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A B S T R A C T

Energy production by methanization or gasification of biomass is dependant on the chemical composition of the
gas generated. The resistive sensors based on semiconductor metal oxides, like the MQ series sensors, are inex-
pensive and frequently used in gas detection. These sensors, initially dedicated to detecting gas leaks in safety
systems, have relatively small measurement ranges (i.e. limited to concentrations below 10,000 ppm). It is
therefore necessary to find solutions to adapt these categories of sensors for gas measurements in the energy
sector where the gas concentration is much more significant. In this article, we propose a protocol using an
adaptable capsule for MQ-4 and MQ-8 sensors to measure high concentrations of CH4 and H2 respectively. The
technique consists of diluting the gas to be studied in a known volume of air. Three methods are proposed and
compared regarding the linearity and the repeatability of the measurements. The first method was done in an
airtight enclosed chamber, the second method consists of directly injecting the gas on the sensor placed in an open
environment, and the final method was accomplished by direct injection of the gas on the sensor placed in a
partially closed capsule. Comparisons show that the first technique provides the best repeatability, with a
maximum standard deviation of 13.88% for CH4 measurement and 5.1% for H2. However, its linearity is weak
(i.e. R2¼ 0.8637 for CH4 and R2¼ 0.5756 for H2). The second technique has better linearity but bad repeatability.
The third technique presents the best results with R2 values of 0.9973 for the CH4 measurement and 0.9472 for
H2. The use of the partially closed capsule resulted in an acceptable linear response of the sensors by up to 20%
concentration of CH4 and until 13.33% concentration of H2 in the studied gas. The use of this simple and low-cost
technique facilitates the characterization of combustible gases in isolated areas. It allows local operators of
biomass valorization systems to control and improve their installations while avoiding the high costs of con-
ventional measurement devices. This study, hence, contributes to the development of rural electrification projects
in remote areas.
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1. Introduction

In engineering, the control of any process requires the measurement
of the physical phenomena involved in the transformation of inputs to
outputs. In the scientific field, the understanding of all physical phe-
nomena requires its measurement to carry out any study or analysis. The
measurement of a physical quantity uses a sensor that can generate an
output signal, often electronic, in response to the stimulation of the
measurand [1] and [2]. Sensors, therefore, are used in all fields of science
and engineering [1] as in biomedical [3–9], pharmaceutical [10], envi-
ronmental [6–9,11–14], industrial [2,9,11], robotics [9], automotive [8,
9,11,15], transport and logistics [8], aerospace [9,15], communication
[7], food [9] and even cosmetics and fragrances [9].

This article studies the application of sensors for gas measurement in
the biomass energy sector. The purpose of the measurement is to evaluate
the heating value of gas from the concentration of its combustible ele-
ments. Measuring devices such as chromatographs are available on the
market to perform gas analysis [16]. However, because of their high price
and the transport difficulties related to their bulkiness, these devices are
often unsuitable for use in remote rural areas [17]. For this reason, this
article presents the design and validation of a simple, low-cost, and easily
transportable gas analyzer that can be used in remote rural areas.

Gas measurement can be performed by different methods such as
optical, acoustic, calorimetric, or chromatographic methods, but the
most commonly used is the electrical method, i.e., through the variation
of the electrical property of a material in the presence of a targeted gas
[18]. The sensitive material used may be semiconductor metal oxides,
polymers, carbon nanotubes, or a moisture-absorbing material [18].
Considering their low manufacturing cost, linked to their ease of
large-scale production, and their good measurement performance
(sensitivity, robustness, quick response time), semiconductor metal oxide
sensors largely dominate the gas sensor market [13,18].

Semiconductor materials can be classified into two groups: oxides and
non-oxides (e.g., silicone). Non-oxide semiconductors are covered with a
protective insulating layer, thus, they cannot act as sensors but are only
used as transducers. On the other hand, oxide semiconductors can be
used both as sensors and transducers due to their chemical and physical
stability at high temperatures. There are five categories of semiconductor
sensors depending on the type of transducer used: resistors, diodes, MIS
(metal-insulator-semiconductor capacitor), MIS FET (metal-insulator-
semiconductor field-effect transistor) and oxygen concentrator cells.
Owing to a greater technological maturity compared to other types,
resistive sensors are the most widely used [19].

Resistive sensors based on metal oxide semiconductors detect the
presence of gas through oxidation-reduction reactions between the target
gas and the sensitive layer [18]. If the semiconductor used is of the n-type
(i.e., the majority charge carriers are electrons), the presence of a
reducing gas decreases its electrical resistance and the presence of an
oxidizing gas increases it. If the semiconductor is p-type (i.e., the ma-
jority charge carriers are holes), its electrical resistance changes in the
opposite direction [13]. The n-type and p-type semiconductors also differ
in the influence of temperature on their sensitivity: as the temperature
increases, the sensitivity of the n-type increases while that of the p-type
decreases. Therefore, the operating temperature of the p-type is lower
than that of the n-type [18].

The n-type metal oxides can be made from SnO2, In2O3,WO3, ZnO, or
γ-Fe2O3 and the p-type ones from CuO or CO3O4 [19]. Other materials
can also be mixed with oxides such as PdO, Pt, or Fe2O3 to improve
sensitivity, alumina as a skeleton material, or silica as a binder. The most
commonly used material for manufacturing gas sensors is tin dioxide
(SnO2) due to its high sensitivity to various reducing gases such as liq-
uefied petroleum gas (LPG), methane, or carbon monoxide. This sensi-
tivity requires a certain working temperature, varying between 25 and
500 ∘C, which is obtained using a heating filament [18].

