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Abstract: In recent years, coal mine methane measurement techniques in mines have been gaining
importance as poor firedamp control in work can cause the interruption of production and even
fatal accidents. Since there is currently a variety of methane measurement equipment with different
functional characteristics and measurement principles, a study is needed to indicate which type of
equipment has the highest degree of confidence. This research presents the results of a study carried
out by the Official Laboratory J. M. Madariaga (LOM) of the Polytechnic University of Madrid that
aims to analyze the reliability of methane detection systems used in underground mining. Therefore,
a series of portable and non-portable methane detectors with different measurement principles have
been selected to subject them to laboratory tests following the methods described in the applicable
regulations, such as time of response, dust effect, temperature, pressure, etc. The test equipment is
usually the one used in the certification and calibration of these devices, subject to the LOM quality
system. The results of these tests allowed for defining a marking system that led to a ranking of the
tested methane detectors in order to find the advantages and disadvantages of each type. From the
performed tests, a summary of the main sources of sensor inaccuracy was reported. It was found
that catalytic sensors might present significant deviations when testing high concentrations in short
periods of time or low concentrations during long periods of time. On the other hand, devices
with an interferometric sensor can be unreliable as the measures are very sensitive to changes in
environmental conditions, and optical sensors present longer response times than catalytic sensors.

Keywords: ATEX standards; gas detector; methane meter; mining safety

1. Introduction

At present, it is urgent to reduce carbon emissions to flatten the effect of global
warming. In recent years, there has been a doubling of efforts to mitigate the human impact
through the Great Agreements and government environmental policies. In order to reach
the 2050 emission reduction targets, countries have been acting, especially in the field of
energy [1]. The share of renewable energies in the energy mix is growing year by year,
which is helping to reduce carbon emissions effectively. Unfortunately, the energy sector is
heavily dependent on global geopolitics. The European Union was expected to have the
largest drop in coal production with 82 million tons less, along with the largest projected
reduction in coal consumption of 101 million tons, a 23% decrease, as 15 countries in the
bloc signed the COP26 pledge [2]. However, coal use cannot be 100% ruled out at this
stage [3].

Coal remains the world’s largest source of electricity generation, accounting for 36%
of the total in 2022, according to the Global electricity review (2022) [4]. The main coal
producers are China, India, the United States, Indonesia, Australia, and Russia. Coal
consumption rose up to 450 million tons or around 6% over the past year globally, according
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to the International Energy Agency (IEA) in a report by Visual Capitalist [5]. In contrast
to other countries, India will see the largest increase in production by 2024 [6], with an
increase of 162 million tons, and will account for 12% of global coal production. It will lead
India to become the second largest coal producer, right after China, which will produce
50% of the fuel globally [7].

The combustion and extraction of coal produce greenhouse gas emissions, mainly
carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O). Coal extraction releases
methane that is self-generated and stored in coal pores during mining operations [8,9].
Methane is the second most abundant anthropogenic greenhouse gas, and it is 23 times
more pollutant than carbon dioxide [10]. Moreover, its flammable nature makes it the
main hazard to mining operations. The flammability limits of methane are between 5 and
15%. In order to ensure safe operation in underground mining activities, the coal mine
methane (CMM) must be measured, controlled and, if possible, removed [11,12]. In this
context, CMM can be understood as a low-carbon and clean natural gas resource with huge
reserves [13]. Hence, methane extraction from mines is essential for coal mining safety but
also a necessary path for reducing methane emissions [14,15].

Currently, there are numerous inactive mines worldwide, which continue to release
methane into the atmosphere. This problem has already been addressed in the previously
published literature, especially regarding countries such as China [14,16,17]. In many cases,
despite its advantages, methane capture is not carried out because it is not regulated. In
Europe, a regulation on methane emission reduction in the energy sector has been proposed
that directly addresses this problem. The proposal identifies the lack of regulation regard-
ing “oil and fossil gas exploration and production, fossil gas gathering and processing,
transmission, distribution, underground storage, and liquid fossil gas (LNG) terminals, as
well as operating, closed or abandoned coal mines” and proposes specific measures [18].

Firstly, Member States are required to make publicly available an inventory of all
closed and abandoned coal mines. This inventory must be updated annually with the CH4
measurements recorded in these mines. In addition, each Member State will have to draw
up a CMM mitigation plan. Until 2030, venting and flaring will be allowed; however, these
methods will be banned after 2030 [19].

The measuring equipment most commonly used are methanometers, which determine
the methane content in the mine air. There are different types of methanometers depending
on their measuring principle. Historically, the most used are catalytic combustion, infrared,
and optical methanometers. In addition to these methods, there are more innovative
methods [20,21], such as prediction models [22]. Nevertheless, catalytic combustion is
the most widely used method, as it is reliable and economical. Accuracy is one of the
most relevant parameters when selecting measuring equipment, specifically when used
in explosive atmospheres [23]. Generally, measuring equipment is selected considering
its accessibility and cost [24]. However, the deviation in the calibration curve is essential
to ensure optimum functionality. Functionality tests can be carried out by comparing the
results of different tests, the most relevant of which are flow rate, dust effect tests, time
of response, calibration curve, temperature, pressure, relative humidity, air speed rate,
residual effect, long term stability test and interfering gases. Such tests do not only provide
information on the correct functioning of a mehtanometer but can also be used to select
optimal and accurate technologies [25]. However, there are very few studies that conducted
this experimentally. Experimental comparison and functionality of methane sensors in
mines could contribute to an increase in safety in mining operations.

It is necessary to conduct a comparison between the main measurement principles
used in methane measurement equipment (different measurement sensors), analyzing their
global performance and functionality, and taking into account the different conditions of
use [26].

