This new prototype was created in response to this need.

It is crucial to coordinate the receiving and sending of information in such a way that
sending occurs first. The next advancement involves creating a printed circuit board that
compactly integrates the ESC, the ADC converters, the LoRa module and the ESP32, the battery
manager, and, in an effort to increase system autonomy, a solar panel. This is because the first
device was constructed and tested on a protoboard system.

4. FINAL CONSIDERATIONS

This straightforward, inexpensive, and portable measurement method offers a very
appealing way to keep updated on biomass gasification systems in isolated rural locations. It
spares local operators from the exorbitant expenses of buying and maintaining traditional
measuring equipment like gas chromatographs, allowing them to maintain and enhance current
installations. As a result, this work advances rural electrification in isolated regions.

5. REFERENCES

AMARAL, André Cestonaro do; STEINMETZ, Radis Ricardo Luis; KUNZ, Airton. Important
parameters for the anaerobic digestion process. /In KUNZ, Airton; Steinmetz, RADIS Ricardo
Luis; AMARAL, André Cestonaro Airton. Fundamentals of anaerobic digestion, biogas
purification, use and treatment of digestate. Concordia: Sbera: Embrapa Suinos e Aves, 2022.
201 p.

ANGELIDAKI, Irini; TREU, Laura; TSAPEKOS, Panagiotis; LUO, Gang; CAMPANARO,
Stefano; WENZEL, Henrik; KOUGIAS, Panagiotis. Biogas upgrading and utilization: Current
status and perspectives. Biotechnology Advances, v. 36, n. 2, p. 452-466, 2018. doi:
10.1016/j.biotechadyv.

DOI: http://dx.doi.org/10.24021/raac.v22i1.7938 V.22, N.1(2025)

- Este ¢ um artigo publicado em acesso aberto (Open Access) sob a licenga Creative Commons Attribution, que

permite uso, distribui¢do e reproducdo em qualquer meio, sem restri¢des desde que o trabalho original seja corretamente citado.

10



Acta Ambiental Catarinense, ISSN 2175-1552 - Unochapecd e

CAMARGO, Mauricio; OLIVEIRA, Luciana; ESTUPINAN, Ruth Amanda; MENDES, Gomes
Elijefferson. Autonomous biogas reactor designed for rural regions. Gaia Scientia, v. 17, n. 3, p. 1-
12, 2024.

CARDOSO, Ariane Silva; MARQUES, Erika Alves Tavares; FERREIRA, André Luiz Nunes;
SOBRAL, Maria do Carmo Martins; MELLO, Arisvaldo Vieira Junior; ALVES, Anthony
Epifanio. Water quality monitoring as a tool for sustainable management of the upper paraiba river
course. Acta Ambiental Catarinense, v. 19, n. 1, p. 1-19, 2022.
http://dx.doi.org/10.24021/raac.v1911.6678.

DE LA RUBIA, Maria Angeles; VILLAMIL, John Alexander; RODRIGUEZ, Juan José; BORJA,
Rafael; MOHEDANO, Angel Fernandez. Mesophilic anaerobic co-digestion of the organic
fraction of municipal solid waste with the liquid fraction from hydrothermal carbonization of
sewage sludge. Waste Management, v. 76, p. 315-322, 2018.
https://doi.org/10.1016/j.wasman.2018.02.046

DING, Chuan; ZHANG, Yi; LI, Xindu; LIU, Qiang; LI, Yeqing; LU, Yanjuan, FENG, Lu; PAND,
Junting; ZHOU, Hongjun. Strategy to enhance the semicontinuous anaerobic digestion of food
waste via exogenous additives: experimental and machine learning approaches. RSC Advances, v.
13, n. 50, p. 35349-35358, 2023. DOI: 10.1039/d3ra05811e. PMID: 38053678; PMCID:
PMC10695191.

EPA-Environmental Protection Agency-. https://www.epa.gov/renewable-fuel-standard-
program/approvedpathways-renewable-fuel. Acceso em: 24 ago. 2024

FERICEAN, Sorin. Inductive Sensors for Industrial Applications. Artech House Publishers,
685 Canton Street Norwood, MA, 2019. 560 p. Disponivel em:
https://dokumen.pub/qdownload/inductive-sensors-for-industrial-applications-978-1-63081-255-
3.html#English. Acceso em: 24 ago. 2024

GHOFRANI-ISFAHANI, Parisa; VALVERDE-PEREZ, Borja; ALVARADO-MORALES,
Merlin; SHAHROKHI, Mohammad; VOSSOUGHI, Manouchehr; ANGELIDAKI, Irini.

Supervisory control of an anaerobic digester subject to drastic substrate changes. Chemical
Engineering Journal, v. 391, 2020. https://doi.org/10.1016/j.cej.2019.123502.

