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Abstract. Methane released through coal mine ventilation shafts is a major source of anthropogenic greenhouse gas
emissions. Reliable quantification of ventilation air methane (VAM) is increasingly important for emission reporting and
mitigation, yet long-term in-situ datasets remain scarce. This study presents one year of continuous methane measurements
obtained in an exhaust ventilation shaft of an underground hard coal mine in the Upper Silesian Coal Basin (Poland). High-
resolution measurements from a tunable diode laser absorption spectroscopy (TDLAS) analyser were compared with data
from the mine’s routine monitoring system based on catalytic pellistor sensors. Methane concentrations varied between 0.15
and 0.45% CHa and exhibited pronounced diurnal, weekly, and seasonal variability primarily associated with mining
activity. The pellistor sensor reproduced long-term concentration trends but systematically underestimated methane levels.
Following recalibration against the TDLAS measurements, agreement improved substantially (R2 = 0.93), demonstrating that
corrected pellistor datasets can support quantitative CHa4 assessments. Methane emission rates were derived from combined
concentration and airflow measurements and ranged from 0.8 to 1.7 t CHa-h™'. Total annual methane emissions from the
monitored ventilation shaft were estimated at 10.7 £ 0.93 kt CHa'yr'. Emission variability closely followed changes in
mining activity and showed stronger relationships with longwall advance than with coal production alone. The resulting
methane emission factor was 5.1 + 1.0 m® CHa 't coal, while a geometrical emission factor of 13.4 £ 2.4 m® CHs'm™2 of
longwall advance was identified. These results demonstrate the value of continuous high-resolution monitoring for
improving methane emission quantification, evaluating routine mine monitoring systems, and supporting measurement-

based approaches to mine-level methane reporting.

Keywords: Coal mine methane, Ventilation shaft, Emission factor, TDLAS sensor, Pellistor sensor, Upper Silesian Coal
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1 Introduction

Methane release from underground coal mining, released through gas drainage systems and ventilation shafts, represent a
significant source of anthropogenic emissions and are of major importance for both mine safety and climate-change
mitigation. The intensity of methane release is often controlled by a combination of geological conditions, coal seam
properties, mining methods, gas drainage practices, and the design and operation of mine ventilation systems (Kedzior and
Dreger, 2023; Karacan et al., 2011; Swolkien, 2020). Ventilation systems play a dual role: they provide breathable air to
underground workings while simultaneously diluting methane concentrations to prevent the formation of explosive mixtures
(Ralston et al., 2015; Krause and Krzemien, 2014).

Ventilation air methane (VAM) typically occurs at relatively low concentrations (0.1-0.8% CHa); however, the large
volumetric airflow rates required for safe mine operation result in globally significant methane emissions to the atmosphere
(Su et al., 2008; Swolkien et al., 2022; IEA 2026). In Poland, where coal production is concentrated in the Upper Silesian
Coal Basin (USCB), VAM accounts for approximately 60—65% of total methane emissions from underground mines (State
Mining Authority, 2025). Despite a long-term decline in coal production, methane emissions have not decreased
proportionally, largely due to increasing mining depth and the exploitation of more gas-rich coal seams.

Methane concentrations in ventilation shafts are routinely monitored by automatic gasometry systems installed in
underground mines. These systems typically rely on thermocatalytic (pellistor-type) sensors, which are robust and widely
used in safety monitoring due to their capability to operate over a wide concentration range. However, their applicability for
quantitative emission assessment is limited by relatively high measurement uncertainty, sensitivity drift, and reduced
response to rapid concentration changes (Goodman et al., 2008; Necki et al., 2026; Swolkien et al., 2022). As a result,
methane emission inventories based on in-mine monitoring often carry significant uncertainty.

Recent advances in optical sensing technologies, including tunable diode laser absorption spectroscopy (TDLAS), non-
dispersive infrared (NDIR), and Fourier transform infrared (FTIR) spectroscopy, enable high-precision, continuous methane
measurements under field conditions. These techniques offer improved sensitivity, selectivity, and temporal resolution
compared with conventional sensors, although their performance may be affected by ambient temperature, humidity, and
dust loading (Gao et al., 2013; Jiang et al., 2018; Xu and Chen, 2012; Tian et al., 2022; Liang et al., 2015; Tang et al., 2014).
Although optical techniques generally provide higher precision and temporal resolution than conventional mine monitoring
systems, their implementation in routine ventilation monitoring remains limited. Long-term field evaluations under
operational mining conditions are still scarce, and systematic intercomparisons with standard mine sensors are required to
support the wider deployment of these technologies.

Methane emissions from coal mining have been quantified using a range of approaches, including in situ measurements,
flask sampling, atmospheric inversion, and mass-balance techniques based on ground-based, airborne, and satellite
observations (Zazzeri et al., 2015; Menoud et al., 2021; Fiehn et al., 2023; Bezyk et al., 2025; Knapp et al., 2023; Andersen
et al., 2023; Nickl et al., 2020; Heltzel et al., 2022; Luther et al., 2019). While these methods provide valuable insights at
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regional and basin scales, they often rely on limited temporal coverage or indirect inference of emission rates. As a
consequence, there remains a lack of long-term, high-resolution datasets that directly link methane emissions from individual
ventilation shafts to mining activity and operational parameters.

Previous studies conducted in the Upper Silesian Coal Basin have revealed substantial variability in methane emissions
based on ground-based measurements, airborne campaigns, and satellite observations(Gatkowski et al., 2021; Forster et al.,
2025; Kostinek et al., 2021). However, these approaches typically provide limited temporal coverage and therefore cannot
fully resolve methane emission dynamics at the scale of individual ventilation shafts or directly relate observed variability to
specific mining activities. This highlights the need for continuous high-resolution VAM measurements capable of capturing
both short-term fluctuations and long-term changes under real operating conditions. Such datasets are essential for improving
mine-level emission factor estimates, reducing uncertainties in national GHG inventories, and supporting recent regulatory
requirements, including the European Union Regulation (EU) 2024/1787 on methane emissions in the energy sector (Official
Journal of the European Union, 2024). In particular, direct, continuous measurements at the ventilation shaft scale offer a
unique opportunity to validate top-down emission estimates and to better constrain the temporal variability of methane
release under real operating conditions (Rend et al., 2023; Wu et al., 2026).

This study addresses this knowledge gap through a full year of direct, high-resolution methane measurements conducted
within an active coal mine ventilation shaft. Continuous CH. monitoring using a TDLAS-based Axetris LGD analyser was
combined with data from the mine’s automatic gasometry system based on catalytic pellistor sensors, enabling a systematic
evaluation of sensor performance under real operating conditions. By integrating methane concentration measurements with
ventilation airflow records, methane emission rates were quantified across seasonal, weekly, and diurnal timescales and
linked to operational parameters, including coal production and longwall advance. Site-specific methane emission factors
were subsequently derived and evaluated against reported inventory values.

The main contributions of this study are threefold: (i) the generation of a unique year-long dataset of direct in-shaft methane
measurements from an underground coal mine ventilation system, (ii) a systematic intercomparison and recalibration of
optical (TDLAS) and catalytic (pellistor) methane sensors under operational mine conditions, and (iii) the quantification of
methane emissions and emission factors in relation to mining activity, including coal production and longwall advance.
Together, these results provide new insights into methane emission dynamics and support the development of measurement-

based approaches for mine-level methane reporting.