Hence, this research focuses on comparing catalytic combustion, infrared and optical
methane sensors to ease a fine selection of the best measurement principle based on the
foreseeable use conditions. By means of detailed experimentation, parameters such as
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calibration linearity, accuracy and measurement deviations are defined for each apparatus
studied in the present research. Therefore, this study focuses on the analysis of 6 non-
portable and 10 portable methane devices with different types of methane sensors installed.
Tests on flow rate, time of response, calibration curve, dust effect, temperature, pressure,
relative humidity, air speed rate, residual effect, long-term stability test and interfering
gases are carried out for each measuring device. Therefore, the aim of this research is also
to experimentally establish the comparison of the level of functionality of three of the main
methane measurement principles available.

2. Materials and Methods

Laboratory tests have been designed and carried out to verify properties such as
drift; behavior against high concentrations; response times; heating time in air and gas;
gas operation time; calibration curve; repeatability of results; and behavior in the face of
variations in various magnitudes of influence such as pressure, humidity, temperature, air
velocity, dust concentration, and the existence of interfering gases.

All tests were carried out following the test methods described in standard EN 60079-
29-1 [24], which is one of the harmonized standards of Directive 2014/34/EU of the
European Parliament and of the Council of 26 February 2014 on the harmonization of
the laws of the Member States relating to equipment and protective systems for use in
potentially explosive atmospheres.

2.1. Samples

Functionality tests were applied on 16 methane measurement devices; 6 are non-
portable, and 10 are portable. The measuring principles used by the devices are catalytic
combustion (pellistor), infrared absorption and interferometry [27].

A pellistor or catalytic sensor is a coil of platinum wire with a catalyst inserted inside
that reduces the temperature at which the gas around it ignites. When a combustible gas is
present, the temperature and resistance of the catalyst increase. The difference between the
measure and the initial resistance allows the gas level to be measured [28].

This type of sensor can be used when several flammable gases are present because
correction factors can be used to calculate the response of these gases. They are also
very advantageous in areas that are difficult to access because they can be operated from
a local control panel. However, this type cannot be used in low-oxygen environments,
as they need oxygen for combustion. They also may lead to malfunctions when used
in environments susceptible to poisoning or inhibition and when exposed to high gas
concentrations. Pellistor sensors cost less than other sensors due to their technology but
require more frequent replacement.

An infrared (IR) sensor is based on the principle that infrared light of a certain wave-
length will be absorbed by the target gas. These sensors have two emitters; the first one
generates the infrared light beam absorbed by the gas, and the second one is a reference
beam that will not be absorbed. The intensity difference between the measurement and the
reference beams is used to measure the concentration of the gas [29]. This type of sensor
can be used in oxygen-deficient environments and does not present a risk of poisoning
or inhibition. In contrast, in environments with several flammable gases, IR sensors only
give a response to the target gas because they do not have a linear output, and correction
factors cannot be applied. They are also susceptible to mechanical shock, thermal shock
and sudden pressure changes.

A gas sensor based on an integrated optical interferometer absorbs the gas to be
measured through a sensitive film, which changes its refractive index with absorption. The
optical principle of the interferometer is the same as that of the infrared [30]. The phase
of the interferometer is measured continuously and changes according to the refractive
index of the film. In this way, the concentration of the target gas can be measured. This
interferometer sensor has similar uses to the infrared sensor discussed above.
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The following table (Table 1) shows the sixteen methane measurement devices tested
in this research.

Table 1. Sensors tested.

ID Sensor Measuring Principle Type of Device

Sensor 1 Catalytic Non-portable

Sensor 2 Catalytic Non-portable

Sensor 3 Catalytic Non-portable

Sensor 4 Interferometer Non-portable

Sensor 5 Interferometer Non-portable

Sensor 6 Infrared Non-portable

Sensor 7 Catalytic Portable

Sensor 8 Catalytic Portable

Sensor 9 Catalytic Portable

Sensor 10 Catalytic Portable

Sensor 11 Catalytic Portable

Sensor 12 Catalytic Portable

Sensor 13 Catalytic Portable

Sensor 14 Catalytic Portable

Sensor 15 Infrared Portable

Sensor 16 Catalytic Portable

2.2. Equipment

The equipment used for the tests belongs to the Laboratory of Gas Detectors of the
Laboratorio Oficial J.M. Madariaga (LOM). LOM laboratory is accredited by the Spanish
National Accreditation Body (ENAC), in which certification works of conformity to stan-
dards and calibrations of devices for the detection and measurement of gas concentrations
are usually carried out. This equipment is subject to the quality system of the laboratory
and is, therefore, properly calibrated and maintained.

The main equipment is the system for manufacturing gas patterns using mass flow
controllers, which applies the procedure described in EN-ISO 6145-7 [31] for the manufac-
ture of gas mixtures. On the other hand, there are two climatic chambers, one for carrying
out pressure tests and the other for carrying out temperature, humidity, and air speed tests.

2.3. Fucntionality Tests

All the test conditions are displayed in the Supplementary Material. Table 2 summa-
rizes the tests carried out together with a short description and the limit established in
standard EN 60079-29-1 (if applicable). This section then provides functionality tests with a
complete description.

2.3.1. Flow Rate

The flow rate was carried out to check the data supplied by the manufacturer, as
well as to verify the optimum flow rate zone. All methanometer devices had a nominal
calibration flow rate or a range of flow rates supplied by the manufacturer, which is
recommended for the calibration of the equipment. The test started by passing a gas
flow rate of 50 mL/min with a volumetric concentration of 1.5% vol. through the sensor
and waiting for the reading to stabilize. The procedure was repeated for flow rates of
250 mL/min, 500 mL/min, 750 mL/min and 1000 mL/min. Variation in flow rate was
performed using mass flow controllers.
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Table 2. Functionality tests.