A large part of the application of gas sensors concerns fire safety
systems that detect the presence of gas leaks and trigger an alarm or
2

automatically send a message from a certain preset threshold [20–26].
Gas sensors can also be integrated into air quality monitoring systems
such as those in the work of Amin et al. [27], Heyasa et al. [28], or Zoest
et al. [29]. A significant part of the use of gas sensors also includes the
design of electronic noses dedicated to the recognition of a particular
odor, related to a biological process, such as the degree of maturity or
spoilage of food products [30–33]. Other studies have also been con-
ducted on the performance of gas sensors concerning temperature or
humidity variation [34,35]. Even if most of the research found in the
scientific literature concerns gas sensors based on metal oxides [36–39],
some articles explore other means of detection such as the use of
amperometric sensors [40], fuel cell [41], carbon nanotube [42], Raman
Lidar measurement technology [43], ultrasound [44] or conductive ink
based on nail polish and graphite powder [45].

But the use of low-cost gas sensors in the biomass energy sector is
relatively recent and still not much treated. Two examples of the use of
low-cost sensors to measure the methane content of biogas are given in
the works of Ahmed et al. [46] and Yang et al. [17]. Ahmed et al. [46]
used an MQ-2 sensor to measure biogas production from a wastewater
treatment biodigester. Yang et al. [17] designed anMQ-4-based device to
measure the methane content of biogas produced by the anaerobic
digestion of distillation residues from a cellulosic ethanol plant. Ahmed
et al. [46] and Yang et al. [17] have used the MQ sensors to monitor
anaerobic digestion, which is a wet biomass energy recovery process
[47]. For dry biomass (maximum moisture content of 20% for updraft
reactors and 50% for downdraft reactors), the appropriate process is
gasification [48]. Gasification consists of transforming carbon-rich
biomass into a fuel gas through its partial oxidation [49,50]. Unlike
the biogas analyzed in the work of Ahmed et al. [46] and Yang et al. [17],
the gas resulting from gasification, called syngas, contains several
combustible gases (H2, CH4, CO) [51]. This paper, therefore, proposes a
simple technique for measuring CH4 and H2 that can be used to monitor
gasification systems.

The devices presented in this article are based on the MQ-4 and MQ-8
sensors for measuring CH4 and H2 respectively. The MQ sensors are
resistive semiconductors based on metal oxides made of tin oxide (SnO2).
The choice of these sensors is justified by their low price and ease of use.
Indeed, the MQ sensors can be powered by a simple Arduino UNO board
which will also ensure the transmission of the electrical signal emitted by
the sensors to a computer.

However, one challenge in adaptingMQ sensors for gas concentration
measurement is the need to improve their measurement range. As MQ
sensors were originally designed for gas leakage detection, their
measuring ranges are between 200 and 10,000 ppm (0.02–1%). How-
ever, the gas to be analyzed in the energy sector can contain elements
with much higher concentrations. The novelty proposed in this article is
therefore to find a simple solution to enable the MQ-4 and MQ-8 sensors
to measure concentrations higher than 1%.

Three techniques for the measurement of CH4 and H2 are proposed:
gas measurement by injection into an airtight enclosed chamber, gas
measurement by direct injection in an open environment, and gas mea-
surement by direct injection into a partially closed capsule. These three
techniques are compared according to two criteria: the linearity between
the gas concentration and the sensor response, allowing the linear dy-
namic range value to be established; and the repeatability of the mea-
surement. The standard gas used to test the measurement of methane is
composed of 20% CH4, 10% CO2, and 70% He, while the standard gas
used to test the measurement of hydrogen is composed of 99.99% H2.

2. MQ-4 and MQ-8 sensor operating principles

MQ sensors are gas sensors that are classified as resistive sensors.
Their detection system is based on the variation in the electrical resis-
tance of a sensitive layer according to the presence of the gas of interest.
The electrical equivalent scheme for MQ sensors is show in Fig. 1 where
VC represents the supply voltage. The sensitive part of the MQ series



Fig. 1. Equivalent circuit scheme for MQ sensors [53], [54].
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sensors consists of an Al2O3 ceramic tube covered with a layer of SnO2. In
the presence of air, oxygenmolecules are adsorbed onto the surface of the
semiconductor, thereby increasing the resistance of the component. In
the presence of reducing gas, an oxidation reaction takes place between
the gas and the oxygen. The resistance of the sensor is thus decreased
[52]. The adsorption by the sensitive layer of the sensor is facilitated by
heat, so a heating resistor is inserted inside the ceramic tube to bring it
into the right operating conditions.

To measure several types of gases, the sensitivity of each type of MQ
sensor is varied by doping the sensitive layer with other elements and at
different concentrations. Although both the MQ-4 and the MQ-8 react to
hydrogen and methane, their sensitivities are different as can be
observed from the calibration graphs supplied by the manufacturer
(Fig. 2). In addition to the sensitive resistor (RS), MQ sensors contain a
load resistor (RL) that can be varied to change the sensitivity.

The sensing layer resistor (RS) change is calculated from themeasured
output voltage (VRL) according to eq. (1).

RS ¼
�ðVC � VLÞ

VRL

�
� RL (1)

The VRL output voltage is deduced from the value of the analog signal
(A) sent by the sensor to the Arduino board. For Arduino UNO, the
maximum value of this analog signal is 1024 (the resolution of each
analogical pin is 10 bits; i.e., the output signal varies from 0 to
Fig. 2. (a): Sensitivity of MQ-8 at 20∘C, 65% relative humidity, and loadresistor RL

humidity, and load resistor RL ¼ 20 kΩ[54].
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210 ¼ 1024). Consequently, the VRL voltage is calculated according to eq.
(2).