2 Study site and mine ventilation system design
2.1 Geology and mine layout

The Upper Silesian Coal Basin (USCB), located in southern Poland and the Czech Republic, is one of the largest bituminous
coal basins in Europe, covering ~7,500 km?. The basin contains a wide range of coal ranks, from non-coking to high-rank

coals, and is characterized by increasing coalification with depth and toward the western part of the basin (Sechman et al.,

3
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2013; Kedzior and Dreger, 2022; Krzeszowska, 2024; Jureczka, 2005). The present study was conducted in a hard coal mine
located in the Rybnik Mining District (western USCB), characterized by medium methane content corresponding to category
I11 methane hazard (4.5-8.0 m* CHa-Mg™! coal, DAF) (Szurgacz et al., 2020). The mining concession area covers ~21.8 km?,
with estimated recoverable resources of 144.6 Mt. Current exploitation is conducted at depths of ~700 m below ground level
(b.g.1.), while shallower levels have already been mined out.

The coal seam thickness ranges from 1.4 to 2.1 m and is overlain by Carboniferous shale, claystone, and sandstone. Coal
extraction is carried out using a fully mechanized longwall system. During the study period, the number of active longwall
panels decreased from four (July 2024-January 2025), to three (February—May 2025), and two panels (June—July 2025).
Average longwall face lengths ranged from 160 to 190 m, with a planned production rate of ~2,000 Mg-day! per panel.
Mining operations are conducted in four daily shifts I (06:30-14:00), 11 (12:30-19:30), 11l (17:30-01:00), and IV (23:00—

06:30), which directly influence methane release patterns and ventilation dynamics within the mine.

2.2 Mine ventilation system

The mine ventilation system consists of three intake shafts and two exhaust shafts, including Shaft VV (depth 400 m) and
Shaft VII (depth 540 m, partially flooded), which ensure continuous airflow through the underground workings (Pierchata
and Czuga, 2019). Longwall panels are ventilated using a boundary “U-type” configuration, in which fresh air is supplied via
the maingate, flows along the longwall face, and is discharged through the tailgate into return airways (Saki, 2017). On
average, ~1,000 m*>min™! of fresh air is supplied to each longwall panel through the maingates. The return airflow from
active longwall panels is directed toward two exhaust shafts, with the studied shaft (Shaft V) ventilating workings at a depth
of ~700 m b.g.1. The shaft is connected to a surface ventilation system including a main horizontal channel (~28 m long, 4 x
4 m cross-section), a fan station, and vertical diffusers discharging air to the atmosphere (Fig. 1).

Under typical operating conditions, shaft airflow velocity ranges from 12.1 to 14.8 m's™, corresponding to volumetric flow
rates of ~11,600 to 14,200 m*-min'. The airflow is highly turbulent, which influences methane mixing and transport
processes within the shaft. Air temperature in the ventilation stream varies between 15.6 and 19.8°C. The ventilation system
is equipped with an automatic gas monitoring network, including airflow sensors (anemometers) and thermocatalytic
methane sensors (pellistors), which provide continuous measurements of gas concentration and flow. These measurements
form the basis for operational safety monitoring and are used in this study for comparison with high-resolution optical
measurements.

Gas control in the mine includes continuous monitoring of CHa, CO2, CO, O: concentrations, airflow velocity, air pressure,
and electrical parameters of fan motors. Methane is measured by applying the pellistor-type sensors, while other gases are
detected by electrochemical sensors (Valoski, 2010; Goodman et al., 2008; McPherson, 2009). Continuous gas monitoring in
longwall areas and mine workings is based on: (i) airflow velocity measurements using AS-3 anemometers (resolution 0.05

m-s™'; accuracy £0.1 m-s™! within the range 0.1-10 m-s™'), and (ii) real-time methane concentration measurements using
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MM-4 thermocatalytic methanometers operating in two detection ranges (0-5% CH. with £0.1% accuracy using a pellistor
sensor, and 5-100% CH. with £3% accuracy using a conductivity bridge) (Brodny et al., 2023).

T

Figure 1: Views of the monitored ventilation shaft, including the main channel and fan station with two diffusers.
2.3 Operational conditions and airflow variability

Ventilation airflow in the exhaust shaft is controlled by high-capacity surface fans operating under variable load conditions.
The main horizontal channel of the examined shaft is connected to the rotary flap control system, which allows switching
between fans, and further to the two fan ducts, fan station, and twin vertical diffusers discharging air at 15 m a.g.l. (Fig. 2).
Under average operating conditions, the main fan pressure is ~2.99 kPa and the motor power is about 722 kW. The system is
subject to periodic operational changes, including alternating fan operation and short maintenance-related interruptions
(typically <15 min), which may influence short-term airflow variability.
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145  Figure 2: Scheme of the examined ventilation shaft with the automatic gas monitoring system.

Airflow measurements are performed using Pitot tube systems installed within the shaft and the main ventilation channel
(Fig. 2). A Pitot tube located in the main channel is connected to a manometer that records dynamic pressure in the shaft.
The monitoring system records dynamic pressure and airflow parameters continuously, providing input data for ventilation
control and methane emission calculations.

150 A new fan station at Shaft V was launched in September 2009 as part of a major restructuring of the mine ventilation
network, which comprises over 95 km of workings. During the study period, a significant upgrade of the ventilation
monitoring system was implemented (March 2025), including the installation of new Pitot tubes and an increase in data
acquisition frequency from 1-minute intervals to 1 Hz. This improvement enhanced the temporal resolution and reliability of
airflow measurements used in the subsequent analysis. Short-term variability in airflow results from changes in fan

155 operation, atmospheric conditions, and ventilation control adjustments, which directly affect methane dilution and influence

calculated emission rates.
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3 Methods and analytical procedures
3.1 Instrumental setup for methane measurements

Continuous methane monitoring in the exhaust ventilation shaft was conducted over a one-year period using a tunable diode
laser absorption spectroscopy (TDLAS) analyser (Axetris LGD). The system was operated under high-humidity and particle-
rich conditions typical of ventilation air in underground coal mines. The sampling inlet consisted of a 1/4-inch stainless steel
tube installed directly in the main ventilation channel at the same location as the mine’s automatic gasometry (pellistor)
sensor, enabling direct comparison of both measurement systems (Fig. 2).

The sample gas was extracted continuously and transported to the measurement unit installed within the shaft infrastructure
(rotary flaps room). To reduce the influence of high moisture content, the sampled air was passed through a custom-designed
drying module consisting of a heated inlet (65°C) and a two-stage condensate separation system (Fig. 3). Condensed water
was periodically removed using an automated purging system (solenoid valves controlled by a programmable digital timer)
to ensure stable and uninterrupted gas flow during long-term operation. Particulate filters were installed upstream of the

analyser to prevent contamination of optical components.
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Figure 3: Experimental set-up for continuous CH+ monitoring in the mine ventilation shaft, including (a) sampling inlet; (b) view
of the rotary flaps room of the shaft showing system installation; (c) water vapour removal/drying module; (d) Axetris LGD
analyser.