Test Aim of the Test Limit

Flow rate Verify the optimum flow rate zone -

Time of response Determine the required time to reach the new stable reading t50 ≤ 10 s and t90 ≤ 30 s

Calibration curve Define the accuracy of the readings ±0.1% vol. or ±5% of the reading

Dust effect Determine measure variations in the presence of dust -

Temperature Define variations due to temperature changes ±0.3% vol. or ±15% of the reading

Pressure Define variations due to pressure changes ±0.2% vol. or ±30% of the reading

Relative humidity Define variations due to relative humidity changes -

Air speed rate Define variations due to air speed rate changes ±0.1% vol. or ±5% of the reading

Residual effect Check for a possible residual effect on the sensor due to
exposure to high concentrations ±0.1% vol. or ±10% of the reading

Long term stability test Define variations due to long exposures -

Interfering gases Define variations when measuring tin, the presence of other
gases or when oxygen concentration significantly changes ±0.2% vol. methane

The flow rate test was required to know the possible influence of this variable on the
tests and calibrations carried out in the laboratory when the gas is supplied to the sensor
through a calibration mask. This is the usual method of application in the laboratory. This
test was not included by the standards because it does not affect the way of measuring
under real mine conditions.

2.3.2. Time of Response

Time of response was performed to determine the time it takes for the devices to reach
the new stable reading in the event of a sudden change in methane concentration. The
start-up was carried out in clean air. After at least twice the warm-up time, it was subjected
to a sudden change from clean air to methane in 1.5% vol. concentration. The evaluation
was carried out with the times t50 and t90, which are the times it takes for the reading
to reach 50% and 90% of the final concentration. The EN 60079-29-1 standard establishes
criteria of t50 ≤ 10 s and t90 ≤ 30 s.

Ideally, in the event of a sudden change in gas concentration, the equipment should
respond instantaneously, as the delay in measurement increases the time in which a hypo-
thetical alarm would be triggered, thus increasing danger and decreasing safety.

In the case of gas concentrations that continuously change over time, a high response
time causes the measurements to have an additional error due to the delay in the reading.
This occurs for different reasons, mainly due to the time it takes for the gas to diffuse to the
sensor or to fill the measuring chamber.

2.3.3. Calibration Curve

The purpose of the calibration curve test is to obtain the accuracy of the readings of
the methanometers. The closer the calibration curve is to the ideal straight line, the more
accurate the reading of the device tested will be. The first step was the initial adjustment
of the device. After the initial adjustment, the device was exposed to four volumetric
concentrations of methane in the measuring range (0.5% vol.–3.5% vol.). The results were
evaluated with the EN 60079-29-1 standard, which sets the largest deviation at ±0.1% vol.
methane or ±5% of the indication.

When applying low concentrations, small resolution errors were detected. Those
errors were heavily increased when assessing high concentrations. On the other hand,
applying high concentrations led to significant errors when measuring small concentrations
due to the lack of linearity. Therefore, the adjustment was carried out using 1.5 and 2.5%
vol. points. The different concentrations were obtained by mixing 5% vol. bottled methane
with synthetic air using the method described in EN-ISO 6145-7. The accuracy of methane
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and air flow rate measurements was obtained with uncertainties lower than 1% relative to
the measured reading, leading to final concentration uncertainties around 1.5%.

2.3.4. Dust Effect

Coal dust suspended in the mine air sticks to the filters and the external surface of the
sensor, especially near the miner in the advancing phase and after blasting in the sinking
phase, making it difficult for the gas to enter the sensor. This is equivalent to a decrease in
the gas inlet cross-section. The test consisted of checking how the calibration curves and
response times vary when simulating the presence of dust by reducing the diffusion surface
to 50%. The same procedure of these tests was followed but reduced the inlet cross-section
by half. Currently, this test is not required by the EN 60079-29-1 standard, although it was
in older versions.

The times are taken from the moment gas is supplied to the mask. The evaluation
of the response time is carried out with the times t50 and t90 in the presence of dust and
comparing them with the original values of t50 and t90. In the test, readings were taken up
to five minutes, although they can be considered stable after three minutes.

2.3.5. Temperature

A temperature test was carried out to check variations in measurement due to tem-
perature differences between calibration and use conditions. The devices were placed in
a test chamber. The temperature was regulated with a heating resistor installed in a fan
and controlled by a digital PID controller with a resolution of 0.1 ◦C. Each temperature
was maintained for at least one hour. The readings were taken with dry gas to avoid
variations due to relative humidity. The readings were taken at 10 ◦C, 25 ◦C and 40 ◦C, with
approximately constant atmospheric pressure. The EN 60079-29-1 standard establishes that
variations in the −20 ◦C to 40 ◦C range (compared to the measurement obtained at 20 ◦C)
shall not exceed the greater of ±0.3% vol. or ±15% of the reading.

The importance of the temperature test lies mainly in two factors. The first is that the
sensors are not always calibrated in the atmospheric conditions to which they are subjected
when operating in the mine, which would imply a loss in the accuracy of the measurement
that, in some cases, can be substantial. The second refers to portable devices, which are
exposed to different atmospheric conditions while they are operating inside the mine, with
the same consequences as in the previous case. Temperature, absolute pressure, and relative
humidity are the most important environmental variables that condition the reading.

2.3.6. Pressure

The pressure test is similar to the temperature test. The sensors were tested in a
pressure test chamber controlled by a back pressure regulator. The readings were taken at
different pressures ranging from 800 mbar to 1200 mbar, maintaining constant temperature
and relative humidity. The EN 60079-29-1 standard establishes that variations in the range
of 80 kPa to 120 kPa (compared to the obtained measurement at 100 kPa) must not exceed
the greatest between ±0.2% vol. and ±30% of the reading.

As mentioned in the previous test, pressure is a fundamental variable in the measure-
ment conditions of the devices. The interest in this test is increased in the case of use in
mining since every 100 m of depth increases the atmospheric pressure by approximately
1%. These variations, together with pressure variations due to weather conditions, can lead
to considerable errors in some sensors.

2.3.7. Relative Humidity

The variation in the readings of the methanometers was checked when gas relative
humidity (RH) was modified. The devices were placed in the test chamber at a temperature
of 40 ± 1 ◦C and held for at least one hour before the gas was introduced. Readings were
taken using dry gas (1% RH) and two humidities (40% RH and 90% RH) once the humidity
of the gas had stabilized. These conditions are slightly different from those established by
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the standard EN 60079-29-1 (variations in the range from 20%RH to 90%RH concerning
that obtained at 50%RH), as before 40%, no significant change was observed.