VRL ¼A�
�

VC

1024

�
(2)

Before each new measurement, a calibration procedure is necessary
to determine the value of the sensor resistance in pure air (R0). The
concentration of the sample gas is then deduced from the value of the
ratio RS/R0 using the calibration graphs of Fig. 2.

3. Measuring technique using an airtight enclosed chamber

According to the manufacturer, the measuring range of the MQ-4 and
MQ-8 sensors is 200 to 10,000 ppm, i.e., a maximum concentration of 1%
(Fig. 2). This range is well suited to the application of these sensors for
leak detection, as the most important thing is the activation of a safety
system as soon as a minimum threshold is reached. However, for appli-
cations in quantitative gas measurement, the upper limit of 1% severely
restricts the use of these sensors as the concentration of the gas compo-
nents to be measured can exceed this limit. For example, during gasifi-
cation in a downdraft gasifier using air as the oxidizing gas, the H2

content of the syngas can vary from 7 to 30% and the CH4 content from
0.5 to 7% [55]. The main objective of this study is therefore to find a
technique to allow the measurement of CH4 and H2 having a concen-
tration higher than 1% with the MQ-4 and MQ-8 sensors.

Yang et al. [17] proposed a solution to the problem. They demon-
strated that it is possible to adjust the concentration of the gas to be
within the measuring range of the MQ sensor by diluting it with air in an
enclosed hermetic recipient. The true concentration (X) of the gas, which
must be identified, is then given by eq. (3).

X¼M �
�
Volinj þ Volchamb

�
Volinj

(3)

where M is the concentration measured by the MQ-sensor, Volinj the
volume of injected gas, and Volchamb is the free part of the enclosed test
chamber. The complexity of this approach lies in the approximation of
the volume Volchamb, which is not evident to assess due to the presence of
the electronic sensors and Arduino UNO data acquisition inside the
chamber.

In the system designed by Yang et al. [17] the gas is injected through a
hole in the lid of the chamber and another hole serves as a passage for the
connecting wires between the device and the Arduino board. In the
present study, the hermeticity of the system was improved by reducing
¼ 10 kΩ[53] ; (b): Sensitivity of MQ-4 at a temperature of 20∘C, 65% relative



Fig. 4. Linearity between the volume of injected air and the pressure inside
the recipient.
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the number of holes in the lid (see Fig. 3).

3.1. Experimental setup and data acquisition chain of the hermetic system

The test chamber, containing the MQ sensor and the Arduino board,
powered by a 9 V battery, is a 1-L plastic container (of the “Tatay” brand)
(Fig. 3a). To improve the hermeticity of the chamber, only one hole was
made on the lid for gas injections. So, data transmission from the sensor
to the computer is done wirelessly with a 433MHz transmitter-receiver
module. The reception of this signal is ensured by another Arduino
board connected to a computer (Fig. 3b). A valve is mounted on the in-
jection tube to prevent leaks after the injection. The injection tube was
made from a perfusion set (available at pharmacies).

To control the tightness of the test chamber, a BME280 sensor is
placed inside it to monitor the pressure. When the system is tightly
sealed, the pressure inside the test chamber varies linearly as a function
of the injected gas volume. This condition is necessary to ensure the
quality of the gas measurement and the stability of the system (i.e., no gas
exchange between the inside and the outside of the airtight test chamber
during measurement). A drop in pressure after the valve was closed in-
dicates a gas leak, resulting in a change of the initial injected gas con-
centration. A drop in pressure after the valve was closed indicates a gas
leak, resulting in a change of the initial injected gas concentration.

A series of preliminary measurements were performed to check the
test chamber for leaks. Three different volumes of air were injected inside
the test chamber: 20ml, 40ml, and 60ml. Fig. 4 shows the experimental
results of the hermeticity test. The pressure increases linearly with the
injected volume, with a linear correlation coefficient R2 of 0.9995. The
recipient thus perfectly conserves the air injected.

3.2. Methane measurement with an MQ-4 sensor

The measurement of the CH4 concentration in a standard gas was
performed inside the airtight enclosed chamber with an MQ-4 sensor.
The standard gas contains 20% CH4, 10% CO2, and 70% He. Six volumes
of the standard gas were injected in the chamber: 10ml, 20ml, 30ml,
40ml, 50ml and 60ml. Fig. 5 shows the evolution of the pressure inside
the container for the six volumes of gas injected with two series of tests. It
can be seen that the pressure became stable 30 s after each injection.
Values recorded after 5minutes can, therefore, be considered as repre-
sentative of each measurement.

Fig. 6a shows the evolution of the recorded pressure values as a
function of the volume injected. With linear correlation coefficient R2 of
0.997, a good proportionality between the injected volume and the
pressure in the test chamber is observed. Following the model by Yang
et al. [17], this linearity makes it possible to establish a relationship
between the pressure and the volume. The standard deviation of two
Fig. 3. (a) Hermetic test chamber with the sensors a
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pressure values for the same volume of injected gas indicates the fidelity
of the device over two series of measurements. A maximum rate of 0.18%
of the average (corresponding to gas injections of 50ml) demonstrates
the reliability of the protocol adopted for measuring CH4 in the airtight
enclosed chamber.

The representations of the temporal variation of the CH4 concentra-
tion (Fig. 7) for the six volumes injected over two tests show the stability
of the values obtained after approximately three minutes. Five minutes is,
therefore, a reasonable time to obtain a stable measurement of gas con-
centration with this device.