175 Methane concentration was measured using an Axetris Compact-A CHs analyser based on near-infrared TDLAS technology
(A= 1.65 um) with a multipass optical cell. Patented modulation-based noise suppression technology ensures consistent high
performance over an extended operational period. The device supports a wide measurement range, including a low range of
0-100 ppm for trace gas detection (precision: 0.8 ppm or 0.6% of reading) and a high range up to 40,000 ppm (precision:
<250 ppm). The instrument provides fast response (<1.8 s) at 2 L-min~! flow rate and high selectivity (Axetris, 2025).

180 Measurement data were recorded continuously using a dedicated acquisition system, allowing real-time monitoring and
long-term data storage.

The Axetris analyzer was housed in a protective enclosure suitable for field deployment, with a micro diaphragm pump
providing adjustable sample flow and a continuous electrical power supply. Particulate filtration upstream of the analyzer

inlet prevented contamination of optical components, contributing to long-term measurement reliability. The system was
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equipped with a Wi-Fi router, enabling remote access for real-time monitoring and system control, minimizing maintenance

efforts. A schematic overview of the sampling and measurement system is shown in Fig. 4.

Ventilation
channel
Drying module Axetris LGD
I Coarse filter © ® © ©)
Particle filter S

([Timed

: Il .
Il =
Il
Il :
Il
L ocoo O || - —
TI @ ©) H @) ©)
| |
L | ~
! £J Condensate |
S S——— M '
Data Logging

Calibration gases

Figure 4: Schematic diagram of the main components of methane measuring system. Air was sampled from the shaft channel via
the inlet, passes through a coarse particle filter, then through the drying module, and finally through fine particle filter delivered
to the Axetris LGD analyser.

3.2 Calibration and validation of measurements

Calibration of the TDLAS analyser was performed using certified methane reference gas mixtures at three concentration
levels (1023, 2839, and 4834 ppm CHa), covering the range typically observed in ventilation air. Each calibration was
conducted under stable flow conditions, and the analyser response was recorded over fixed time intervals after signal
stabilization. The calibration procedure ensured high linearity of the instrument response across the working range (R? =~
0.999) and demonstrated stable performance under field conditions. The relative expanded uncertainty of the analyser
remained below 1.4% of the measured value (see Supplement, Fig. S1).

Independent validation of the measurement system was conducted using gas samples collected in PTFE bags and analysed in
the laboratory using a cavity ring-down spectroscopy (CRDS) analyzer (Picarro G2201-i). The comparison showed strong
agreement between both measurement techniques, confirming the accuracy and robustness of the TDLAS measurements (see

Supplement, Fig. S2).
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3.3 Data processing and statistical analysis

Methane concentration data were recorded at high frequency and subsequently aggregated to 1-minute and 1-hour averages
for further analysis. Descriptive statistics, including mean values, standard deviations, and percentile distributions, were used
to quantify temporal variability across diurnal, weekly, and seasonal timescales. Tukey’s range test, a single-step multiple
comparison procedure with a significance level of p = 0.05, was applied to compare summarized CH4 concentration ranges
across different time periods during the monitoring.

Methane concentrations recorded by the mine’s pellistor sensor were synchronized with the TDLAS dataset using 1-minute
averaging. To ensure consistency between measurement systems, a linear scaling approach including both offset and
proportional correction was applied to recalibrate pellistor data against the TDLAS reference dataset (see Supplement, Text
S2). The agreement between datasets was evaluated using regression analysis and residual diagnostics. The relationship
between methane concentration and ventilation airflow was analysed using Orthogonal Distance Regression (ODR), which
accounts for uncertainties in both variables. Prior to regression analysis, outliers were removed using a Mahalanobis
distance-based filter (Poch and Villaescusa, 2012).

Ventilation air velocity and volumetric flow rates, obtained from the mine’s airflow monitoring system installed in the shaft
were synchronized with CHa4 concentration data. To assess temporal variability in methane—airflow relationships, a moving-
window analysis was applied using a 13-day sliding window (6 days). For each time step, correlation coefficients and
regression slopes were calculated, allowing the identification of periods dominated by ventilation-driven dilution or

increased methane release.

3.4 Estimation of methane emission rates

Methane emission rates from the ventilation shaft were calculated by combining measured CHa concentrations with

corresponding ventilation airflow rates obtained from the mine’s monitoring system. Emission flux (Q) was calculated as:

Q=C-Fy-p 1)
where C is methane concentration (expressed as a volume fraction), F is the volumetric airflow rate (m* -min™"), and p is
methane density (0.665 kg-m™ under standard conditions).

Airflow rates were derived from measured air velocity and the cross-sectional area of the ventilation channel. Methane
emission rates were calculated at high temporal resolution (1 minute) and subsequently integrated to derive hourly, monthly,
and annual emissions. To investigate the influence of mining activity, emission rates were analysed in relation to operational
parameters, including coal production and longwall advance (see Supplement, Text S3). Statistical relationships were
quantified using regression analysis at multiple temporal scales.

Finally, emission factors for the coal mine were derived by normalizing total methane emissions by the net coal production
volumes obtained from mine operational records, with related uncertainties from both emission and production datasets
(EMEP, 2023; Kholod et al., 2020).

10
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3.5 Uncertainty analysis

Uncertainty of the short-term methane emission estimates was quantified by propagating uncertainties associated with

methane concentration, ventilation airflow rate, and methane density:

oo [E e e »

The instrumental uncertainty of the TDLAS analyzer was ~1.4% of the measurements. For typical methane concentrations in

the ventilation shaft (0.15-0.45%;1500-4500 ppm), this corresponds to an absolute uncertainty of approximately +20-60
ppm CHa. Uncertainty in airflow measurements represented the dominant contribution to the overall uncertainty. For typical
ventilation conditions (11,600-14,200 m?* min"), the relative uncertainty reached up to ~8%, corresponding to an absolute
uncertainty of £900-1100 m*-min™'. This reflects the combined effects of turbulence, non-uniform flow distribution, and
sensor limitations. Uncertainty in methane density, associated with variations in temperature and pressure, remained below
1% and contributed only marginally to the total uncertainty budget. For representative operating conditions (CHa = 0.30%
and airflow =~ 12,500 m*-min™"), the methane emission rate is ~25 kg CHs-min™'. Under these conditions, the combined
relative uncertainty of the emission estimate is approximately 8-9%, corresponding to an absolute uncertainty of +2-2.3 kg
CH4'min™.

At longer aggregation times, random uncertainty is reduced, while systematic uncertainty associated with airflow
measurements remains dominant. For typical hourly emissions of 1.0 — 1.5 t CHa-h™!, the corresponding absolute uncertainty
is approximately +0.1 t CHa-h™!, increasing to £80—120 t CHs'month™ for monthly totals (See Supplement, Text S4). The
expanded uncertainty of methane emission estimates at a 95% confidence level (k = 1.96) remained at approximately 8-9%
for the full annual dataset (Morrison, 2020).

