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Abstract: In this work, hydrogen production from the co-digestion of sugarcane straw and sugar-
cane vinasse in the dark fermentation (DF) process was monitored using a cost-effective hydrogen
detection system. This system included a sensor of the MQ-8 series, an Arduino Leonardo board,
and a computer. For the DF, different concentrations of sugarcane vinasse and volumetric ratios of
vinasse/hemicellulose hydrolysate were used together with a thermally pretreated inoculum, while
the hydrogen detection system stored the hydrogen concentration data during the fermentation time.
The results showed that a higher concentration of vinasse led to higher inhibitors for the DF, resulting
in a longer lag phase. Additionally, the hydrogen detection system proved to be a useful tool in
monitoring the DF, showcasing a rapid response time, and providing reliable information about the
period of adaptation of the inoculum to the substrate. The measurement system was assessed using
the error metrics SE, RMSE, and MBE, whose values ranged 0.6 and 5.0% as minimum and maximum
values. The CV (1.0–8.0%) and SD (0.79–5.62 ppm) confirmed the sensor’s robustness, while the
ANOVA at the 5% significance level affirmed the repeatability of measurements with this instrument.
The RMSE values supported the accuracy of the sensor for online measurements (6.08–14.78 ppm).
The adoption of this straightforward and affordable method sped up the analysis of hydrogen in
secluded regions without incurring the expenses associated with traditional measuring instruments
while offering a promising solution for biomass valorization, contributing to the advancement of
rural green energy initiatives in remote areas.
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1. Introduction

In recent years, renewable energy sources have become increasingly important due to
the environmental compromises of countries with a limitation on carbon emissions. Among
the energy sources for the energy transition towards a non-carbon economy, hydrogen has
been classified as one of the most promising and the cleanest fuel owing to its high energy
content per unit mass (142 kJ/g) and the production of water as the product of its oxida-
tion [1]. Hydrogen can be produced using several methods including natural gas refining,
water electrolysis, biomass pyrolysis, and biological processes such as biophotolysis by
green algae, photofermentation by cyanobacteria, and dark fermentation (DF) by strict or
facultative anaerobic bacteria [2].

Anaerobic digestion is a biological process widely used in biogas production from
biogenic residues and involves a minimum of two stages of biological reactions, acido-
genesis (or DF) and methanogenesis. In the first phase, acid-forming bacteria hydrolyze
organic matter into simpler compounds (carbohydrates, lipids, amino acids) and produce
hydrogen gas (H2), carbon dioxide (CO2), and organic acids like acetic acid, propionic
acid, and butyric acid as the metabolic by-product, while in methanogenesis, methanogens

AgriEngineering 2024, 6, 479–490. https://doi.org/10.3390/agriengineering6010029 https://www.mdpi.com/journal/agriengineering

https://doi.org/10.3390/agriengineering6010029
https://doi.org/10.3390/agriengineering6010029
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriengineering
https://www.mdpi.com
https://orcid.org/0009-0003-2660-606X
https://orcid.org/0000-0002-9858-9559
https://orcid.org/0000-0003-1013-5809
https://doi.org/10.3390/agriengineering6010029
https://www.mdpi.com/journal/agriengineering
https://www.mdpi.com/article/10.3390/agriengineering6010029?type=check_update&version=1


AgriEngineering 2024, 6 480

consume hydrogen and acetic acid to produce methane [3–6]. Studies have been made to
investigate the application of anaerobic digestion in rural settings and assess its potential as
a sustainable energy solution [7,8]. Although there is not much progress in the case of DF,
it is also known that anaerobic digestion can be directed towards DF by manipulating oper-
ational parameters like pH and retention time and by inhibiting methanogenesis [9]; this
adaptation suggests that DF, with controlled parameters, holds promise for implementation
in rural areas.