Fig. 8a shows the evolution of the concentration measured after five
minutes in function of the injected volume. It is clear that even if the
concentration increases with the volume, the relationship is not pro-
portional, the linear correlation coefficients being 0.8135. The non-
linearity is more pronounced for smaller volume, exhibiting a steeper
slope. Hence, measurements of injections above 30ml show better line-
arity. Besides, the standard deviations are at their minimums for 40ml
(0.32%) and 50ml (2.39%) injections but reach their maximum at 10ml
(13.88%). Thus, for the CH4 measurements, the proposed device offers
better operation for gas volumes between 30ml (i.e., representing 3% of
nd Arduino board inside; (b) Acquisition chain.



Fig. 5. Pressure evolution for six volumes of injection of the standard gas (methane).

Fig. 6. Pressure vs Volume of standard gas injected in the airtight enclosed chamber (a) 10–60ml of CV4; (b) 2–10ml of H2. Error bars represent absolute errors and
histograms represent standard deviations (expressed as % of the mean).

Fig. 7. Temporal evolution of the CH4 concentration measured for 6 injected volumes of standard gas.
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the hermetic test chamber test) and 50ml (i.e., representing 5% of the
hermetic test chamber test).

The ppm concentrations measured by the sensor are still far from the
concentration of the mixture because the maximum value measured here
5

is 868 ppm (i.e., 0.08%), whereas the exact methane content of the
standard gas is 20%. Two explanations can be advanced. First, the dis-
tance that separates the injection needle from the sensor may cause this
difference. Because methane is lighter than air, the injected volume of



Fig. 8. Gas concentration vs Volume of standard gas injected (a) 10–60ml of CH4 in the airtight enclosed chamber; (b) 2–10ml of H2 in the airtight enclosed chamber;
(c) 2–10ml of CH4 in 10ml of mixture in an open environment; (d) 2–10ml of H2 in 10ml of mixture in an open environment; (e) 2–10ml of CH4 in 10ml of mixture
in the partially closed capsule; (f) 2–10ml of H2 in 10ml of mixture in the partially closed capsule; (g) 2–10ml of H2 in 60ml of mixture in the partially closed capsule;
(h) 2–8ml of H2 in 60ml of mixture in the partially closed capsule. Error bars represent absolute errors and histograms represent standard deviations (expressed as %
of the mean).

D.A.H. Fakra et al. Sensors International 1 (2020) 100032
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methane may not properly cover the sensor but can stay at a certain
distance above it. Then, the amount of space available inside the test
chamber may reduce the homogeneity of the mixture of the air and the
standard gas.

3.3. Hydrogen measurement with an MQ-8 sensor

The same measurement tests defined in paragraph 3.2 have been
applied to measure the H2 concentration of the second standard gas. The
experiment was performed with three series of measurements. Six in-
jection volumes of 10, 20, 30, 40, 50, and 60ml were used for each series.
Fig. 9 shows the pressure variations inside the test chamber after the
injection of different volumes of the standard gas. In contrast to the re-
sults for CH4, the evolution of the pressure in the recipient shows a
regression over time. This pressure drop is more pronounced when the
injected volume is higher. According to these measurements, the
Fig. 9. Pressure evolution of H2 injection: (a) 10ml, (b

7

recipient is no longer hermetic at H2 volumes greater than 10ml. The
technique is therefore not applicable for measuring the H2 concentration
since the injected gas is not conserved. The difference between the
molecules may explain this discrepancy in the retention of CH4 and H2.
CH4 molecules containing one carbon atom and four hydrogen atoms
occupy more volume than dihydrogen molecules containing two
hydrogen atoms.

Because gas leaks have been detected at injection volumes of
10–60ml, the measurement protocol was applied to volumes of 2, 4, 6, 8,
and 10ml. Three series of measurements were performed for each vol-
ume. Fig. 10 shows the pressure evolution of each injection. For volumes
of 2 to 6ml, a slight increase in pressure is noted over time, unlike the 8
and 10ml injection volumes, which are more stable. These experiments
show that it is more appropriate to use the 8 and 10ml volumes to obtain
relatively stable measurements for hydrogen.

Fig. 6b presents the pressure variation recorded after fiveminutes as a
) 20 ml, (c) 30ml, (d) 40ml, (e) 50ml, (f) 60ml.



Fig. 10. Pressure evolution of H2 injection: (a) 2ml, (b) 4 ml, (c) 6ml, (d) 8ml, (e) 10ml.
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function of the volumes injected from 2 to 10ml. An increase in pressure
is observed in relation to the injected volume, indicating the conservation
of the gas in the container. The good repeatability of the protocol is
demonstrated by a maximum standard deviation of 0.18% (correspond-
ing to the volume injection of 10ml).

Fig. 8b shows the H2 concentration measurements as a function of the
injected gas volume. For injections of 4 to 10ml (i.e. (b), (c), (d), (e), (f)
and (g) of the Fig. 8), the values obtained here indicate good repeat-
ability. However, the sensor is unable to distinguish the gas concentra-
tions since the recorded values are all approximately 200 ppm despite the
increase of the injected volume. These values are far from the standard
H2 gas concentration used in the experiment (i.e., 99.99% diluted in air).
The volume of the test chamber and the distance between the injection
needle and the sensor are the origins of the H2 measurement errors (see
paragraph 3.2 for additional explanations). Therefore, the hermetic test
8

chamber is not adapted to measure the H2 concentration.

3.4. Analysis, advantages, and disadvantages of the measuring technique
using an airtight enclosed chamber

The measurement of gas concentration inside the airtight enclosed
chamber ensures isolation from the environment in which the gas is
brought into contact with the sensor. Parameters such as temperature,
humidity, and pressure of the environment of the sensor are easily
measured. And the values of pressure or concentration reported are those
recorded after a scan time, and so, are stable. That's why this technique
provides good repeatability of the measurement.