4 Results
4.1 Temporal variability of methane concentration in the mine ventilation system

The methane monitoring campaign covered the period from August 2024 to July 2025 and revealed that the ventilation shaft
acted as a continuous but temporally variable methane source. Methane concentrations ranged from approximately 1500 to
4500 ppm (0.15-0.45%) and exhibited pronounced seasonal changes (Fig. 5). Three characteristic periods were identified.
Period | (August—December 2024) was characterized by relatively stable methane concentrations and a gradual upward trend
in methane levels at the shaft. Period Il (January—April 2025) showed frequent anomalies, represented by episodic peaks, and
a disruption to the previous increasing trend. Period Il (April-August 2025) is represented by decreased diurnal and
medium-term variability, with generally lower and more stable CHa concentrations. Overall, the annual trend indicates a
decrease in average methane concentration from ~3500 ppm to 1500 ppm over the monitoring period. Statistical analysis

further showed that CH4 concentration data were close to normally distributed, although Q—Q plots revealed deviations from

11
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normality in the upper quantiles, particularly during Period I, highlighting the occurrence of high-concentration (“peak™)
events (see Supplement, Fig. S3-S5).

Period I: 25.07.2024 - 24.12.2024
4500 + y=9.5ppmday ' -x+1991ppm, R°=0.516
2 Period II: 24.12.2024 - 24.03.2025
g y=-4.5ppmday ' -x+2890ppm, R®=0.097
= 35001 Period Ill: 25.03.2025 - 31.07.2025
> y=-3.8ppmday " -x+2121ppm, R>=0.279
E
T 2500
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+ o
T 15001 IR(
500 . } : } } } } } } ] } } }
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2024 2024 2024 2024 2024 2025 2025 2025 2025 2025 2025 2025 2025
Date

Figure 5: Seasonal evolution of hourly averaged methane concentrations in the ventilation shaft during the monitoring period
(August 2024 to July 2025). Three characteristic periods (I-111) are identified based on changes in methane concentration
variability and mining activity.

Short-term variability was analysed using weekly aggregation (Fig. 6). Period | showed the highest relative variability
(coefficient of variation, CV = 21.39%), although the weekly distributions showed a gradual increase in median CHa
concentrations without persistent short-term fluctuations. Period Il is characterized by substantially lower relative variability
(CV = 13.27%), despite broader distributions and the occurrence of several extreme values, reflecting episodic changes in
CHa release associated with mining activity. Period Il had a similar level of relative variability (CV = 13.49%) and a
reduced overall concentration range compared with Periods | and 1. This behaviour likely reflects the reduced number of
active longwall panels during the final phase of the monitoring campaign, resulting in lower overall methane release and a

more stable concentration signal at the shaft.

12
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Figure 6: Weekly distribution of methane concentrations in the ventilation shaft for three measurement periods: (a) Period I, (b)
Period 11, and (c) Period Il11. Boxplots represent median values, interquartile ranges, and extreme observations for individual
weeks.

285 Analysis of diurnal and day-to-day variability shows a clear association with the mining operation schedule (Fig. 7).
Methane concentrations generally increase during working days and decrease during weekends. Maxima occur during active
production hours, typically between mid-day and early evening. The onset of concentration increase follows the start of the
first mining shift (06:30) with an observed delay of ~1.5 hours, and is associated with gas transport time within the

ventilation network. Episodic peaks, especially on Sunday mornings, may reflect delayed CHa release or residual emissions
290  within the mine.
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Figure 7: Average diurnal methane concentration profiles in the ventilation shaft for three measurement periods (I1-I11). Vertical
dashed lines indicate the start of the first mining shift (06:30) in the operation schedule.

Hourly trends further confirm consistent daily cycles (Fig. 8). Concentration peaks are typically observed during the second
and third shifts, while lower values occur during night-time and periods of reduced mining activity (e.g., weekends or non-
production hours). Period 11, the amplitude of diurnal variability is reduced compared with Periods | and 11, indicating a
more stable methane emission signal at the shaft, likely associated with reduced variability in gas release from a fewer
number of active longwalls and more uniform ventilation conditions. Overall, CHa concentration dynamics demonstrate a

consistent operational influence, with increases following shift initiation and gradual decreases during non-operational hours.
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Figure 8: Average hourly methane concentration patterns in the ventilation shaft: (a) diurnal CH. concentration profiles grouped
by day of the week and measurement period (Periods I and III), referenced to 00:00; (b) average hourly CH4 concentration
profiles separated into days with increasing and decreasing trends, referenced to 08:00 to account for the observed delay (~1.5 h)
between the start of mining operations and the corresponding increase in methane concentration in the shaft. Period 11 was
excluded due to high temporal heterogeneity and unstable operating conditions (ventilation-related upgrades in the shaft). Vertical
dashed lines indicate the start of mining shifts (I: 06:30-14:00; I1: 12:30-19:30; I11: 17:30-01:00; 1V: 23:00-06:30). Weekend days
(Saturday and Sunday) are grouped.

4.2 Relationship between methane concentrations and mine ventilation rates

Differences in CHa levels and the efficiency of methane removal by the ventilation system between the identified periods
reflect changes in both gas release intensity within the mine workings and the operating conditions of the ventilation network
supplying air to the shaft. At the shaft scale, the observed gas concentrations result from: (i) methane inflows from
underground sources associated with active longwall panels and surrounding strata, and (ii) dilution rates of this gas by the
volumetric airflow rate in the return air stream. As a result, temporal changes in methane concentration cannot be attributed
solely to variations in ventilation intensity, but also to changes in gas generation and release within the mine.

A general inverse relationship between CHa concentration and ventilation airflow rate is observed (Fig. 9), confirming the
role of ventilation as a methane dilution mechanism. However, the strength of this relationship varied considerably between
study periods, indicating that changes in methane release intensity also contributed substantially to the observed
concentration variability. However, this relationship is not constant over time, reflecting variability in methane source
strength. Periods characterized by a stronger negative correlation (Rz>0.2) correspond to conditions where airflow variations
dominate short-term concentration changes, whereas weaker correlations (R2<0.2) indicate a stronger influence of variable
methane inflow from active production zones. Short-term methane concentration peaks are only partly explained by airflow
variability.

In several cases, elevated CHa levels occur without a corresponding reduction in airflow, indicating transient increases in
methane release intensity (see Supplement, Fig. S6). Such events are consistent with operational processes typical for
longwall mining, including localized roof deformation, stress redistribution in the rock mass, or variations in gas drainage
efficiency. Conversely, periods of relatively constant methane concentration combined with stable airflow conditions
indicate quasi-steady transport conditions, where methane supply from underground sources and dilution by ventilation
remain approximately balanced over time. Overall, the methane—airflow relationship demonstrates that ventilation primarily
controls methane dilution, whereas temporal changes in methane release from underground workings explain much of the
remaining variability. Consequently, methane concentration dynamics cannot be interpreted from airflow changes alone.
Therefore, accurate interpretation of methane concentration dynamics in ventilation shafts requires simultaneous

consideration of both airflow variability and source-related emission processes.
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Figure 9: Relationship between hourly averaged methane concentration and ventilation airflow rate in the exhaust shaft. Data are
shown separately for three measurement periods (I-I11). Solid lines represent Orthogonal Distance Regression (ODR) fits
accounting for uncertainties in both variables. The combined dataset (lower right panel) is color-coded by airflow variability.