The test was carried out at 40 ◦C as at this temperature, and water vapor pressure
was three times greater than at 20 ◦C, so the possible adverse effects of humidity can
be detected.

2.3.8. Air Speed Rate

Due to the pressure waves exerted by the detonation of the explosives or the expansion
of the compressed air, the air speed rate changes instantaneously for a very short period
of time. The effects of variations in the air speed were determined, in the interval from
0 m/s to 6 m/s, comparing the measurement for 0 m/s with the measurements for 3 m/s
and 6 m/s.

The sensitivity of the sensors to these variations in air speed rate was analyzed. They
were tested in a chamber equipped with a centrifugal fan, which provides a laminar flow.
Measurements were taken with clean air and 1.5% vol. methane, obtained by mixing 5 %
vol. bottled methane with the ambient air of the chamber. The orientation of the sensor
concerning the flow is the one established in EN 60079-29-1 standard, recommended by
the manufacturer for non-portable devices and each of the three mutually perpendicular
directions for portable devices. The tolerances allowed by the standard allow a maximum
of ±0.1% vol. methane or ±5% of the indication.

2.3.9. Residual Effect

High methane concentrations should be avoided as they might produce explosive
atmospheres, displace oxygen, produce asphyxia, and break sensors and equipment, etc.

Therefore, this test was performed to check for a possible residual effect on the sensor
due to exposure to high concentrations. The equipment was subjected to a sudden change
from clean air to 50% vol. methane for three minutes. The equipment was then left in clean
air for 20 min, and at the end, the readings were taken again in clean air and methane
in 1.5% vol. concentration. EN 60079-29-1 standard states that the variation between
the beginning and the end of the test should not exceed the greatest between ±0.1% vol.
methane or ±10% of the indication.

2.3.10. Long Term Stability Test

Prolonged exposure of a methanometer to a certain concentration of firedamp causes
deviations in its calibration curve. First, device calibration curves were analyzed, and
in order to evaluate deviations, exposures to three different test gases were carried out:
methane 1.5% vol. for 6 h, methane 3.5% vol. for 1 h and methane 1–1.5% vol. for 10 days.
At the end of each exposure, the response curve was measured again. The autonomy of
any portable methanometer is always less than 10 days, and therefore, this test was not
carried out for this type of sensor.

2.3.11. Interfering Gases

Interfering gases test was performed to evaluate how the methanometers behave
when there are significant concentrations of other gases or when the amount of oxygen has
changed significantly. The interfering gases tested were the following: presence of ethane
(C2H6), oxygen deficiency (O2), presence of carbon dioxide (CO2), all three of which were
included in the standard, as well as the presence of sulfur dioxide (SO2), chosen because
it is a poison for catalytic combustion sensors. The gases common to all the mixtures
were 5% vol. bottled methane and bottled synthetic air. In addition, each of the mixtures
included, respectively, ethane 1.53% vol. in air, nitrogen 100% vol. (used to cause the
oxygen deficiency in the air), carbon dioxide 100% vol. and sulfur dioxide 1.6% vol. in air.
For the test, the detector was left in clean air for one day beforehand. The methane in 1.5%
vol. concentration was then passed over it for five minutes, and the reading was recorded.
Afterward, synthetic air was passed through the sensor for another five minutes, and finally,



Energies 2023, 16, 2207 8 of 24

the mixture with the interfering gas was passed through the sensor for another five minutes,
recording the reading given by the methanometer. The difference between the two readings
gives the deviation experienced by the methanometer for that type of gas. EN 60079-29-1
standard states that the variation in the test should not exceed ±0.2% vol. methane.

3. Results
3.1. Flow Rate

Flow rate results are plotted in Figure 1, where the methane measurement (% vol.) is
plotted against the gas flow (expressed in mL/min) for each sensor. The sensors that do
not appear in the graphs do not have signal variation with gas flow.
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Figure 1. Flow rate results.

It can be seen that when gas flow is lower than 250 mL/min, there is a lack of stability
which is reduced when gas flow is set at 500 mL/min. After that point, most of the sensors
provide stable measurements, except numbers 1, 12, 14 and 16, as their measurements show
important fluctuations. Nevertheless, most of the sensors present a tendency to increase
measurement as gas flow increases. Regarding sensor type, it can be noticed that it does not
present an effect on the flow rate results, as similar deviations can be found when assessing
catalytic, infrared and interferometer sensors. As this test was not included in the standard
EN 60079-29-1, no maximum deviations were defined. Nevertheless, a significant variation
would be considered if the deviation exceeded ±0.1% vol.

3.2. Time of Response

The time of response results are plotted in Figures 2 and 3, where methane mea-
surement (% vol.) is plotted versus time. Furthermore, two important parameters were
defined: t50 and t90, which are the times at which 50% and 90%, respectively, of the final
gas concentration, are achieved. Those parameters are shown in Table 3.

The time of response depends on different variables such as measurement principle,
filters, inlet gas flow, size of the sensor, etc. However, the most important factor is the
required time for the gas to present a stationary concentration inside the measurement
chamber. Therefore, t50 and t90 are the most representative parameters. The EN 60079-29-1
standard establishes that sensors should present t50 ≤ 10 s and t90 ≤ 30 s. Considering
those values, the studied sensors can be classified into three different categories:

• Fast sensors: sensors whose t50 and t90 values fit the range defined by the standard.
Sensors 2, 3, 7, 8, 9, 12, 14 and 16 can be classified as fast sensors.
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• Normal sensors: sensors whose t50 is greater than 10 s but their t90 is lower than 30 s.
Sensors 1, 10, 11, 13 and 15 can be classified as normal sensors.