However, the technique has disadvantages. Operating of the BME280
sensor and the 433MHz transmitter module in connection with the MQ
sensor requires more energy, resulting in a rapid decrease in the battery
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voltage. A regular check of the power supply is therefore necessary before
each measurement series. Concerning the dilution technique proposed by
Yang et al. [17], the values recorded during the CH4 and H2 measure-
ments are very low, contrary to the expected standard values, because the
air and gas mixture in the airtight test chamber is not homogeneous.
Moreover, the presence of the electronic components causes difficulties
in determining the volume (Volchamb) available in the recipient used in eq.
(3).

4. Measuring technique in an open environment

During the experiment on the airtight test chamber (i.e. paragraph
3.4) it's was demonstrated that the distance between the injection syringe
and the sensor was crucial for collecting correct measurement values. In
this paragraph, a direct measurement protocol is proposed to reduce
these measurement errors.

4.1. Experimental setup and data acquisition chain for the open system

The solution suggested here consists of injecting the gas directly on
the sensor placed in an open environment and to consider the peak of the
recorded values (see Fig. 11). The dilution phase was performed inside
the syringe before injection on the sensor. Five volumes of gas were taken
with the syringe: 2, 4, 6, 8, and 10ml. Air was then sucked into the sy-
ringe to fill it up to 10ml. Thus, for each volume of gas (i.e. 2, 4, 6, 8 and
10ml), 8, 6, 4, 2 and 0ml of air are added for balance, respectively.

4.2. Methane measurement with an MQ-4 sensor

Fig. 8c shows the measured CH4 concentrations for each volume of
standard gas in the mixture. Six series of measurements were performed
using the same protocol described in paragraph 3.4. It can be observed
that the gas concentrations measured during this open environment
experiment have higher amplitudes than those recorded with the airtight
test chamber (see Fig. 8a for the experimental results of the airtight test
chamber). For example, when injecting 10ml of the standard gas (6th

series), the sensor measured 6217 ppm of CH4 with direct injection,
whereas with the airtight test chamber, the maximum value was 868 ppm
for an injection of 60ml of the same gas. However, the recorded values
show a significant fluctuation because the measurements were made in
an open environment. The standard deviations between the six mea-
surements for each volume are between 15.13% and 27.84% of themean.
The measurements are, therefore, less repeatable, and the results are
unreliable. Nevertheless, good linearity between the injected volume and
Fig. 11. Gas measurements in an open environment: syringe, sensors and
acquisition chain.
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the measured concentrations (average of the six series), with a linear
correlation coefficient of 0.9875, is noted.

4.3. Hydrogen measurement with an MQ-8 sensor

The same protocol used in paragraph 4.2 to mix air with the standard
gas in the syringe before injection was applied for H2 measurement. Six
series of measurements were also performed for each volume of standard
gas injected. Fig. 8d shows the concentrations measured for each volume
of H2 in the mixture. It is observed that, as in the case of the CH4 mea-
surement, the sensor gave better results when the gas was injected
directly on the sensor. For example, in the second series of measure-
ments, a maximum value of 5238 ppm is obtained with an injection of a
mixture containing 10ml of H2. However, the injection of hydrogen in an
open environment causes even larger fluctuations than with CH4. Poor
repeatability of the measurements is also demonstrated by the values of
the standard deviation, reaching 85.02% for 2ml of H2. In addition, the
average concentration recorded for 8ml of H2 is higher than that cor-
responding to 10ml. These results are due to the volatility of hydrogen,
especially when the mixture contains large amounts of H2. Finally, the
linear correlation coefficient of 0.8028 indicates disproportionality be-
tween the injected volume of H2 and the measured concentration.

4.4. Analysis, advantages, and disadvantages of the measuring technique
in an open environment

Measuring the gas by direct injection on the sensor allows the latter to
detect the gas better because of its greater gas exposure. In addition, the
dilution volume in which the gas is mixed is directly controlled and
known owing to the graduated syringe. The device consists only of anMQ
sensor connected to the Arduino board and can be powered directly
through a USB cable which also transmits the signal to the computer. The
technique, therefore, has the advantages of a simple implementation and
a relatively stable power supply.

However, placing the sensor in the open air causes considerable
variations in the measurements. The phenomenon is even more pro-
nounced when the gas is highly volatile, like hydrogen. The repeatability
of the test measurements showed that the technique applied to measure
methane and hydrogen concentrations in an open environment is not
reliable. The direct application of the injection needle onto the sensor
allows for better detection, but the gas injected evacuates quite quickly,
which does not give enough time for the sensor to measure the concen-
tration appropriately.

5. Measuring technique in a partially closed capsule

Both the CH4 and H2 measurement techniques proposed so far have
the following disadvantages: in the first concept (measurement in an
airtight enclosed chamber), the space between the injection syringe and
the gas detector greatly reduces the sensor's measuring capacity. In the
second concept, injecting the gas in an open environment does not allow
the gas to remain sufficiently in contact with the sensor and consequently
reduces the quality of the measurement. Besides, the repeatability of the
measurement becomes dependent on possible air movements around the
sensor.

To cope with these problems, a third prototype is proposed: that of
putting the sensor in a partially closed capsule. As shown in Fig. 12, the
capsule has a reduced volume that limits the movement of gas inside. The
small space available between the internal walls of the capsule and the
active surface of the sensor allows the sensor to react better to the gas and
can thus solve the problem of the first concept.