To further quantify the methane—airflow relationship and its temporal variability, hourly data were analysed using a 13-day
centered moving window (6 days), allowing for robust estimation of short-term correlations under changing operational
conditions (Fig. 10). For each time step, correlation coefficients and regression slopes were calculated between CHa
concentration and ventilation airflow rate. The moving-window approach reduces the influence of short-term fluctuations
and provides statistically representative relationships based on sufficient observational samples within each window. The
moving-window analysis showed statistically significant negative methane-airflow correlations (p < 0.01) for ~70% of the

observation period, confirming the importance of ventilation-driven dilution. Strong negative correlations (r < —0.5) occurred
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during ~30% of the dataset and represent periods in which airflow variability exerted the strongest influence on methane

concentration.
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Figure 10: Time series of Pearson correlation coefficients between CH. concentration and ventilation airflow rate in the shaft, with
corresponding regression slopes expressing methane concentration changes per airflow changes. Orange markers denote periods
with strong negative correlation (r < —0.5) identified in the 13-day centered moving window.

In contrast, ~12% of observations exhibited positive methane-airflow correlations, indicating that increases in methane
release from underground sources outweighed the expected dilution effect. These intervals provide direct evidence that
variability in methane inflow can occasionally dominate the concentration signal measured at the ventilation shaft. Such
behaviour suggests that airflow variability alone is insufficient to explain concentration changes and that temporal variability
in methane release intensity must be considered.

The temporal evolution of correlation coefficients and regression slopes (Fig. 10) demonstrates that the methane—airflow
relationship is not stationary and varies throughout the monitoring campaign. Periods with strong negative slopes correspond
to ventilation-dominated regimes, whereas periods with weak or positive slopes indicate stronger influence of in-mine CHa
source variability. Additional analyses performed at different temporal resolutions confirm that methane concentration
dynamics in the ventilation shaft are largely controlled by a combination of these two operational factors. Results from the
moving-window analysis are consistent with the variability observed in hourly concentration time series and diurnal cycles
(see Supplement, Fig. S6), indicating that short-term methane fluctuations are linked to both mining activity and transient
changes in ventilation conditions.

For a representative airflow rate of approximately 12,500 m? min™!, regression slopes indicate that a 1% increase in
ventilation flow typically corresponds to a decrease of approximately 100 ppm CHa concentration. The elevated airflows
recorded during the annual timescale often corresponded to temporary decreases in CHa concentration, suggesting that short-
term operational adjustment of the ventilation system may influence methane dilution. This relationship quantifies the
sensitivity of the ventilation system as a dilution mechanism, although its exact applicability varies depending on the

prevailing balance between gas inflow and airflow conditions.
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Figure 11: Temporal variation of hourly averaged CHa concentration and ventilation airflow rate in the ventilation shaft during
the annual measurement period (August 2024—July 2025).

Monthly regression analyses (see Supplement, Fig. S7) further demonstrate that the relative importance of airflow and
methane emission source varies over longer timescales. Months characterized by strong negative slopes (e.g., November
2024, March 2025, July 2025) correspond to conditions where ventilation-driven dilution dominates. In contrast, months
with weaker relationships indicate that variability in CH4 inflow from underground sources is the primary driver of observed
concentration changes.

Overall, while ventilation airflow exerts a primary control on methane concentration through dilution, the dominant source
of variability lays in the temporal changes of methane release from the mined coal seam. Robust interpretation of methane
concentration time series requires simultaneous consideration of both airflow dynamics and source-related processes across

multiple temporal scales.

4.3 Evaluation of Axetris and Pellistor sensors

Both the Axetris LGD analyser and the mine-installed pellistor sensor reproduced the principal temporal patterns of methane
variability in the ventilation shaft, including diurnal cycles and seasonal trends. However, the pellistor sensor systematically
reported lower methane concentrations across the entire measurement range, indicating a persistent calibration bias. This
underestimation became more apparent during periods of elevated methane concentration and increased temporal variability,
while agreement between the two systems improved during more stable operational conditions. Short-term methane peaks
were generally detected by both instruments, although their magnitude was frequently underestimated by the pellistor sensor
due to its lower dynamic response and coarse measurement resolution (see Supplement, Fig. S8-S9).

The systematic nature of this discrepancy was confirmed through regression analysis of synchronised one-minute
observations. Raw pellistor measurements showed poor agreement with the Axetris dataset (R2 = 0.18) and underestimated
methane concentrations by ~30% on average (Fig.12a). After applying calibration corrections based on offset and

proportional scaling, agreement improved substantially (R? = 0.93), while the mean difference between both datasets was
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reduced to 0.4% and the relative RMSE decreased to ~7%. These results, presented on figure 12, demonstrate that most of
the disagreement between the two systems originated from systematic measurement bias rather than random measurement
noise.

Residual deviations remained visible at both low and high methane concentrations and were primarily associated with sensor
resolution limitations, response-time differences, and non-linearities in pellistor performance. Nevertheless, the corrected
pellistor dataset reproduced methane variability with sufficient accuracy for emission assessment purposes. Consequently,
existing mine monitoring networks can produce valuable quantitative information, provided that regular calibration and bias

correction procedures are implemented.
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Figure 12: Linear regression comparison of time-synchronized CHs« concentrations measured by the Axetris LGD analyzer and the
pellistor sensor in the ventilation shaft: (a) raw pellistor data and (b) corrected pellistor data after calibration using Axetris as a
reference instrument. The recalibration significantly improves agreement between the datasets, as reflected by the increase in the
coefficient of determination (R?) and reduction of systematic bias.

4.4 Estimation of methane emissions from the coal mine ventilation shaft

Methane emission rates from the ventilation shaft were calculated by combining time-resolved CHs concentration
measurements with corresponding ventilation airflow data. The resulting dataset provides a continuous record of methane
release under variable operational and ventilation conditions. At short timescales, methane concentration exhibited
substantially greater variability than airflow rate, indicating that fluctuations in emission intensity were primarily controlled
by changes in CHa release rather than ventilation dynamics (Fig. 11). Periods of elevated CH4 concentration were frequently
associated with slight reductions in airflow, however, several high-concentration events occurred without corresponding

airflow changes, suggesting variability in source strength.
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Under average operating conditions, with a ventilation airflow rate of 12,500 + 400 m*min! and a mean methane
concentration of 0.29 + 0.11%, the estimated methane emission rate was 25 + 10 kg CHa'min™'. At hourly resolution,
methane emissions ranged from approximately 0.8 to 1.7 t CHa'h™!, consistent with observed variability in both methane
concentration and ventilation airflow. Diurnal variability within individual months was moderate compared with longer-term
changes, although distinct intra-day emission maxima were observed in selected periods, particularly during afternoon hours
(Fig. 13). During pre-winter period of intensified mining activity (November—January), hourly emissions remained

consistently high throughout the day, showing relatively stable CH4 release conditions.

Average day of CH, emission by month
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Figure 13: Heatmap of average hourly methane emission rates (t CHs-h™) by month for the exhaust ventilation shaft during the
annual monitoring period (August 2024-July 2025). Warmer colors indicate higher emission rates, highlighting diurnal and
seasonal variability in methane release.