Over the past few years, there has been a growing interest in enhancing biohydrogen
production using both simple (optimization of carbon/nitrogen (C/N) ratio, pH, and
temperature) and complex techniques (Bacterial immobilization, nanotechnology, genetic
engineering) [10]. A prevalent methodology employed in DF to enhance biohydrogen
production is the application of inoculum pretreatment techniques. The most used method
is heat-shock pretreatment (HSP), which consists of heating the sludge to temperatures
between 80 and 121 ◦C for an exposure time of 10–120 min; this practice delays the time of
emergence of methanogens [11–13]. Moreover, in instances where the substrate employed
in DF lacks a substantial carbohydrate concentration, a complementary strategy known as
co-digestion can be applied, which consists of the union of two or more different biogenic
residues to increase the composition of useful substrates in the process and improve the
C/N ratio [14,15].

Another recurring problem in DF is the measurement of hydrogen produced during
the bioprocess. On the analytical scale, numerous precise methods exist for quantify-
ing hydrogen, including but not limited to gas chromatography, commercial gas meters,
respirometers, and an extensive array of hydrogen sensors such as electrochemical or resis-
tive sensors. The choice of method depends on the specific application and the maximum
concentration of hydrogen in the sample [16–18]. On the one hand, analytical technolo-
gies like gas chromatography are widely used to measure the composition of hydrogen
produced on the laboratory scale, but it is very expensive compared to other alternatives.
On the other hand, hydrogen sensors are cheap, require low or no maintenance, are easily
replaceable, have a fast response time, and are easy to install and use [16]. In particular, the
MQ-8 series sensor is a low-cost sensor used to detect hydrogen in concentrations between
200 and 10,000 ppm and it is classified as a resistive sensor [19]. Its detection system relies
on the alteration in the electrical resistance of a sensitive layer in response to the presence of
hydrogen in a gas flow; the sensitive part of the MQ-8 series comprises a ceramic tube made
of Al2O3, enveloped by a SnO2 layer. In the presence of air, an oxidation reaction occurs
between the gas and oxygen, resulting in a reduction in the resistance of the sensor [19].
Due to its fast response time, low cost, and ease of installation and use, in this contribution,
the potential of the MQ-8 sensor as a feasible option for monitoring hydrogen production
in a DF process is explored.

Currently, the needs for circular and zero-waste processes motivate the application of
valorization alternatives like the utilization of anaerobic processes for energy production.
Some residues are of great interest due to their valorization potential such as food waste,
wastewater, and crop residues from wheat, corn, rice, and sugarcane [2,3]. During 2021,
Colombia produced 24 million tons of sugarcane [20], placing this country as one of the
largest producers of sugarcane worldwide. Despite the importance of this activity in agro-
industrial and economic terms, such large production leads to an abundant generation of
waste, especially lignocellulosic residues like sugarcane straw and liquid waste like vinasse.

Sugarcane straw is a fibrous and heterogeneous residue composed mostly of plant
tops and dry leaves and represents approximately 15.6% of the sugarcane crop [21,22].
Although part of this residue is used to prepare the soil, about 50% is left in the field to
feed livestock or is usually burned, increasing the emissions of carbon and particulate
material in rural areas and wasting the potential of this lignocellulosic residue [22,23]. One
of the biotechnological uses of sugarcane straw is as a carbon source for fermentation
processes; however, due to the recalcitrant nature of this residue, a hydrolysis pretreatment
is necessary to break the complex interaction between the lignocellulosic fractions [24]. The
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diluted acid pretreatment is one of the most used for high hemicellulose solubilization and
high yield in the deconstruction of cellulose [25,26]. The diluted acid pretreatment consists
of using a dilute acid solution, preferably sulfuric acid, with a concentration less than 4%
wt in a temperature range of 120–210 ◦C and a residence time between 5 and 90 min [25].