To allow gas injection, the capsule has a 25mm long tube with an
open-end (Fig. 12). Apart from this opening, the capsule isolates the
sensor from the outside environment. This partial isolation slows down
the evacuation of the gas and increases the contact time between the gas
and the sensor. Moreover, the isolation brought by the capsule eliminates



Fig. 12. The partially closed capsule for direct gas measurement and its dimensions.
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influences of air movement from the outside environment on the mea-
surement and can improve the repeatability.
5.1. Experimental setup and data acquisition chain for the new method

The measurement protocol is the same as that described in the mea-
surement technique in an open environment (see paragraph 4.1). The
only difference was the addition of a partially closed cylindrical mini-
capsule to the sensor head (see Fig. 12). The capsule (see the dimension
in Fig. 12) can easily be built from a 3D printer. It has a tube on its top to
allow gas injections from the syringe.

The capsule is not completely hermetic and therefore does not allow
for stable measurement values. As discussed in Chap 4, the value
considered is, therefore, the peak recorded after each injection.

Fig. 13 shows the measurement acquisition chain consisting of the
encapsulated MQ sensor, a graduated syringe for the gas dilution and
injection, and an Arduino board that connects the sensor to a computer
for data collection.

MQ sensors are not suitable for measuring very high concentrations
Fig. 13. New method for measuring gas: the sensor inside the partially closed
minicapsule, the Arduino board, the syringe, and the computer.
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(more than 10,000 ppm). To resolve the problem, a proportional coeffi-
cient C must be defined for each sensor to account for the sensitivity of
the measurements. The constant parameter C of the sensor was defined in
the present study using eq. (4):

C¼
Pn

i¼1Yi

n
(4)

with

Yi ¼ Ri

Mi
(5)

where Yi is the proportionality ratio of a given volume i,Mi is the value of
the gas concentration measured by the sensor for a given volume i, Ri is
the target gas concentration in the standard gas for a given volume i and n
is the number of injections considered.

C becomes the “multiplier factor” of the MQ sensor for adjusting and
obtaining the real concentration values.
5.2. Methane measurement with an MQ-4 sensor

Fig. 8e shows the recorded data for six series of CH4 measurements in
the standard gas composed of 20% CH4, 10% CO2, and 70%He. As for the
direct injection in an open environment in Chap 4, six different volumes
of the standard gas were collected and then mixed with air inside the
syringe to form a 10 ml mixture: (2 ml of gasþ 8 ml of air), (4 ml of gasþ
6 ml of air), (6 ml of gas þ 4 ml of air), (8 ml of gas þ 2 ml of air), and
finally 10 ml of gas. Compared to the values obtained by open-
environment injection, shown in Fig. 8c, there is a considerable differ-
ence between the measured concentrations. If the maximum value is
6217 ppm for a gas injection of 10ml in the open environment, then for
the same volume, the sensor is capable of detecting up to 42,924 ppm in
the partially closed capsule. It should be noted that this value exceeds the
measuring range of 200 to 10,000 ppm indicated by the manufacturer.
However, the average concentration curve for the six series of mea-
surements shows that the sensor response is quite linear in relation to the
injected gas volume, with a linear correlation coefficient of 0.9973. It is
therefore justified to take these values into account. The possibility of
using the sensor beyond the measuring range indicated by the manu-
facturer was also noted by Yang et al. [17] who even measured up to 110,
000 ppm of CH4 in biogas with the MQ-4.



Table 1
Calculation of the MQ-4 calibration coefficient.

Vol_inj
[ml]

CH4_std
[%]

CH4_meas
[%]

Yi CH4_adj
[%]

Errors
[%]

2 4 0,65 6,14 3,99 0,03
4 8 1,28 6,27 7,83 0,10
6 12 1,89 6,36 11,57 0,32
8 16 2,67 5,99 16,36 0,52
10 20 3,40 5,89 20,82 1,02

Fig. 14. Position of the MQ-8 for H2 measurement in the capsule.

Table 2
Calculation of the calibration coefficient for MQ-8.

Vol_inj [ml] H2_std [%] H2_meas [%] Yi H2_adj [%] Errors [%]

2 3,33 0,048 130,32 4,32 0,98
4 6,67 0,033 200,82 5,60 1,06
6 10,00 0,055 182,25 9,26 0,74
8 13,33 0,082 161,69 13,92 0,58
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The integration of the partially closed capsule onto the sensor also
improved the repeatability of the measurement. As shown in Fig. 8e, the
maximum standard deviation for the six series of the measurements is
14.28% with 10ml of standard gas. This maximum value is lower than
the minimum standard deviation of 15.13% calculated for open-
environment injection (Fig. 8c).

The results presented in Fig. 8e show that the use of the partially
closed capsule provides good linearity between the injected volume and
the detected concentration as well as good repeatability of the mea-
surement. Nevertheless, the recorded values do not correspond to the
CH4 concentration of the injected mixture even though the sensor is more
accurate for its detection. Thereby, a calibration coefficient C was
calculated and is equal to 6.19 (see eq. (4) for the calculation of C and
Table 1 for that of Yi). The experimental values (CH4_meas) delivered by
the sensor were then multiplied by this calibration coefficient C to
determine the real concentration of the gas (CH4_adj). Hence, the
application of this coefficient to each volume of gas allows the mea-
surement to be corrected. The absolute errors between the concentrations
of the injected standard gas (CH4_std) and the adjusted values (CH4_adj)
calculated after the correction are between 0.03 and 1.02% with an
average absolute error of 0.40%. We noted that the minimum absolute
error of 0.03% was recorded when the volume of the standard gas in the
mixture was equal to the available volume inside the capsule which is
approximately 2ml.