• Slow sensors: sensors whose t50 and t90 values do not fit the range defined by EN
60079-29-1. Sensors 4, 5 and 6 can be classified as slow sensors.
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When assessing sensor type, it was noticed that both infrared (6 and 15) and interfer-
ometer (4 and 5) sensors showed the greatest times of response, which can be explained
due to the measurement chamber size. The chamber volume of these sensors is greater
than the one in catalytic sensors, so the gas needs more time to distribute uniformly in the
chamber, which leads to greater times of response.

The differences between interferometer sensors can be explained due to the fact that
sensor 4 is equipped with a gauge while sensor 5 presents a digital display. The physical
characteristics of the sensor also explain why sensors 1, 10 and 11 showed t90 values close
to the 30 s limit. Those values can be explained due to the presence of a protective cap for
the sinter in sensor 1 and the pellistor design for sensors 10 and 11.

3.3. Calibration Curve

The results of the calibration can be seen in Tables 4 and 5. Standard EN 60079-29-
1 establishes that the maximum allowed deviations are ±0.1 methane % vol. or ±5%
deviation. When calibrating at 1.5% vol., sensors 1, 2, 9, 12, 13, 14 and 15 showed values
greater than the maximum allowed deviations. More specifically, the greatest deviations
were found at 3.5% methane, which could be explained due to the resolution of the sensors,
which is 0.1 % vol. for most of the sensors, and the noise associated with the measurements
that can lead to exceeding the limit deviation.

Table 4. Calibration curve—adjustment at 1.5% vol. CH4.

Sensor nº

Adjustment at 1.5% vol. CH4

0.50% vol. CH4 1.50% vol. CH4 2.50% vol. CH4 3.50% vol. CH4

Reading Deviation Reading Deviation Reading Deviation Reading Deviation

1 0.50 0.00 1.49 0.01 2.34 0.16 3.26 0.24

2 0.50 0.00 1.48 0.02 2.32 0.18 3.22 0.28

3 0.50 0.00 1.52 0.02 2.52 0.02 3.45 0.05

4 0.52 0.02 1.50 0.00 2.55 0.05 3.52 0.02

5 0.47 0.03 1.48 0.02 2.48 0.02 3.49 0.01

6 0.52 0.02 1.50 0.00 2.42 0.08 3.40 0.10

7 0.50 0.00 1.51 0.01 2.51 0.01 3.50 0.00

8 0.45 0.05 1.48 0.02 2.49 0.01 3.47 0.03

9 0.50 0.00 1.50 0.00 2.40 0.10 3.30 0.20

10 0.46 0.04 1.46 0.04 2.44 0.06 3.42 0.08

11 0.47 0.03 1.45 0.05 2.41 0.09 3.35 0.15

12 0.50 0.00 1.50 0.00 2.40 0.10 3.30 0.20

13 0.50 0.00 1.50 0.00 2.40 0.10 3.30 0.20

14 0.48 0.02 1.50 0.00 2.58 0.08 3.82 0.32

15 0.50 0.00 1.5 0.00 2.60 0.10 3.70 0.20

16 0.50 0.00 1.55 0.05 2.65 0.15 3.65 0.15

On the other hand, when calibrating at 2.5% vol., better results were found, as maxi-
mum allowed deviations are only exceeded by sensors 2, 5 and 10. Moreover, the greatest
deviations were produced at 3.5% vol. methane and also at 1.5% vol. methane. However,
at 2.5% vol. methane concentrations, the lowest deviations were found.
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Table 5. Calibration curve—adjustment at 2.5% vol. CH4.

Sensor nº
Adjustment at 2.5% vol. CH4

0.50% vol. CH4 1.50% vol. CH4 2.50% vol. CH4 3.50% vol. CH4

Nº Reading Deviation Reading Deviation Reading Deviation Reading Deviation

1 0.53 0.03 1.51 0.01 2.50 0.00 3.36 0.14

2 0.53 0.03 1.51 0.01 2.50 0.00 3.32 0.18

3 0.50 0.00 1.52 0.02 2.48 0.02 3.41 0.09

4 0.50 0.00 1.46 0.04 2.48 0.02 3.48 0.02

5 0.48 0.02 1.39 0.11 2.48 0.02 3.43 0.07

6 0.53 0.03 1.47 0.03 2.49 0.01 3.50 0.00

7 0.52 0.02 1.50 0.00 2.50 0.00 3.51 0.01

8 0.47 0.03 1.48 0.02 2.51 0.01 3.51 0.01

9 0.50 0.00 1.60 0.10 2.50 0.00 3.40 0.10

10 0.44 0.06 1.34 0.16 2.48 0.02 3.42 0.08

11 0.50 0.00 1.46 0.04 2.44 0.06 3.40 0.10

12 0.50 0.00 1.60 0.10 2.50 0.00 3.40 0.10

13 0.4 0.10 1.40 0.10 2.50 0.00 3.40 0.10

14 0.44 0.06 1.44 0.06 2.48 0.02 3.640 0.14

15 0.50 0.00 1.40 0.10 2.50 0.00 3.60 0.10

16 0.50 0.00 1.55 0.05 2.60 0.10 3.50 0.00

3.4. Dust Effect

The dust effect has been assessed through calibration and response time tests. As the
effect on calibration was not significant, the present section focuses only on the effect on
response time. The results are shown in Table 6, where t50p, t90p and ∆t90 (which refers to
the difference between t90p and t90) are reported.

Table 6. Dust effect results.

Sensor nº

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

t50p (s) 17 9 5 26 16 20 4 4 9 14 18 6 14 15 18 9

t90p (s) 36 24 18 80 38 44 14 18 27 33 33 20 28 31 42 25

∆t90 = t90p − t90(s) 8 6 2 1 4 14 5 5 14 5 7 8 6 7 20 5

From the obtained results, it was noticed that the gas inlet surface does have a signifi-
cant effect besides sensors 6, 9 and 15.