A clear seasonal pattern of methane emissions was identified over the annual monitoring period (Fig. 14a). Three
characteristic emission periods were distinguished. Period | (August-December 2024): highest emissions, averaging 1060 +
140 t CHa'month™'; Period II (January—March 2025): slightly lower emissions, 1034 + 80 t CHs-month™*; Period III (April—
June 2025): lowest emissions, 720 + 40 t CHa-month™'. The observed decrease in methane emissions after March 2025
coincided with a reduction in mining activity, including a decrease in the number of active longwall panels. The transition
from four to two active longwall panels coincided with a decrease in mean methane concentration from approximately 3500
ppm to 1500 ppm. When normalized to the number of active longwalls, methane emissions remained relatively stable across
periods, averaging approximately: 265 + 35 t CHs'month™ per longwall (Period I); 311 + 24 t CHa-month™ per longwall
(Period IT); 270 + 15 t CHa-month™ per longwall (Period III).
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Figure 14: Short- and long-term variability of methane emissions from the ventilation shaft during the monitoring period (August
2024-July 2025): (a) monthly total emissions (t CHs-month™) and (b) hourly emission rates (t CHs-h™).

Overall, methane emission rates show clear temporal variability across multiple timescales, with seasonal changes
dominating over short-term (e.g., diurnal) fluctuations (Fig. 14b). The highest emission levels were observed during periods
of intensified mining activity (Period 1), while the reduction in the number of active longwalls resulted in a significant
decline in emissions in Period Ill. Despite these variations, methane emissions normalized per active longwall panel
remained relatively stable, indicating a consistent emission intensity associated with individual production units. This
suggests that total emission variability at the shaft scale is primarily driven by changes in mining activity rather than intrinsic
variations in gas release per longwall.

The total annual methane release from the ventilation shaft was estimated at 10.7 + 0.93 kt CHa4'yr', with seasonal
variability resulting in ~48% lower emissions during summer compared to winter conditions. Statistically significant
correlations were observed between methane emissions and both longwall advance (R? = 0.55, p < 0.05) and coal production
(R* = 0.38, p < 0.05). These relationships demonstrate that CH4 release at the shaft level is closely linked to operational

mining parameters. Relationships between methane concentration, methane emission, and key operational parameters,
including coal production and longwall advance, are summarized in Fig. 15.
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Figure 15: Relationships between CH. concentration and emission and key operational parameters. Data are aggregated into
consecutive 10-day periods corresponding to the mine reporting system, in which coal production and longwall advance are
routinely recorded at 10-day intervals. Panels (a) and (b) show correlations between methane concentration and emission and
longwall advance, coal production, and combined output. Panels (c) and (d) present time series of methane emission compared
with coal production and longwall progress, illustrating the temporal coupling between methane release and mining activity.

The results indicate clear positive correlations between methane concentration and emission and mining activity indicators,
with stronger relationships observed for emission than for concentration. Time series analysis further demonstrates that
methane emission dynamics closely follow variations in mining activity, although short-term deviations are also evident.
Overall, the monthly differences in methane release substantially exceeded short-term daily variability, demonstrating that
short-duration monitoring campaigns may significantly under- or overestimate annual CHa emissions if seasonal variability

is not fully represented.

5 Discussion
5.1 Controls on methane variability in the ventilation system

Methane emissions from underground coal mining represent a significant component of anthropogenic greenhouse gas
emissions (represent 33% of total fossil-fuel-related emissions, Saunois et al., 2025), and improving their quantification is
essential for accurate emission inventories and effective mitigation strategies. The results of this study demonstrate that CHa
variability in the ventilation shaft is primarily controlled by the intensity of methane release from underground coal
workings, while ventilation airflow acts mainly as a secondary dilution mechanism. This conclusion is supported by greater
variability of methane concentrations compared to airflows and by the occurrence of concentration peaks that are unrelated
to ventilation intensities. Temporal patterns observed at seasonal, weekly, and diurnal scales indicate that methane variability
is strongly linked to mining activity. Elevated CH4 levels during periods of intensified production and their decline following
reduction in the number of active longwall panels confirm the dominant role of operational factors. As illustrated in Fig. 15,
methane concentration and emission are strongly linked to mining activity, with consistent positive correlations observed
across different operational parameters.

These observations are consistent with previous studies showing that methane release rates in underground coal mines reflect
geological conditions, mining methods, and stress redistribution in the rock mass (Karacan et al., 2011; Swolkien, 2020).
More recent studies confirm that this variability is evident across multiple spatial and temporal scales. For example, facility-
scale satellite observations by Li et al. (2025) showed that CH4 plume dynamics in Chinese coal mines are strongly
controlled by coal rank, and production stage, with higher emissions typically associated with bituminous coal operations.
Similarly, Karacan et al. (2025), using high-frequency measurements in underground coal mines in southwestern Virginia
(USA), demonstrated that changes in CH. concentrations at ventilation shafts are primarily related to production rate,
geological conditions (or coal seam geological characteristics — to be precise), and residual gas content following
degasification.
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Longwall mining in particular enhances methane liberation through fracture propagation and degassing of gob areas
(Mahdevari, 2019; Swolkien and Szlazak, 2020). Episodic CHa peaks observed in this study are therefore attributed to
transient gas release events related to longwall advance, roof deformation, or variations in gas drainage efficiency (Szlazak et
al., 2022; Schatzel et al., 2017; Boger et al., 2014). At shorter timescales, diurnal variability reflects the mining schedule,
with methane CHa increasing shortly after the start of production shifts. The observed delay of ~1.5h corresponds to gas
transport time within the ventilation network and is consistent with previous high-frequency studies (Karacan et al., 2025).
Over longer timescales, methane emission trends are influenced by the transition to deeper seams with higher gas content, as
well as by modifications in ventilation and degassing systems (Zhang et al., 2023; Dreger and Kedzior, 2019; Kholod et al.,
2020). Overall, CHa concentration measured at the shaft represents an integrated signal of emission processes across multiple

production zones rather than a direct function of ventilation variability alone.

5.2 Role of ventilation and implications for emission quantification

The inverse relationship between methane concentration and ventilation airflow confirms the role of ventilation systems as a
dilution mechanism. However, this relationship is non-stationary and varies with operational conditions. Periods of negative
correlation reflect ventilation-controlled regimes, whereas weaker or positive correlations indicate enhanced methane inflow
from underground sources. This behavior highlights the coupled nature of CH4 release and ventilation dynamics. Increased
airflow reduces methane concentration through dilution but can simultaneously enhance gas transport from production zones
by modifying pressure gradients and flow distribution (McPherson, 2009; Mahdevari, 2019; Karacan et al., 2011).
Consequently, CHa4 concentration dynamics cannot be interpreted solely as a function of airflow intensity. An important
implication is that CH4 emission expressed as mass flux does not necessarily decrease with increasing airflow, as it depends
on both concentration and volumetric flow rate. Similar findings have been reported in previous studies, which show that
short-term variations in ventilation conditions can significantly influence emission estimates (Swolkien et al., 2022; Dreger,
2020).

Furthermore, episodic methane release events and transient peaks are often not fully captured in inventory-based approaches,
which rely on averaged data. In contrast, long-term continuous datasets provide more stable and representative emission
estimates, reducing uncertainty associated with short-term variability (Swolkien et al., 2022; Luther et al., 2019). Evidence
from major coal-producing regions such as China, India, and Turkey also demonstrates the significant role of mine
ventilation systems in controlling CHa release worldwide, with emission rates strongly influenced by geological conditions,
mining practices, and production intensity (Gao et al., 2020; Singh and Mallick, 2015; Mishra et al., 2016; Uyar and Akcin,
2025). These results confirm that high-resolution continuous monitoring is essential for reliable methane emission

assessment at the mine scale.

