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Abstract

Reducing and managing emissions of mine waters and the minerals dissolved in them,
and above all, using these wastes as resources, is an important element of sustainable
development in regions undergoing a gradual phase-out of fossil fuel extraction. This
article examines selected aspects of mine water management and the mineral substances
contained therein, using the Polish hard coal mining industry as a case study, providing
valuable insights for both Poland and other mining regions reducing raw material extrac-
tion regarding the sustainability of social water demand, mining sector restructuring, and
Sustainable Development Goals (SDGs). In Poland, underground hard coal mining remains
a significant source of mine water and mineral salt emissions. Mine waters, discharged into
the catchments of major rivers (approximately 200 million m3 per year) along with their
dissolved mineral compounds (approximately 1.5 million Mg per year), have repeatedly
contributed to serious environmental disruptions, e.g., the phenomena of so-called “fish
kill”. This study analyzes both the scale of emissions and the economic utilization of
mineralized mine waters discharged to the surface by underground hard coal mining in
Poland. Key processes and potential causes for the observed increase in environmental
burdens are discussed. Furthermore, the paper presents a current statistical assessment of
the trends and scale of emission changes, which can serve as a basis for environmental man-
agement decision-making amidst the decarbonization of the economy. Utilizing potential
water resources and mineral compounds from mine waters for internal use or within circu-
lar economy applications can reduce environmental pressure, support compliance with
sustainable development policies, and mitigate long-term impacts on post-mining regions.

Keywords: decarbonization of the economy; hard coal mining; mine water management;
environmental impact; circular economy; sustainable development; resource recovery

1. Introduction
The global economy is fundamentally based on the extraction of useful minerals;

therefore, the mining of mineral raw materials will remain a significant element of human
industrial activity for a long time to come [1]. Meanwhile, mining and industrial activities
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are among the primary sources of environmental pollutant emissions, contributing, among
other things, to climate change [2,3]. Open-pit mining alters the landscape of mining
areas by generating post-extraction voids on the surface, while underground mining, by
creating voids deep within the rock mass, affects surface morphology through deformations
resulting from land subsidence [4,5]. Both open-pit and underground extraction disrupt
the natural system of groundwater and aquifers. This allows for the mixing of shallow
groundwater with mineralized waters trapped within the rock mass. The removal of
portions of the rock mass causes surface and groundwaters to constantly flow into mining
excavations, threatening the safety of miners. Commonly used extraction technologies
require the continuous drainage of this inflowing water [6,7]. In the face of intensifying
adverse climate changes, the world’s largest economies are undergoing restructuring
processes aimed at decarbonization and a gradual phase-out of energy production from
fossil fuels [8,9].

Such processes are also occurring within the Polish economy [10,11]. The Polish energy
sector possesses generation and transmission infrastructure tailored to coal-based energy,
which complicates and extends the restructuring processes. A transition period is required
to smoothly implement the necessary investments and to carry out a restructuring that
is safe in terms of ensuring continuity of supply [12,13]. During this transitional phase,
Polish hard coal mining will continue to provide the necessary fuel for the power industry,
and at least during this time, the environment will be exposed to a continuous influx of
mineralized mine waters [14,15]. Hard coal is a sedimentary rock of plant origin, containing
75–97% carbon and a calorific value of 25.1 to 35.6 MJ/kg. Hard coal was formed primarily
in the Carboniferous period and is a compact, hard, and brittle solid, black or dark brown
in color with a dull sheen.

The planned termination of thermal coal extraction will limit the emission of mine
waters into the environment, but it will not eliminate it [16,17]. Due to the necessity of
protecting other mines or subsided mining areas from flooding by mineralized waters, the
discharge of mine water will remain a permanent, adverse environmental impact in areas
where mineral resource exploitation was or is still being conducted [18,19]. Unfortunately,
the emission of mineralized mine waters also affects distant areas through which surface
watercourses, carrying water pumped from mines, merely flow. In recent years, even
in areas far from mining areas, local governments have had to prevent environmental
disasters in Poland’s main rivers on several occasions.