Older versions of standards specified that ∆t90 should not exceed 10 s, which allows
classifying the sensors into three different groups:

• Sensors with low dust sensibility: sensors whose ∆t90 is significantly lower than 10 s.
This group includes sensors 2, 3, 4, 5, 7, 8, 10, 13 and 16.

• Sensors with normal dust sensibility: sensors whose ∆t90 is lower than the maximum
allowed value but close to the limit. This group includes sensors 1, 11, 12 and 14.

• Sensors with high dust sensibility: sensors whose ∆t90 is higher than the maximum
allowed value. This group includes sensors 6, 9 and 15.
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3.5. Temperature

Figures 4 and 5 display the obtained results for the temperature test, plotting tempera-
ture vs. methane concentration (% vol.). Figure 4 represents the curves for 0% vol., while
Figure 5 represents the curves for 1.5% vol. The sensors that do not appear in the graphs
do not have signal variation with temperature, either for the 0% vol. point or for the 1.5%
vol. point.
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From the curves, it is easy to see important deviations in sensors 4 and 5. This can be
explained as a temperature increase without pressure modification leading to a density
decrease, which produces great deviations when testing interferometer sensors.

On the other hand, catalytic sensors presented small deviations as the test temperature
increase is not significant if compared to the temperature reached on the surface of the
pellistor. Except for sensors 3 and 14, the deviation did not exceed 0.05% vol.
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Infrared sensors (6 and 15), due to their measurement principle, should provide
measures that would increase a line of 0.10% vol. for each 20 ◦C increase. However, these
sensors are equipped with a temperature sensor that compensates for signal variations,
providing reliable measurements.

From the results, it can be inferred that sensors 3, 4, 5 and 14 should be calibrated at
temperatures similar to the operating temperatures. A similar deduction can be made for
infrared sensors that are not equipped with a temperature sensor.

3.6. Pressure

Figures 6 and 7 plot pressure curves depending on the methane concentration (% vol.)
for 0% vol. and 1.5% vol., respectively. The sensors that do not appear in the graphs do not
have signal variation with pressure, either for the 0% vol. point or for the 1.5% vol. point.
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The EN 60079-29-1 standard defines that deviation should not exceed ±0.2%(vol.),
which means that, except for sensors 5 and 6, every sensor met the requirements. Nev-
ertheless, sensors 12 and 15 showed important deviations. When using infrared and
interferometer sensors, the provided signal is proportional to the number of molecules per
volume unit or molar concentration, which are directly proportional to partial pressure and
total pressure. On the other hand, as happened when testing temperature, catalytic sensors
provided the slightest deviations.

3.7. Relative Humidity

Figures 8 and 9 show methane concentration measurement vs. relative humidity for
0% vol. and 1.5% vol. concentrations, respectively. The sensors that do not appear in the
graphs do not have signal variation with relative humidity, either for the 0% vol. point or
for the 1.5% vol. point.
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Relative humidity increase produces gas dilution, which heavily affects infrared
sensors as infrared light absorption is influenced by water vapor presence. On the other
hand, humidity produces an important effect on interferometer sensors as the presence of
water vapor modifies the refraction index if compared to air conditions.

If the limits defined by the EN 60079-29-1 standard are considered (±0.2% vol.), it can
be noticed that several sensors did not meet this requirement (sensors 4, 5, 12, 13, 14 and
16), and others were too close to the limit (sensors 7 and 11). In general terms, non-portable
sensors provided better results.

3.8. Air Speed Rate

Figure 10 shows methane measurement vs. air speed rate at 1.5% vol. The sensors that
do not appear in the graphs do not have signal variation with air speed rate.
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Figure 10. Air speed rate results. (Some measures present the same data, therefore some lines
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In general terms, it can be noticed that air speed rate does not produce a significant
effect on sensor measurements, except for sensors 1, 3 and 14, which did not meet the
requirements established in EN 60079-29-1 (±0.1% vol.). As those sensors are catalytic
sensors, they provide measurements by combusting methane from the atmosphere, and air
speed rate might induce measurement errors.

3.9. Residual Effect

Table 7 shows the results of the residual effect assessment. Besides sensor 10, every
sensor provided reliable results, as maximum detected deviations were ± 0.08% vol. Optical
sensors (infrared and interferometer sensors) provided lower deviations than catalytic
sensors as there is no sensor aging.

3.10. Long Term Stability

Regarding long term stability, as mentioned before, portable sensors have autonomy
for no longer than 10 days. Therefore, only sensors installed on non-portable devices were
tested. Long term stability tests were carried out by exposing the sensors for 1 h, 16 h
and 10 days. During expositions, similar measurements were found before and after the
exposition; thus, in order to have a better understanding of the deviation-aging effect, a
10-day exposure was carried out. The results of this exposure are plotted in Figure 11.
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Table 7. Residual effect results.

Sensors
nº

CH4 0.0% vol. CH4 1.5% vol.

Initial Final Deviation Initial Final Deviation

1 0.02 0.01 −0.01 1.50 1.47 −0.03

2 0.03 0.03 0.00 1.52 1.49 −0.03

3 0.00 0.04 0.04 1.49 1.57 0.08

4 0.00 0.00 0.00 1.59 1.61 0.02

5 0.01 0.17 0.02 1.53 1.56 0.03

6 0.00 0.00 0.00 1.50 1.44 −0.06

7 0.00 0.06 0.06 1.50 1.56 0.06

8 0.00 0.00 0.00 1.55 1.40 −0.15

9 0.00 0.10 0.10 1.50 1.70 0.20

10 0.00 0.00 0.00 1.50 1.75 0.26

11 0.00 0.00 0.00 1.52 1.58 0.06

12 0.00 0.10 0.10 1.50 1.60 0.10

13 0.00 0.00 0.00 1.60 1.40 −0.2

14 0.00 0.00 0.00 1.50 1.54 0.04

15 0.00 0.00 0.00 1.50 1.50 0.00

16 0.00 0.00 0.00 1.50 1.50 0.00
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Sensors 3 and 6 presented the best results, and sensor 6 deviation was very close to
0. On the other hand, sensors 1 and 2 presented the highest deviations; moreover, after
the test, sensor 2 could not be fixed again to provide reliable measurements. Sensors 4
and 5 produced important deviations due to the progressive filling of the chamber, which
means that this perturbation could be avoided if the zero is set at the proper value or if
waiting enough time to refill the chamber with clean air.
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3.11. Interfering Gases

The results for deviations produced by the presence of SO2, CO2, C2H6 and O2 default
are plotted in Figures 12–15, respectively.
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Figure 13. Carbon dioxide presence results.