25



525

530

535

540

545

550

https://doi.org/10.5194/egusphere-2026-5118
Preprint. Discussion started: 13 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

5.3 Performance of methane monitoring systems

The comparison between the TDLAS-based Axetris analyser and the pellistor sensor demonstrates that both instruments
captured the major temporal patterns of methane variability, including seasonal and diurnal trends. However, the dominant
discrepancy between the systems was a systematic calibration bias, manifested as a persistent underestimation of methane
concentrations by the pellistor sensor. Differences in dynamic response and temporal smoothing of short-term peaks were
also observed, but these effects were secondary compared to the calibration offset. This interpretation is supported by the
substantial improvement in agreement after recalibration, with the coefficient of determination increasing from 0.18 to 0.93.
Such calibration biases may originate from routine maintenance practices, ageing of catalytic elements, drift between
calibration intervals, or differences between calibration and operational conditions. Response non-linearity and delayed
sensor response may additionally contribute to residual disagreement, particularly during rapidly changing methane
concentrations (Biro et al., 2017; Gawor and Wasilewski, 2021; Kumar et al., 2013). Similar discrepancies between high-
resolution optical measurements and conventional mine monitoring systems have been reported in previous studies (Necki et
al., 2026; Swolkien et al., 2022). After calibration, agreement between the two systems improves, confirming that pellistor
sensors can provide reliable data when properly corrected. However, residual deviations remained particularly at
concentration extremes and during periods characterized by rapid methane variability.

From an engineering perspective, these findings indicate that existing monitoring infrastructure can be significantly
improved through integration with high-resolution optical instruments. Such hybrid measurement approaches provide a
practical pathway toward improved methane emission quantification while maintaining operational feasibility. While
pellistor sensors require careful calibration due to catalyst ageing and slower dynamic response, optical sensing technologies
offer superior stability, faster response, and lower long-term uncertainty. For example, Zhang et al. (2025) demonstrated that
Fourier Transform Infrared (FTIR) spectroscopy enables highly selective CHa quantification in complex gas mixtures,
achieving detection limits as low as 0.5 ppm and an absolute error below 0.3% of full scale. Likewise, Wu et al. (2022)
reported that TDLAS sensors provide high accuracy (0.06%) and sensitivity (25 ppm), along with rapid response and strong
operational stability in coal mine environments. Redundant non-dispersive infrared (NDIR) sensors used by Karacan et al.
(2025) enabled continuous monitoring of ventilation shaft air with improved stability at low CHa4 concentrations (0.5-2.0%),
typical of ventilation air. Similarly, laser-based systems, such as open-path TDLAS analyzers, offer higher analytical

precision, faster response times, and lower long-term uncertainty under variable ventilation conditions (Necki et al., 2026).

5.4 Comparison with emission inventories: EDGAR and E-PRTR

The results of this study were evaluated against independent methane emission estimates derived from both global and
facility-level inventories, including the EDGAR database (European Commission, 2019) and the European Pollutant Release
and Transfer Register (E-PRTR) (European Commission, 2006). The EDGAR database provides globally consistent

emissions based on standardized methodologies and activity data, reported on a gridded scale (~0.1° x 0.1°) (Scarpelli et al.,
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2020; Crippa et al., 2020). For coal mining regions such as the Upper Silesian Coal Basin, EDGAR-based estimates suggest
typical ventilation-shaft emissions of 6-10 kt CHa-yr'. Although such estimates reflect the overall magnitude of emissions,
they smooth spatial variability and do not capture transient emission peaks.

In contrast, E-PRTR provides facility-level emissions reported by operators based on production data and emission factors.
For the Chwalowice coal mine, reported methane emission is ~12.1 kt CHa-yr' (WUG Poland, 2026). The annual methane
emission determined in this study (10.7 = 0.93 kt CHayr') is comparable to facility-level estimates reported through
E-PRTR and lies close to the upper range of ventilation-shaft emissions inferred from EDGAR-based products for the Upper
Silesian Coal Basin. Although the agreement is not exact, the comparison indicates that major inventory frameworks capture
the correct order of magnitude of methane emissions from underground coal mining. At the same time, the measured value is
higher than EDGAR-derived estimates, reflecting the effect of spatial averaging and temporal smoothing in gridded
inventories. The comparison highlights the complementary nature of inventory- and measurement-based approaches.
Bottom-up inventories provide long-term and regionally consistent emission estimates, whereas continuous in-situ
measurements resolve site-specific variability that is generally not represented in inventory products. Together, these
approaches improve understanding and quantification of methane emissions from coal mining systems.

Similar methane emission magnitudes have been reported previously for individual ventilation shafts and mining facilities
within the Upper Silesian Coal Basin (Luther et al. ,2019). Regional atmospheric studies further demonstrate that inventory-
based approaches generally reproduce basin-scale emissions (Kostinek et al., 2021), although direct in-shaft measurements

remain essential for quantifying temporal variability and evaluating operational controls on methane release.

5.5 Emission factors and global context

Accurate identification emission estimation and reliable determination of emission factors (EFs) are essential for improving
regional methane inventories, constraining the atmospheric CHa budget, and supporting effective mitigation strategies. The
emission factor derived in this study (5.1 = 1.0 m® CHa-t™") falls within the lower range of values reported for underground
coal mines, but remains consistent with both national and international datasets. The emission factors reported for the Upper
Silesian Coal Basin vary between 5 and 15 m* CHa t™!, depending on the data source and methodology (see Supplement,
Table S1). Amount of emitted CHs from one ton of mined coal determined in this study is comparable to EFs of low-to
medium-gassiness coal mines in Poland, such as the PGG Halemba coal mine (7.5 m* CHa't!) and JSW Budryk coal mine
(10.0 m* CHa-t™') (WUG Poland, 2026). According to Dreger and Kedzior (2019) methane emission factor in Polish coal
mines ranged from 5.7 to 15.2 m® CHa't™! coal between 1997 and 2016, indicating a progressive increase in emission
intensity over time associated with mining advancement into deeper and more methane-rich seams.

The methane emission factor derived in this study (5.1 + 1.0 m® CHa4t™!) lies within the range reported for underground coal
mines in the Upper Silesian Coal Basin and elsewhere worldwide (see Supplement, Table S1). Although it is located toward
the lower end of the reported range, it is consistent with values observed for low- to medium-gassiness mines in Poland. The

agreement between measurement-derived and inventory-derived emission factors supports the use of production-based
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emission factors for long-term methane reporting, while emphasizing the value of continuous observations for resolving
temporal variability. According to the IPCC Tier 1 methodology, methane emission factors varied from 10 to 25 m® CHat™
coal for mines about 400 m deep (see Supplement, Table S2), reflecting differences in seam depth, gas content, and mining
conditions (IPCC, 2006). Comparable variability in methane emissions has been documented worldwide. Studies from
China, India, Canada, Australia and Turkey show that methane emission rates vary significantly between mines due to
differences in geological conditions, extraction depth, and production characteristics (Gao et al., 2020; Singh et al., 2015;
Singh et al., 2022; Rend et al., 2023; CMM Country Profiles, 2015; Sadavarte et al., 2021). Long-term trends also indicate
that methane emissions may increase despite declining coal production, primarily due to mining at greater depths and in
methane-rich seams (Kholod et al., 2020; Chen et al., 2024).