GROSSER, Anna; NECZAJ, Ewa. Sewage sludge and fat rich materials codigestion-Performance
and energy potential. Journal of Cleaner Production, v. 198, p. 1076-1089, 2018.
https://doi.org/10.1016/j.jclepro.2018.07.124

HERCOG, Darko; LERHER, Tone; TRUNTIC, Mitja; TEZAK, Oto. Design and Implementation
of ESP32-Based IoT Devices. Sensors, v. 23, n. 15, 2023. https://doi.org/10.3390/s23156739

IBRO, Mohammed Kelif; ANCHA, Venkata Ramayya; LEMMA, Dejene Beyene. Biogas
Production Optimization in the Anaerobic CodigestionProcess: A Critical Review on Process
Parameters Modeling andSimulation Tools. Journal of Chemistry, v. 2024, n. 1, 2024.
https://doi.org/10.1155/2024/4599371

DOI: http://dx.doi.org/10.24021/raac.v2211.7938 V.22, N.1(2025)

- Este ¢ um artigo publicado em acesso aberto (Open Access) sob a licenga Creative Commons Attribution, que

permite uso, distribui¢@o e reprodugdo em qualquer meio, sem restrigdes desde que o trabalho original seja corretamente citado.

11


https://doi.org/10.1016/j.wasman.2018.02.046
https://dokumen.pub/qdownload/inductive-sensors-for-industrial-applications-978-1-63081-255-3.html#English
https://dokumen.pub/qdownload/inductive-sensors-for-industrial-applications-978-1-63081-255-3.html#English
https://doi.org/10.1016/j.jclepro.2018.07.124
https://doi.org/10.1155/2024/4599371

Acta Ambiental Catarinense, ISSN 2175-1552 - Unochapecd oren @peces

IDA, Nathan. Sensors, Actuators, and Their Interfaces: a Multidisciplinary Introduction. 2
ed. SciTech Publishing Inc., 2020. 898 p. https://doi.org/10.1049/PBCE127E.

KRAUSE, Max J.; CHICKERING, Giles W.; TOWNSEND, Timothy G.;
PULLAMMANAPPALLIL, Pratap. Efects of temperature and particle size on the biochemical
methane potential of municipal solid waste components. Waste Management, v. 71, p. 25-30,
2018. https://doi.org/10.1016/j.wasman.2017.11.015

LARA, Gerardo; AGUILAR, Ricardo; FEMAT, Ricardo. On the dynamic optimization of
methane production in anaerobic digestion via extremum-seeking control approach. Computers &
Chemical Engineering, v. 75, p. 49-59, 2015.
https://doi.org/10.1016/j.compchemeng.2015.01.018.

LIU, Yang; ZONG, Yifeng; XIE, Tian; SONG, Hainong; ZHANG, Jian. Anaerobic Co-Digestion
with Food Waste: A Possible Alternative to Overcome the Energy Deficit of Sludge Thermal
Pretreatment. ACS Omega, v. 7, n. 43, p. 38496-38504, 2022. DOI: 10.1021/acsomega.2c03700

MAGOMNANG, Antonio-Abdu Sami M.; VILLANUEVA, Eliseo P. Utilization of the uncoated
steel wool for the removal of hydrogen sulfide from biogas. International Journal of Mining,
Metallurgy & Mechanical Engineering, v. 3, n. 3, p. 108-111, 2015.

MOBIZT. Firebase Arduino Client Library for ESP8266 and ESP32. 2021. Disponivel em:
https://github.com/mobizt/Firebase-ESP-Client. Acceso em: 24 mai. 2024.

MUKHTAROYV, Farrukh; JO‘rayev, Nurmaxamad; ZOKIROV, Sanjar; SADIKOVA, Munira;
MUHAMMADJONOV, Azamatjon; ISKANDAROVA, Nargizakhon. Analysis of automation
through sensors through gas sensors in different directions. E3S Web of Conferences, v. 508, n.
06004, 2024. https://doi.org/10.1051/e3sconf/202450806004.

NAGAO, Norio; TAJIMA, Nobuyuki; KAWAI, Minako; NIWA, Chiaki; KUROSAWA, Norio;
MATSUY AMA, Tatsushi; YUSOFF, Fatimah Md; Toda, Tatsuki. Maximum organic loading rate
for the single-stage wet anaerobic digestion of food waste. Bioresource Technology, v. 118, p.
210-218, 2012. https://doi.org/10.1016/j.biortech.2012.05.045

NEZAMABADI, Omid; YOUSEFI, Leila; SARAEI, Alireza R. Sodium Hydroxide Solution
Pretreatment Effect on Anaerobic Digestion Process under Mesophilic Conditions. Iranian
Journal of Chemistry and Chemical Engineering, v. 41, n. 9, p. 3077-3084, 2022.
https://www.ijcce.ac.ir/article 247613 S5cc4bd6433c7947194ataa3c0218ddas.pdf