Sugarcane vinasse is a by-product of the sugar–ethanol industry, characterized as
an acidic suspension, with a high organic content, unpleasant odor, and dark brown
color [27]. In this sector, fertilization and irrigation with diluted vinasse are widely prac-
ticed; however, the infiltration of this complex residue in soils and water bodies leads to
several environmental hazards like soil salinization, soil instability, the permanent acid-
ification of water sources, and insect spreading [28]. Consequently, efforts have been
made to explore new applications for this residue [24,29]. Among the treatments used to
reduce the environmental impact of vinasse are physicochemical (coagulation/flocculation,
electrocoagulation, adsorption, advanced oxidation, and membrane processes), thermal
(evaporation/combustion), and biological treatments (aerobic and anaerobic) [30]. In par-
ticular, the biologic treatments have attracted the attention for valorization through biogas
production and, hence, as a source of bioenergy [30].

Although sugarcane vinasse and sugarcane straw have been widely explored as
individual substrates for DF [22,31,32], research on the co-digestion of these residues is
notably scarce. The absence of studies on the co-digestion of these wastes underscores the
necessity to identify a suitable co-digestion ratio for enhancing biohydrogen production.
Additionally, sugarcane vinasse harbors inhibitors (polyphenols) that, at high concentration
levels, may adversely impact the metabolic activity of the bacterial consortium [33]. This
emphasizes the importance of determining an appropriate dilution level to strike a balance
between reducing inhibitors and supplying essential nutrients for efficient biohydrogen
production. Therefore, the aim of this work is to monitor hydrogen production from vinasse
and sugarcane straw co-digestion as low-cost substrates in a DF process, by utilizing an MQ-
8 sensor as a prospective tool for low-sophistication installations with potential application
for rural and remote areas.

2. Materials and Methods
2.1. Material Acquisition

The sugarcane vinasse was obtained from a distillery with an initial concentration
of ~33 Brix. The sugarcane straw used in this study came from a sugar mill, while the
inoculum and the slaughterhouse wastewater used as a substrate in the adaption phase
were collected from a Waste-Water Treatment Plant (WWTP).

2.2. Sugarcane Straw Pretreatment

Sugarcane straw pretreatment was adapted according to [22] and pre-experimental
tests. The sugarcane straw underwent size reduction to approximately 3–5 cm using a blade
mill, followed by diluted acid pretreatment at 120 ◦C for 60 min in a closed vessel, without
agitation. During the pretreatment process, a 1.5% (v/v) H2SO4 solution was employed at a
solid-to-liquid ratio of 1:10 (g/mL). After the diluted acid pretreatment, the liquid fraction
obtained, known as hemicellulose hydrolysate (HH), was subjected to vacuum filtration,
its pH was adjusted to 5.0 using a 1N NaOH solution, and it was stored in the refrigerator
at 4 ◦C.

2.3. Vinasse Characterization

The analyses and methods used in the characterization of the initial vinasse are
detailed in Table 1. Conceição et al. demonstrated that raw sugarcane vinasse hinders
bacterial consortium growth compared to diluted vinasse [34]. Therefore, diluted solutions
were prepared at 5, 10, and 15% v/v of the original concentration using distilled water as
the solvent.
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Table 1. Methods used in the characterization of the initial sugarcane vinasse.

Analysis Method

Ashes AOAC 942.05 [35]
Total Nitrogen AOAC 981.10 [35]
Total Sugars Lane Eyn [36]

Total Organic Carbon (TOC) Standard Methods 5310 B High Temperature Combustion [37]
Chemical Oxygen Demand

(COD)
Standard Methods ED 23/5220 C—Closed

Reflux—Volumetric [37]
Total Solids Gravimetry

Total Polyphenols Folin–Ciocalteu [38]

2.4. Inoculum Adaptation

The inoculum used in this study was derived from a microbial sludge obtained
from a WWTP. Since the sludge was acclimated to slaughterhouse wastewater within the
WWTP, it was progressively subjected to different substrate concentrations for adaptation
purposes. The related concentrations are shown in Table 2. Using HI93754B-25 Kits (Hanna
Instruments, Venice, Italy), COD measurements were conducted on the first day and four
days after the initial feed of substrate; a 60% reduction in the initial COD was considered a
good measure for replacing the initial substrates with more vinasse–HH-rich substrates.