One of the most important findings of this study is that methane emissions were more strongly correlated with longwall
advance than with coal production. This suggests that the progression of the mining front provides a more direct
representation of methane release processes than production tonnage alone. While coal production reflects extraction
intensity, it does not explicitly account for geological heterogeneity, fracture development, stress redistribution, or methane
liberation from adjacent strata. In contrast, longwall advance is more directly linked to the physical processes controlling gas
release. Regression analysis of decadal CH4 emissions against longwall cross-sectional progress yielded an emission factor
of 13.4 £ 2.4 m®> CHsm™ of longwall progression, demonstrating a robust relationship between mining geometry and
methane release. This factor reflects methane emissions associated with the advance of 2—4 active longwall panels operated
during the study period (see Supplement, Table S3). These findings support the development of improved emission factors
that incorporate both production and geometrical parameters, consistent with recent recommendations in emission inventory
methodologies (Gao et al., 2020; EMEP, 2023).

Importantly, the consistency between the emission factor determined in this study and those reported in large-scale
inventories (see Supplement, Table S2) demonstrates that emission factors used in national and global databases are not
purely theoretical constructs, but reflect real CHa release processes occurring in underground mines. This agreement supports
the validity of inventory-based approaches, while also highlighting the added value of high-resolution measurements for
capturing temporal variability and refining emission factors at the site level. Moreover, to reduce the uncertainty of EFs,
specific CHa4 emission intensities should be developed separately for each mine and operational scenarios because
contributors to gas release differ between mining regions, depending on covered timescales and coal production (Karacan et
al., 2011; Zhang et al., 2025).

5.6 Implications for emission reporting, mitigation and future work

The results demonstrate that continuous high-resolution CHs monitoring can be used to improve emission estimates
compared with conventional inventory methods based on static emission factors. The observed variability reveals that short-
term measurements may lead to systematic bias in emission inventories if seasonal and operational patterns are not fully

represented. This has direct implications for emerging regulatory frameworks, including the European Union Methane
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Regulation (EU) 2024/1787, which emphasizes measurement-based reporting (Official Journal of the European Union,
2024). High-resolution datasets provide a robust basis for improving emission inventories and reducing uncertainty while
improving safety.

From a mitigation perspective, methane emission is strongly linked to mining activity, indicating that emission reduction
strategies should be integrated with operational data. Effective mitigation approaches include optimization of methane
drainage systems and implementation of ventilation air methane utilization technologies (Karacan et al., 2011; Lan et al.,
2018). The applicability and performance of methane mitigation technologies will be strongly influenced by ventilation
conditions, including airflow rate, temporal variability in CHa concentration, humidity, dust loading, and the presence of
contaminants (e.g., H2S, SO,) in the ventilation air (Iwaniszyn et al., 2025; UNECE, 2005; Liu et al., 2023).

The temporal patterns of methane, airflow rates, and production-related emissions estimated in this study may support
forecasting of elevated-emission periods. The ability to identify periods of elevated CHa4 emissions provides a basis for
adaptive emission control strategies, enabling more efficient methane management in underground coal mines. The temporal
patterns (see Fig. 15) demonstrate that CHa emissions reflect mining activities, supporting the implementation of adaptive
monitoring and mitigation strategies based on real-time operational data.

This study is based on measurements from a single ventilation shaft and may not fully represent variability across different
mines or geological conditions. Previous studies have demonstrated substantial differences in methane emission intensity
between mines within the same basin (Zigba and Smolinski, 2025; Swolkiefi, 2020). Uncertainty in emission estimates is
dominated by airflow measurements, which are affected by turbulence and non-uniform flow conditions. Similar limitations
have been reported in previous studies (Swolkien et al., 2022; Zazzeri et al., 2016).

Future work should focus on improving airflow measurements and extending monitoring to multiple shafts and mines.
Integration with computational fluid dynamics (CFD) modelling and atmospheric observations (e.g., UAV or satellite data)
will further improve understanding of CHa transport processes and support development of more accurate emission
inventories (Kostinek et al., 2021; Andersen et al., 2023). Future studies should evaluate the temporal stability of calibration
relationships between optical and catalytic sensors and assess optimal recalibration intervals using drift-detection
approaches. Additionally, future studies should evaluate measurement reproducibility across different ventilation
configurations and geological settings to establish the broader applicability of emission factors and facilitate their transfer to

other mining sites.

6 Conclusions

This study presents a comprehensive one-year dataset of high-resolution methane measurements in a coal mine ventilation
shaft, providing new insight into methane emission dynamics under real operating conditions. The results show that CHa

variability is primarily controlled by mining activity, particularly longwall advance and production intensity, while
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ventilation airflow acts mainly as a dilution mechanism. Short-term methane fluctuations are driven by transient emission
processes and are not fully captured by conventional monitoring systems or inventory approaches.

The comparison between TDLAS and pellistor sensors demonstrates that standard mine monitoring systems underestimate
CHa4 concentration variability and require improved and regular calibration for quantitative emission analysis. Recalibration
of Pellistor data using Axetris measurements significantly improved agreement between the two systems (reducing the
relative RMSE to ~7%) and confirming the importance of regular drift correction for long-term monitoring applications.
Integration of high-precision optical instruments significantly improves measurement accuracy and enables reliable long-
term monitoring.

The direct assessment of CHa emissions revealed substantial temporal variability, primarily controlled by seasonal and
mining-operational factors rather than short-term daily fluctuations. At the annual scale, methane emissions exhibited a
cyclic pattern linked to the progression of coal extraction activities. Maximum emissions were recorded during the pre-
winter period of intensified mining operations. Despite the overall decrease in total CHa emissions, values normalized to the
number of active longwall panels remained relatively stable, indicating a consistent gas release intensity at the panel scale.
Methane emissions derived in this study are consistent with both global (EDGAR) and facility-level (E-PRTR) emission
inventories, demonstrating that these databases provide realistic estimates of methane emissions when interpreted at the
appropriate scale. Annual CH4 emissions from the monitored ventilation shaft were estimated at 10.7 + 0.93 kt CH4-yr', a
value comparable to those reported for low- to medium-gassiness coal mines in Poland. The close agreement between direct
measurements and inventory estimates indicates that inventory- and measurement-based approaches are complementary
rather than contradictory.

The site-specific methane emission factor determined in this study was 5.1 + 1.0 m® CHa 't of extracted coal, remaining
consistent with both national and international datasets. Moreover, regression analysis identified a mining-front progression
factor of 13.4 £ 2.4 m®> CHs'm™ of longwall advance, highlighting the strong relationship between the geometric
development of mining panels and gas release. The study further demonstrates that emission factors based solely on coal
production may not fully capture methane release processes, and that longwall advance provides a more representative
parameter for emission modelling.

Overall, the results highlight the importance of continuous high-resolution measurements for improving methane emission
inventories, reducing uncertainty, and supporting effective mitigation strategies in underground coal mining. In addition, the
high-resolution continuous CHa4 datasets generated in this and future studies will provide valuable reference data for the

validation of satellite observations, atmospheric inversion models, and methane retrieval algorithms in coal mining regions.

Supplement

The link to the supplement will be included by Copernicus.
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