POLAG, Daniela; MAY, Tobias; MULLER, Liane; KONIG, Helmut; JACOBI, Hans Fabian;
LAUKENMANN, Stephan; KEPPLER, Frank. On-line monitoring of stable carbon isotopes of
methane in anaerobic digestion as a new tool for early warning of process instability. Bioresource
Technology, v. 197, p. 161-170, 2015. https://doi.org/10.1016/j.biortech.2015.08.058

RIYADI, Urip; KRISTANTO, Gabriel; PRIADI, Cindy. Utilization of steel wool as removal
media of hydrogen sulfide in biogas. IOP Conference Series Earth and Environmental Science,
v. 105, n. 1, p. 012026, 2018. DOI:10.1088/1755-1315/105/1/012026.

DOI: http://dx.doi.org/10.24021/raac.v2211.7938 V.22, N.1(2025)

- Este ¢ um artigo publicado em acesso aberto (Open Access) sob a licenga Creative Commons Attribution, que

permite uso, distribui¢@o e reprodugdo em qualquer meio, sem restrigdes desde que o trabalho original seja corretamente citado.

12


https://doi.org/10.1016/j.wasman.2017.11.015
https://doi.org/10.1016/j.compchemeng.2015.01.018
https://github.com/mobizt/Firebase-ESP-Client
https://doi.org/10.1051/e3sconf/202450806004

Acta Ambiental Catarinense, ISSN 2175-1552 - Unochapecd e

SAFI, Emmal; ARNOLD, Tim; RENNICK, Chris. Fractionation of Methane Isotopologues during
Preparation for Analysis from Ambient Air. Analytical Chemestry, v. 96, n. 16, p. 6139-6147,
2024. DOI: 10.1021/acs.analchem.3c04891. Epub 2024 Mar 22. PMID: 38518762; PMCID:
PMC11044101.

SAHOO, Ansuman; DWIVEDI, Akanksha; MADHESHIYA, Parvati; KUMAR, Umesh;
SHARMA, Rajesh Kumar; TIWARI, Supriya. Insights into the management of food waste in
developing countries: with special reference to India. Environmental Science and Pollution
Research, v. 3, n. 12, p. 17887-17913, 2023. doi: 10.1007/s11356-023-27901-6.

TABATABAEI, Meisam; VALIJANIAN, Elena; AGHBASHLO, Mortaza, GHANAVATI,
Hossein; SULAIMAN, Alawi; WAKISAKA, Minato. Prominent Parameters in Biogas Production
Systems. In: Tabatabaei, Meisam; Ghanavati, Hossein (Eds.). Biogas: Fundamentals, Process,
and Operation. Springer International Publishing, Cham, 2018. p. 135-161.
https://doi.org/10.1007/978-3-319-77335-3. http://link. springer.com/10.1007/978-3-319-77335-3.

VUT, Vienna University of Technology, Agricultural Institute of Slovenia. Promotion of bio-
methane and its market development through local and regional partnerships. A project
under the Intelligent Energy - Task 3.1.1. 2012. p. 15.
https://arhiv.kis.si/datoteke/File/kis/SLO/MEH/Biomethane/D2 3 AIS REGIONAL ACTION P
LAN_AND_STRATEGY .pdf. Acesso em: 5 jan. 2024.

YACOVITCH, Tara; HERNDON, Scott; ROSCIOLI, Joseph; FLOERCHINGER, Cody;
MCGOVERN, Ryan; AGNESE, Michael; PETRON, Gabrielle; KOFLER, Jonathan; SWEENEY,
Colm; KARION, Anna; CONLEY, Stephen; KORT, Eric; NAHLE, Lars; FISCHER, Marc;
HILDEBRANDT, Lars; KOETH, Johannes; MCMANUS, Barry; NELSON, David; ZAHNISER,
Mark; KOLB, Charles. Demonstration of an ethane spectrometer for methane source
identification. Environmental Science and Technology v. 48, n. 14, p. 8028-8034, 2014. doi:
10.1021/es501475q.

YANG, Shunchang; LIU, Yikan; WU, Na; ZHANG, Yingxiu; SVORONOS, Spyros;
PULLAMMANAPPALLIL, Pratap. Low-cost, Arduino-based, portable device for measurement of
methane composition in biogds. Renewable Energy, v. 138, p. 224-229, 2019.
https://doi.org/10.1016/ j.renene.2019.01.083. https://linkinghub.elsevier.com/retrieve/pii
/S0960148119300965

DOI: http://dx.doi.org/10.24021/raac.v2211.7938 V.22,N.1(2025)
- Este ¢ um artigo publicado em acesso aberto (Open Access) sob a licenca Creative Commons Attribution, que
permite uso, distribui¢@o e reprodugdo em qualquer meio, sem restrigdes desde que o trabalho original seja corretamente citado.

13