Table 2. Substrate concentrations used in inoculum adaptation.

Slaughterhouse Wastewater/Vinasse–HH Ratio Initial COD (g COD/L)

70/30 13.8
50/50 21.9
30/70 28.4
0/100 41.1

Once the adaptation phase ended, the inoculum was constantly fed with substrate
rich in vinasse–HH, and prior to being used in the DF process, it was subjected to heat-
shock pretreatment at 121 ◦C for 20 min in an autoclave to delay the time of emergence
of methanogens.

2.5. Dark Fermentation, Biohydrogen Production, and Measurement

The substrate concentrations used in the DF process are indicated in Table 3. Each
substrate was pH-adjusted to 6.0 with a 1N Na2HPO4 solution.

Table 3. Substrate concentrations used in DF.

Vinasse Dilution (%) Sugarcane Vinasse/HH
Volumetric Ratio

Average Substrate
Concentration (g COD/L)

5 1:3 8.9
5 3:1 13.5

10 1:1 18.9
15 1:3 18.7
15 3:1 38.6

The experimental setup was placed in a closed room with a constant temperature of
27 ◦C. A 500 mL amber flask was used as a batch reactor, the lid of the flask was adjusted
to direct the outflow of the gas, and the hose that transported the gas was connected to
the hydrogen detection and data storage system. Online measurement was performed
by using a low-cost hydrogen sensor of the MQ-8 series (pre-heated for 6 h), an Arduino
Leonardo board, and a computer. A water column was employed to apply hydrostatic
pressure on the gas for better detection. The experimental setup for DF and hydrogen
detection is shown in Figure 1.
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Figure 1. Experimental setup for DF and hydrogen detection.

During the DF process, 200 mL of substrate and 100 mL of pretreated inoculum
were added to the reactor, stirred at 90 rpm, and monitored for 6 days. The hydrogen
concentration data provided by the sensor were recorded on the computer. Lastly, the water
level in the cylinder was verified during the 6 days of the experiment. Each experiment
was performed in triplicate.

2.6. Data Analysis for Sensor Validation

Statistics were calculated to assess the reliability, accuracy, and consistency of sensor
measurements. For statistical analysis, samples taken from the line were compared with
gas chromatography for biohydrogen quantification as described elsewhere [39,40]. The
linear relationship between resistance and hydrogen concentration was independently
confirmed, considering the resistance range indicated by the supplier (10–60 kΩ) and the
calibration procedure.

For accuracy and repeatability assessment, five discrete samples of different and
known concentrations were repeatedly measured spaced by 0.5 h (n = 11 times). The fast
response and stability of the measurement provided by the MQ-8 was checked by recording
the first three values returned by the sensor; then, the average value was considered as the
single data point. For each statistical sample of measurements formed by the n = 11 data
points, the following statistics metrics were calculated, mean, standard deviation, coeffi-
cient of variation (CV), standard error (SE), root-mean-square error (RMSE), and mean bias
error (MBE), as previously applied by Abhiram et al. in the validation of a lysimeter [41].
The error metrics, i.e., SE, RMSE, and MBE, allowed the overall accuracy of the sensor’s
predictions to be evaluated against the reference method. The one-way analysis of vari-
ance (ANOVA) at the 5% significance level was used in the evaluation of concentration
differences for two samples formed by n = 11 measurements each. Hypothesis testing
was carried out under the null hypothesis of means equality, thus assessing the statistical
significance of the measurements. Additionally, the coefficient of variation (CV) serves as
an indicator of the precision and stability of the sensor’s measurements.
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3. Results and Discussion
3.1. Vinasse Characterization