5.3. Hydrogen measurement with an MQ-8 sensor

The same protocol used for the CH4 measurement was applied to the
H2 measurement with the sensor inserted into a partially closed capsule.
To limit the movement of gas favored by the volatility of hydrogen, the
sensor is positioned upside-down as shown in Fig. 14.

Fig. 8f illustrates the concentration values given by the sensor for H2
volumes of 2–10ml mixed with air to give a 10ml mixture. It can be seen
that, as in the case of the use of the airtight test chamber in Fig. 8b
(paragraph 3.3), the sensor is unable to distinguish the different con-
centrations corresponding to each volume. Although the recorded values
are higher, with a maximum of 6332 ppm, the excessively high H2 con-
tent of the mixture does not allow the sensor to function effectively.
However, good repeatability of the measurements is noted for volumes
varying from 4 to 10ml, with a maximum standard deviation of 4.81%.

To improve the measurement and bring it inside the range defined by
the manufacturer, the proportion of air was increased to have a mixture
of 60ml for each injection. Fig. 8g shows the results obtained for volumes
of H2 varying from 2 to 12ml over four series of measurements. A better
response of the sensor is observed compared to the standard deviations
reported in Fig. 8f. The differences in recorded values between each se-
ries are smaller for H2 volumes of 2 to 8ml. So, when the results corre-
sponding to 10 and 12ml of H2 are excluded, the linear correlation
coefficient between volume and concentration increases from 0.8165 to
0.9472 (Fig. 8h). Sensor calibration was therefore performed for these
volumes of H2 volumes (i.e., 2 ml to 8ml). A multiplier factor C of the
MQ-8 sensor is determined from the measured H2 values and the H2

content of each gas mixture. In this experiment, C is equal to 168.77 (see
Table 2 for the calculation of Yi). Using this coefficient to correct the
measurement, absolute errors ranging from 0.58% to 1.06% are obtained
between the corrected values and the mixture contents, with an average
absolute error of 0.84%. The minimal absolute error of 0.58% is obtained
when the injected gas volume is 4 times the available volume of the
capsule, so, the optimum volume of the gas to be collected using this
technique is 8 ml.

5.4. Analysis, advantages, and disadvantages of the measuring technique
in a partially closed capsule

Measuring the gas concentration by direct injection onto the sensor in
a partially closed capsule improves the repeatability of the measurement
11
because of better control of the environment where the sensor is placed.
Because the gas movement is restricted by the limited volume available
in the capsule, the sensitive layer of the sensor is in contact with a larger
portion of the gas. The measured values are therefore more relevant.
Compared to the use of the airtight enclosed chamber, this technique also
offers the advantages of simple handling and a more stable supply.

Because the capsule is not entirely hermetically closed, the injected
gas is not retained at the sensor. The values under consideration are then
the measured peaks but not the stable values as in the case of the airtight
enclosed chamber. In addition, due to the small size of the capsule, it is
difficult to place other sensors inside to measure environmental param-
eters such as the temperature, humidity, or pressure. Finally, despite the
improved measurements, there are still discrepancies between the
measured values and the content of the injected mixture. For this reason,
the technique requires a calibration step with standard gas, performed
before starting the measurement, to correct the values given by the
sensor. The volume of the capsule is important for good measurement
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and the optimal size varies according to the concentration of the tested
gas. The higher is the concentration of methane or hydrogen in the tested
gas, the larger is the volume of the capsule.

Regarding the quantity of gas to be injected into the capsule, two
conditions are required: for methane, the injected volume must be equal
to the available volume inside the capsule. For hydrogen, the injected
volume should be twice the available volume of the capsule. These
considerations considerably improve the accuracy of the measurement.

6. Discussion

Three techniques for measuring CH4 and H2 using the MQ-4 and MQ-
8 sensors are proposed in this article. The evolution of the measurement
quality between the three techniques is summarized in Table 3. Each
technique is evaluated according to two parameters: linearity and mea-
surement repeatability. The linearity of the measurement, i.e., the cor-
relation between the injected volume and the measured concentration is
necessary to select the dynamic range value. It is characterized by the
linear correlation coefficient R2. The repeatability of the measurement
represents the ability of each technique to give more or less the same
result when several series of measurements are carried out under the
same conditions. It is characterized by the standard deviation expressed
as a percentage of the mean of the values obtained in each series of
measurements.

As can be seen in Table 3, the reduction of the space between the
injection needle and the sensor has improved the linearity of the mea-
surement. For both CH4 and H2, the value of R2 has increased between
the measurement in the airtight enclosed chamber and the measurement
in an open environment. Compared to direct injection in an open envi-
ronment, placing the sensor in the partially closed capsule further
improved the linearity of the measurement, especially for H2. With a
linear correlation coefficient value of 0.9973 for CH4 and 0.9472 for H2,
gas measurement in the partially closed capsule is, therefore, the best
technique concerning linearity. According to the experiments carried out,
it allows a linear measurement for a CH4 concentration between 4 and
20% and an H2 concentration between 3.33 and 13.33%.

However, according to the datasheet provided by the manufacturers
(see Fig. 2), the MQ-4 and MQ-8 sensors can detect the presence of CH4

and H2 between 200 ppm and 10,000 ppm, i.e. from 0.02% to 1%. As the
technique of diluting the gas in the syringe before injection has pushed
the upper limit of detection, it can, therefore, be stated that the mea-
surement in the partially closed capsule has a dynamic range of 0.02% to
20% for CH4 and 0.02% to 13% for H2. In the case of H2, linearity be-
tween gas concentration and the system response is no longer ensured
beyond 13%. But for CH4, the upper detection limit of 20% is linked to
the composition of the standard gas used (20% CH4, 10% CO2, and 70%
He). Indeed, as can be seen in Fig. 6 the response of the system remained
linear even with the maximum CH4 in the syringe. It is therefore possible
that the sensor response remains linear for CH4 concentrations above this
value.