Most of the sensors showed significant deviations when tested in the presence of sulfur
dioxide. SO2 might interfere with the catalytic oxidation that is produced in the pellistor
(sometimes even producing irreparable damages) of the catalytic sensors. Nevertheless,
interferometer sensors also produced important deviations. Infrared sensors showed the
slightest deviations as the SO2 adsorption range is not close to the methane range.
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As carbon dioxide is an inert gas, no important effect was detected when testing
catalytic sensors (deviations < 10%). A similar fact was noticed when infrared sensors
were considered: deviations are greater than the ones found at catalytic sensors as the CO2
absorption range locates at 4.25 µm and methane at 3.32 µm. However, deviations were
lower than 10%. On the other hand, interferometer sensors cannot be used in the presence
of CO2 as they showed high deviations (even over 200%).

Deviations produced by ethane presence are not significant when assessing catalytic
sensors, as all of them are lower than 10%. Slight increases were found in every sensor as it
is a combustible gas. On the other hand, infrared sensors show important deviations when
using this gas, as the absorption range of C-H locates close to the methane absorption range.
Interferometer sensor deviations are greater than catalytic sensors but not as important as
infrared sensors.
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When reducing oxygen in the atmosphere, catalytic sensors provide negative devia-
tions as the combustion in the pellistor is reduced, and so is the temperature increase. On
the other hand, infrared sensors are not influenced by oxygen default, as those sensors
presented low deviations: sensor 6 shows a 3% deviation and sensor 15 a 0% deviation.
When assessing interferometer sensors, great positive deviations were found as sensor
4 shows almost 73% deviation and sensor 5 around 93% deviation.

4. Discussion

Regarding the tests, important results were obtained. When carrying out sensor
calibration, it was noticed that deviations between the two adjustment points (zero and
sensibility) showed slight variation regarding the adjustment gas. Nevertheless, as the
sensor ages and readjustments are carried out, the calibration curve varies, and over the
sensibility adjustment point, the curve might increase or reduce its inclination while the
points located between the two adjustment points show less deviation.

Therefore, it is recommended to calibrate sensors at concentrations close to 2.5% vol.,
which is typically the average full-scale point. Nevertheless, if the sensor maintenance is
frequent, it is more recommended to carry out calibration at the first alarm concentration
value (typically around 1.5% vol.) so measurements close to this value will have a small
error associated. Portable sensors should be calibrated at similar concentrations to the
ones that are intended to measure in order to avoid deviations due to differences in the
calibration gas concentrations.

Regarding the dust effect test, the results were significantly positive, as most of the
sensors were classified as “sensors with low dust sensibility”.

As a general trend, it can be said that the variations in the methanometer readings
with temperature are relatively small and always lower than those defined in the standards.
It was expected that the effect of temperature would be small in the case of catalytic
combustion sensors, and this has been confirmed by the test results. On the other hand, the
variation for the interferometer sensors is almost exactly as predicted, taking into account
that an increase in temperature at constant pressure implies a decrease in density. Finally,
in the case of infrared sensors, without acting on the temperature sensor readings, it is
essential to calibrate the devices at the temperature corresponding to the work area.

Regarding the pressure test, with the data obtained, all the equipment complies with
the standard except the interferometric sensor (nº 5) and the infrared sensor (nº 6). In
addition, it should be noted that sensors 15 (infrared) and 12 (pellistor) are significantly
affected by the pressure variation, which is why they pass the standard criteria with
difficulty. In the case of catalytic combustion sensors, the calibration pressure is less
important, although it is always advisable to carry it out at the working pressure.

To a first approximation, the expected variation in response for all devices except
interferometric devices should follow the dilution pattern produced by humidification.
As we can see from the results, the factors involved are much more complex, given the
circumstance that in the sensors with pellistor, the deviations of sensors 7, 10, 12, 13, 14
and 16 are significantly greater than in the rest. In the case of interferometrics, the presence
of water vapor with a refractive index very different from that of air produces a strong
variation in the response. In the case of infrared sensors, the decrease in response to
increasing humidity is related to the absorption of infrared light produced by water vapor.

In general, it can be said that the sensors tested are practically insensitive to variations
in air speed, except in the case of sensors 1, 3 and 14, all three of which are catalytic
combustion. This is because the pellistors need to consume methane from the air to carry
out the measurement, and the variation in the air speed causes differences in the diffusion
of the gas through the sintered element towards the interior of the sensor in which the
pellistor is housed.

Regarding the residual effect test, the sensors behaved well, except sensor 10, of the
catalytic type, which exceeded the allowed deviations. In the case of interferometric and
infrared sensors, the residual effect is practically nil since the aging of the sensor does
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not occur as in the case of catalysts, nor is the filling of the measurement chamber with
high-concentration methane irreversible, emptying perfectly for the next few minutes.

Regarding the long-term stability test (10 days), it is worth noting the magnificent
behavior of sensor 6 with the infrared measurement principle, which, both before and after
the test, has practically zero deviations. On the contrary, the catalytic sensors nº 1, 2 and 3
present important deviations. The behavior of interferometric sensors nº 4 and 5 is peculiar
since they produced high deviations due to the progressive filling of the reference chamber
with methane. This disturbance can be eliminated instantly by adjusting the zero reading
to the correct value.