The analysis of sugarcane vinasse revealed a COD value of 228,220 mg O2/L. This
high organic load often leads to increased microbial competition for resources. In DF, where
specific microorganisms are desired to have the higher metabolic activity for production of
biohydrogen, a high COD concentration could disrupt the microbial community dynamics.
This possible disruption may lead to growth inhibition, decreased metabolic activity, and
low production yields [42]. Additionally, the sugarcane vinasse showed a high concen-
tration of polyphenols, which are toxic for the anaerobic microorganisms [33]. Thus, the
dilution of sugarcane vinasse contributed to reduce the inhibitors’ concentration as well
as the organic load of the substrate, leading to a more favorable environment for DF. Con-
versely, using excessively low sugarcane vinasse concentrations may hinder the bacterial
growth due to an insufficient amount of carbon sources. This highlights the need to find an
optimal dilution level to find a balance between reducing inhibitors and providing essential
nutrients for efficient biohydrogen production. The characterization of the initial sugarcane
vinasse is shown in Table 4.

Table 4. Characterization of the initial sugarcane vinasse.

Analysis Units Results

Ashes % mass 8.16
Total Nitrogen % mass 0.5
Total Sugars % mass 27.73

TOC mg C/L 129,835.20
COD mg O2/L 228,220

Total Solids % mass 29.90
Total Polyphenols % mass 1.61

3.2. Sensor Validation

The log–linear relationship between H2 concentration and resistance ratio was con-
firmed with slope = −1.9151 and R2 = 0.99, as previously shown by other authors for this
kind of sensor [19,43,44]. The statistics calculated for the validation set are displayed in
Table 5. The CV is associated with the repeatability of measurements. In this case, the CV
range was 1.0–8.0%, showing the highest variability at the lowest concentrations (15 and
19 ppm, respectively). At the highest concentrations tested, the CV decreased to 1–2%,
indicating low variability in the sensor’s measurements across multiple trials at concentra-
tions higher than 60 ppm. The standard deviation as a measure of dispersion was found to
be between 0.8 and 5.62 ppm, with the highest value being for the highest concentration
measured (370 ppm), further confirming the sensor’s consistent performance. In all cases,
the ANOVA results (95% of significance, Fα = 2.85, p < 0.05) for every independent set
validated the null hypothesis of means equality. These results support the consistency of
sensor measurements under different experimental conditions, thus assuring reproducibil-
ity. Additionally, the confirmed error metrics RMSE, SE, and MBE suggest a good accuracy
of the method in the range of concentrations produced during the DF. The error values
were in the range of −0.1 and 4.6 ppm as minimum and maximum values, respectively. As
observed for the standard deviation, the higher dispersion on data registered for the highest
concentration led to a wider interval of confidence (369 ± 4.6 ppm). On average, the error
of measurement for the validation set was 2 ppm. Additionally, the RSME calculated for
the time courses of hydrogen concentration are displayed in Figure 2. On average, the error
for the hydrogen concentration for the online monitoring of biohydrogen production was
14.44 ppm. Previous studies with similar approaches found errors varying by 0.6 and 1%
of the H2 concentration measured through the reference method [19,43,44]. Those results
are in the range of our measurements for the different error metrics calculated (SE, RMSE,
and MBE). Our results collectively suggest that the sensor exhibits acceptable accuracy and
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internal variability, providing relatively reliable and precise measurements, considering
the simplicity of the measurement instrument.

Table 5. Metrics of sensor validation.

Sample 1 2 3 4 5

Reference concentration (ppm) 15.00 19.00 61.00 148.00 370.00
Mean of sensor readings (ppm) 14.36 18.91 60.80 147.50 368.73

Standard deviation of readings (ppm) 0.79 1.57 1.08 1.30 5.62
CV (%) 5.0 8.0 2.0 1.0 2.0

SE (ppm) 0.17 0.33 0.28 1.20 0.23
RMSE (ppm) 0.76 1.18 1.29 1.31 4.55
MBE (ppm) −0.09 −0.27 0.41 3.25 1.06