Concerning repeatability, Table 3 indicates that the technique that
gives the best measurement fidelity is the use of the airtight enclosed
Table 3
Comparison of the three gas measurement techniques.

volinj R2 Standard deviation max (a)

Airtight enclosed chamber
CH4 10–60ml 0.8637 13.88% (10ml)
H2 2–10ml 0.5756 5.1% (2ml)
Open environment
CH4 2–10ml 0.9875 27.84% (2ml)
H2 2–10ml 0.8028 85.02% (2ml)
Partially closed capsule
CH4 2–10ml 0.9973 14.26% (10ml)
H2 2–8ml 0.9472 17.73% (2ml)

a Corresponding Vol_inj
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chamber. This performance is due to the complete isolation of the gas
after injection into the vessel. Thus, this technique allows for stable
values to be considered after 5min of scanning. For measurements by
direct injection on the sensor, the standard deviation values are much
higher and can even be up to 85.02% of the mean in the case of H2

measurement in an open environment. This is due to the consideration of
the peaks recorded after each injection instead of stable values after a
scan time. However, a clear improvement in repeatability can be
observed with the addition of the partially closed capsule on the sensor.
The standard deviation has thus evolved from 85.02% to 17.73% for H2

measurement and from 27.84% to 14.26% for CH4. These results also
indicate that the improvement provided by the partially closed capsule is
much more significant for H2, which is more volatile, than for CH4.
Finally, it can be noted that in almost all cases, the maximum standard
deviation corresponds to the mixture that contains the minimum amount
of gas to be measured. This can be explained by the low amount of gas
that reacts with the sensitive layer of the sensor, decreasing the fidelity of
the measurement.

Regarding the selectivity of the system, it depends particularly on the
calibration curve of each sensor (see Fig. 2). The MQ-4 and MQ-8 sensors
used are resistive semiconductor sensors based on tin oxide (SnO2) which
react simultaneously to several reducing gases. If a gas contains both CH4

and H2 in equal proportion, then the sensor response may cause
confusing values regarding the two calibration curves supplied by the
manufacturer [6,18,36,56]. In our field application (energy sector), this
will never be a problem because the proportion of these gases (CH4 and
H2) is never balanced. For example, in the case of syngas (i.e. our study),
H2 composition is far higher than CH4 [55], so the influence of CH4

during H2 measurement can be negligible when using the MQ-8 and
inversely, the influence of HH2 during the measurement of CH4 using the
MQ-4 is negligible.

7. Conclusion

In this article, we propose a low-cost device for the measurement of
CH4 and H2 using MQ-4 and MQ-8 respectively. The objective of the
study is to find a simple and innovative solution to be able to measure gas
concentrations higher than 1% with MQ sensors which have a mea-
surement range limited to 10,000 ppm. Three techniques are proposed
and compared according to the linearity and repeatability of the mea-
surement.

The first technique consists of injecting the gas into an airtight
enclosed chamber. The air already present in the container acts as a
diluent to bring the gas concentration back into the sensor's measuring
range. The insulation provided by the airtight enclosed chamber allows
stable measurements, but the space available inside reduces the contact
between the gas and the sensor. Moreover, unlike CH4, the recipient
cannot correctly contain the hydrogen for injected gas volumes greater
than 10ml, whereas, with smaller volumes, it is the sensor that cannot
distinguish the concentration corresponding to each volume injected.
Among the three techniques, the measurement in the airtight enclosed
chamber allows the best repeatability, with a maximum standard devi-
ation of 13.88% for the measurement of CH4 and 5.1% for H2, but is
limited in terms of linearity, with an R2 of 0.8637 for CH4 and 0.5756 for
H2.

The second technique consists of directly injecting the gas on the
sensor placed in an open environment. The dilution, necessary to bring
the gas concentration back into the sensor's measuring range, is then
carried out in the syringe before injection. Direct injection of the gas on
the sensor has greatly improved linearity (R2 of 0.9875 for CH4 mea-
surement and 0.8028 for H2) but the fluctuations of the measurement
have become too significant due to the influence of the external envi-
ronment (maximum standard deviation of 27.84% for CH4 measurement
and 85.02% for H2).

The third technique consists of injecting the gas directly on the sensor
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placed in a partially closed capsule. As for the second technique, the
dilution is carried out in the syringe before injection. The purpose of the
capsule is to reduce the space available between the sensor and the gas,
thus improving the reaction between the two, and to isolate the system
from the outside environment. This technique has resulted in an R2 co-
efficient of 0.9973 for the CH4 measurement and 0.9472 for the H2

measurement. The addition of the partially closed capsule also improved
the repeatability even if the value of R2 is not better than that obtained
with the airtight enclosed chamber (maximum standard deviation of
14.26% for CH4 measurement and 17.73% for H2). Among the three
techniques proposed, the direct injection of the gas into a partially closed
capsule is therefore the most adequate for the measurement of CH4 and
H2. Experiments have shown that this technique has a linear response
with a gas containing up to 20% of CH4 or 13.33% of H2.

This simple, low-cost and easily transportable measurement tech-
nique represents a very attractive solution for monitoring biomass gasi-
fication systems located in remote rural areas. It allows local operators to
control and improve existing installations while avoiding the high costs
associated with the purchase and operation of conventional measuring
devices such as gas chromatographs. So, this study contributes to the
development of rural electrification in remote areas.
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