When analyzing the results of the interfering gas test, the following aspects should
be highlighted. Infrared sensors have significant deviations due to the presence of ethane
since the C-H absorption band of this gas is very close to the corresponding infrared
absorption band of methane, which is found at 3.32 µm. The catalytic sensors present
negative deviations due to the lack of oxygen since this causes the combustion in the
pellistor to decrease and, therefore, the temperature increase in it is lower. The drift caused
by carbon dioxide in the interferometric sensors is the highest among all the drifts caused
by the interfering gases tested in the sixteen sensors. In general, most of the sensors tested
suffer significant deviations due to the presence of sulfur dioxide, with infrared sensors
showing the least deviation due to their presence.

As a final summary of the analysis of the interfering gas test results, we can say that the
interferometric sensors are the ones that have suffered the greatest deviations, since their
measurement is significantly affected by all the gases tested in these tests and, therefore, it
is the least suitable type of sensor when the presence of any of these gases is significant
in the mine atmosphere at any time. Regarding the catalytic sensors, in general, it can be
concluded that they suffer small deviations except in the case of sulfur dioxide, which is a
poison. Lastly, infrared sensors only see their measurement significantly affected by the
presence of ethane, their deviations for the rest of the interfering gases tested being less
than 10%, and therefore, they are the most suitable detectors for use in atmospheres of
changing mine.

Based on the results of the tests, the degree of compliance with the requirements
established by the standards can be defined. Figures 16 and 17 show the different test
results in terms of the percentage of detectors that fulfill the requirements. From these
plots, it is easily noticed that portable detectors provide better results than non-portable
detectors, as most of the portable detectors meet the requirements for each test.
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Furthermore, the worst results for both portable and non-portable equipment are
produced when testing time of response, relative humidity, dust effect, and interfering gases.
Moreover, non-portable sensors show inadequate results for long term stability. However,
the number of portable and non-portable detectors was not the same, so comparing test
results percentages might induce an important error. Therefore, every single result should
be properly addressed.

In order to make a final assessment of the degree of reliability of each methane sensor
tested, a scoring system was created. The system assigns positive or negative points to
each device, depending on the results obtained in each of the previously mentioned tests.
Positive points are assigned if the devices do not have significant variations with respect
to the criteria of EN 60079-29-1 or the requirements proposed in the present study. Zero
points are given if the result is close to the required limit and negative points when the
maximum deviations are exceeded.

The global results of the application of these criteria to the evaluation of all the tested
sensors are represented in Figure 18 (where 10 is the maximum possible rate).
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5. Conclusions

It is essential to systematically verify the accuracy, using a concentration in which
it is desired that the errors are minimal (1.5% vol., or another), which in the case of
fixed installation devices must be carried out in situ. Routine calibration and adjustment
performed in the laboratory are desirable, using various concentrations that should be
at least 0.0% vol., 1.5% vol. and 2.5% vol. Given the lack of general linearity of all the
measurement principles, the adjustment must be made for that concentration in which it is
desired that the errors be minimal.

In general, the calibration and adjustments must be carried out in environmental
conditions (pressure, temperature, and relative humidity) close to those of device operation,
although in some cases, it is not necessary. In the case of interferometric sensors, it is
essential to carry out an additional “zero” adjustment once it has stabilized inside the mine.

After subjecting the catalytic sensors to high concentrations (>50% vol.) for a short
period of time (3 min) or too-low concentrations (1.5% vol.) for long periods (10 days for
the fixed ones) in some cases, deviations greater than 1% vol. occur. for a test gas of 1.5%
vol., which proves the need for periodic adjustment and calibration of these devices.

Once the adjustment has been made with the corresponding methane concentration,
after being used in the operating regime in the mine, the portable and transportable devices
should automatically return to the supervision system. In the event that the deviations in
the reading exceed ±0.2% vol., the apparatus must be adjusted.

To ensure the correct operation of the fixed equipment, it is necessary to periodically
inspect their readings, comparing them to those provided by a portable methanometer, and,
in the event that the deviations are greater than ±0.1% vol., proceed to a new adjustment
that improves measurement accuracy.

Devices with an interferometric sensor are unreliable since their readings are very
sensitive to changes in environmental conditions (pressure, temperature, and relative
humidity) and to atmospheric factors such as the presence of other interfering gases and
the variation in oxygen concentration.

Most catalytic combustion sensors are reliable under normal operating conditions.
This is because they are robust against climatic changes. However, exposure to high or
prolonged concentrations, which is usual in underground mining work fronts, methane,
and also exposure to other gases, means that, in the best of cases, the readings lose accuracy
and must be adjusted.

The response times of most fixed sensors and some portable ones are excessive, al-
though most of them comply with the more permissive criteria of EN 60079-29-1. The tested
optical sensors have longer times than those obtained for the catalytic combustion sensors.

The use of infrared sensors is recommended because the variations in the reading
due to changes in climatic conditions are such that they can be safely used when they are
adjusted in conditions of pressure, temperature, and relative humidity close to those of
operation equipment, and do not have significant interference effects with other gases.

Finally, the main sources of equipment inaccuracy can be summarized in the following
table (Table 8).

Table 8. Main sources of inaccuracy detected.

Main Sources of Inaccuracy in the Functionality of The Sensors

Level of Inaccuracy in:
Catalityc
Infrared

Interferometer

Essential Inaccuracy Calibration Curve (Non-Adjustment) All

Time Of Response Delay In Obtaining the Reading
Catalityc: Low

Infrared: Medium
Interferometer: Medium

Environmental Conditions Temperature, Pressure, Humidity, Air Speed Rate and Dust
Catalityc: Low
Infrared: Low

Interferometer: High
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Table 8. Cont.

Main Sources of Inaccuracy in the Functionality of The Sensors

Level of Inaccuracy in:
Catalityc
Infrared

Interferometer

Long Term Stability Prolonged Use and High Concentrations
Catalityc: High
Infrared: Low

Interferometer: Medium

Interfering Gases Other Gases
Catalityc: Medium
Infrared: Medium

Interferometer: High

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16052207/s1, Table S1: Detailed score results.
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