ANOVA p-value (5% signifcance) 0.021 0.002 0.024 0.042 8.5E-05
ANOVA F value 3.70 7.04 3.55 3.01 13.47
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Figure 2. Hydrogen detection rate from a thermally pretreated inoculum fed with a substrate com-
posed of sugarcane vinasse and HH: (a) volumetric ratio of 3:1 (sugarcane vinasse/HH) and sugarcane
vinasse diluted to 15% of the original; (b) volumetric ratio of 3:1 (sugarcane vinasse/HH) and sugar-
cane vinasse diluted to 5% of the original; (c) volumetric ratio of 1:1 (sugarcane vinasse/HH) and
sugarcane vinasse diluted to 10% of the original; (d) volumetric ratio of 1:3 (sugarcane vinasse/HH)
and sugarcane vinasse diluted to 5% of the original; (e) volumetric ratio of 1:3 (sugarcane vinasse/HH)
and sugarcane vinasse diluted to 15% of the original.
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3.3. Hydrogen Measurement and Detection

The mean time courses of triplicates of hydrogen production during the co-digestion
process at different sugarcane vinasse concentrations and volumetric sugarcane vinasse/HH
ratios are displayed in Figure 2.

All graphs displayed small perturbations in the data, suggesting the low RSME
calculated for every experiment. Online variations in hydrogen concentration data are
directly linked to oscillations in the signals transmitted by the sensor and they are not
related to the DF dynamics. The water displacement apparatus is essential for hydrogen
measurement by contributing to maintain the approximately constant pressure in the line
(1.2 kPa) and, hence, the detection and registration of hydrogen concentration. In contrast,
when the fluid column was omitted, no readings were registered by the sensor.

The experiments in Figure 2b,d,e showed a similar lag phase of ~20 h associated with
biohydrogen production, aligning with findings from previous studies employing batch
reactors [45–47]. Figure 2c presents a shorter lag phase compared to Figure 2b despite
having similar substrate concentrations. When using high vinasse concentrations, higher
concentrations of polyphenols inhibit the bacterial growth, thus delaying the onset of
DF [48]. This inhibition effect is clearly observed in Figure 2a, where the experiments with
the highest concentration of sugarcane vinasse and sugarcane vinasse/HH ratio led to
pronounced lag phases (More than 40 h). Therefore, further studies focusing on polyphenol
removal may contribute to take advantage of the high sugar content of vinasse with shorter
lag times.

After the lag period, all the fermentations showed an exponential phase at different
times, in connection with the substrate’s composition. The implemented low-cost sensor
successfully registered the production phase and concentration in the line with a fast
response time (in the mS scale). However, the measurements present some instabilities
in short timespans; therefore, it is convenient to consider the average readings during
a time period, e.g., 30 min. This is noticed in Figure 2b–e, where intermittent peaks in
hydrogen concentration were evident. Such behavior of the sensor is expected due to the
limited selectivity of metal–oxide–semiconductor-based resistive sensors when exposed to
different gas compositions, such as those produced in the process of DF [49]. Particularly,
biohydrogen is produced alongside gases such as CO2 and, in latter stages, with methane;
these by-products influence the sensor readings, generating reading anomalies that can be
compensated for by averaging the readings during a given timespan.

3.4. Advantages and Disadvantages of the Low-Cost Hydrogen Sensor

The implementation of a hydrogen detection system in a DF permits the continuous
monitoring of hydrogen production across the entire process. Our approach provides reli-
able information on the period of adaptation of the inoculum to the substrate. Additionally,
real-time data enable timely corrective measures if deviations occur, making the system
usable for process control. Compared to the reference method used in the laboratory scale,
i.e., gas chromatography, this technique also offers the advantages of easy handling and
low-cost. In addition, the use of this method speeds up the analysis of DF gases in remote
areas. If implemented in the mentioned areas, operators of biomass valorization systems
could manage and enhance their setups without incurring high costs associated with the
acquisition of traditional measuring instruments.

It is worth noting that the main drawbacks of the measurement system, compared with
the industrial instruments, are the data perturbation, the variability among replicates, and
the susceptibility to decalibration. Furthermore, the effectiveness of this detection system
would diminish when dealing with hydrogen concentrations below 200 ppm and above
10,000 ppm. In contrast to gas chromatography, this method exhibits lower reliability in the
accuracy of the obtained data. Nevertheless, if the acquisition prices of the MQ-8-based
H2 detection system is compared to commercial hydrogen online gas analyzers, it is at
least 24-fold lower, being easily and cheaply replaceable. Moreover, the import costs for
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developing countries substantially increase the final cost of instruments, thus affecting the
accessibility and implementation of this kind of technology in the field.

3.5. Future Perspectives

In recent years, research focused on biohydrogen production has increased, especially
using DF with different kinds of substrates. This tendency has prompted the exploration
of novel technologies for measuring critical parameters, such as hydrogen concentration,
and the use of techniques to enhance hydrogen production, like co-digestion and inoculum
pretreatments. In this case, implementing co-digestion as a treatment alternative for waste
treatment could favor the sustainability of the sugarcane industry. By efficiently utilizing
these residues to produce value-added products, such as hydrogen, industries can establish
a sustainable waste management system while generating additional revenue. This method
not only reduces the environmental impact of waste disposal but also aligns the sugarcane
industry with sustainable practices, ensuring a greener and more eco-friendly future for
the sector.

While the utilization of the MQ-8 sensor offers a practical and cost-effective experi-
mental setup, it is imperative to conduct studies aimed at improving the reliability of the
data it generates. Fakra et al. proved that the MQ-8 sensor inside a partially enclosed
capsule improved the repeatability of measurements due to better control of the envi-
ronment in which the sensor was placed, providing more relevant and stable measured
values. Furthermore, the authors declared that to obtain more accurate data, calibration
of the MQ-8 sensor with a gas of known hydrogen concentration is necessary to avoid
inconsistencies in the data [19]. In this study, calibration points other than those suggested
by the manufacturer were not considered for DF monitoring; this decision was made
considering that implementing field calibration with hydrogen in remote areas might not
be feasible. Nevertheless, our approach remains flexible, allowing for the possibility of
sensor calibration using portable devices.

Even though improvements to the experimental setup are still necessary, the hydrogen
detection system can provide good monitoring of hydrogen production in a DF process in
rural areas where biomass resources are accessible (food waste, manure, etc.) but the equip-
ment or materials available in a laboratory are scarce. Additionally, this technology has the
potential to transform sustainable energy production in remote regions, empowering local
communities to efficiently harness clean energy sources. The study and implementation
of biohydrogen decentralized projects at small scales would be facilitated with the use
simple low-cost control systems like that proposed in this contribution. The deployment of
such systems could contribute to advancing clean energy solutions and reducing energy
disparities in rural communities.

4. Conclusions

A study of hydrogen production through the co-digestion between sugarcane vinasse
and sugarcane straw in a DF process was performed. It was shown that a higher concen-
tration of sugarcane vinasse leads to higher inhibitors present in the DF, resulting in a
longer lag phase. The hydrogen detection system used in this study proved to be useful for
monitoring the process, giving information about the period of adaptation of the inoculum
to the substrate. The low CV (1.0–8.0%) and standard deviation values (0.79–5.62 ppm)
registered affirm the sensor’s robustness, while the ANOVA confirmed the repeatability
of measurements with this instrument by validating the null hypothesis of means equal-
ity. The low error values (0.6–5.0%) supported the accuracy of the sensor for both offline
and online measurement. Overall, these results point out the effectiveness of the sensor
in consistently and accurately measuring the target variable under diverse conditions,
establishing its reliability for practical applications. While further improvements to the
measurement system are still necessary, the system’s ease of access and user-friendly design
generate optimistic expectations for future experimentation and research. This technology
also offers a promising solution for the control of waste valorization processes oriented
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towards biohydrogen production, especially relevant for rural areas, where agroindustry
resources are available but equipment accessibility is very limited.
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