2. Research Objectives
This article provides a detailed analysis of selected aspects of mine water and dissolved

mineral substance emissions into the environment related to hard coal extraction for the
period from 2017 to 2025. The values for 2025 were estimated based on the results achieved
during the first nine months of that year. The paper presents the key factors determining
the scale of mine water emissions and their mineral content into the environment. Based
on this, the objective of this study is to present the extent of mine water emissions and the
mineral substances dissolved within them, resulting from both ongoing and concluded
underground hard coal mining in Poland. A significant challenge for the boards of mining
companies will be to align their operations with the requirements of decarbonization
policies and existing legal regulations [20,21]. Determining the scale of emissions and
identifying the factors influencing their variability can provide a basis for the ongoing
adaptation of hard coal mining operations to increasing environmental requirements and
shifting political and economic conditions [22,23].

The collected data and the conclusions drawn from the analysis can provide support
for the restructuring process of hard coal mining and the gradual phase-out of fossil fuel

https://doi.org/10.3390/resources15040055

https://doi.org/10.3390/resources15040055


Resources 2026, 15, 55 3 of 20

use in the economy [24,25]. The conducted analysis is relevant to the situation in Poland;
however, with minor modifications, it can also be applied to other countries undergoing
the phase-out of hard coal mining [26,27]. One of the primary strengths of this analysis is
the use of the most up-to-date data set reported by mining enterprises.

3. Materials and Methods
Statistical obligations require Polish hard coal mining enterprises to cyclically report

the results of their extraction activities. One of the tasks of the Katowice branch of the
Industrial Development Agency (ARP) is to collect data characterizing hard coal mining
operations. In accordance with this entrusted statistical duty, the ARP Katowice branch
aggregates the reported information and presents the collected data to central administra-
tion units, as well as publishing it on the website: https://polskirynekwegla.pl/statystyka-
publiczna (accessed on 15 January 2026) [28]. The authors chose the “Polski Rynek Węgla”
(Polish Coal Market) database because it is a publicly available database with information
reported directly by mining companies. Compared to other databases, the “ Polski Rynek
Węgla “ is the “primary” database used by all other services.

The assessment of mine water emissions and dissolved mineral substances presented
in this study was developed based on these mandatory statistical reports from mining
enterprises. During the research, the necessary data reported by mining companies were
obtained from the aforementioned website [28]. The presented data were derived from a
nearly complete database of Polish mining enterprises. One small, private mining enterprise
does not report its data; therefore, the results theoretically do not represent the sector in its
entirety. However, since the scope of this enterprise’s mining activities is small, its impact
on the aggregated picture of the sector is statistically insignificant. Therefore, it can be
assumed that the presented picture of the Polish hard coal sector, generated based on data
reported by other state-owned and private producers, is sufficiently objective for the entire
sector [29,30]. Due to the protection of sensitive mining company data, analysis at the mine
or mining company level was not possible. Given the data for individual mining units, the
analysis determined aggregated values of the analyzed parameters for the entire sector,
preventing the assignment of detailed data to specific companies. In the presented article,
analysis at the mine or mining company level was not necessary, as the authors intended to
present the phenomena occurring not for specific mining units, but for the sector as a whole.
A sectoral approach facilitates the application of the presented conclusions regionally
in Poland, but also in other mining regions embarking on the decarbonization of their
economies. Furthermore, this approach allows for the avoidance of potential conflicts
of interest.

Indicating trends in the management of mineralized mine waters, including for the
year 2025, required forecasting emission volumes for the end of the year. Approximate
values for individual indicators at the end of 2025 were estimated based on values recorded
at the conclusion of the first three quarters of 2025. To account for the impact of seasonal
fluctuations in the fourth quarter in a way that is both simple and as accurate as possible,
conversion factors were determined to project values from the third quarter to the year-end
total. In determining these factors, the proportion of the annual value represented by the
three-quarter value for each indicator was examined. These coefficients were calculated
based on data from the last 20 years, and the average value of these annual coefficients was
adopted for the final calculations.

4. Literature Review
The rapid global economic development is accelerating adverse climate changes [31,32].

To at least slow the progression of the greenhouse effect while simultaneously ensuring
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economic growth and minimizing natural resource consumption, the European Union (EU)
is implementing the European Green Deal [3,8]. According to the Green Deal provisions,
any potential extraction of mineral resources must be both economically and environmen-
tally efficient. The legal basis for mining operations in Poland is provided by acts, the most
important of which are: the Act of 9 June 2011-Geological and Mining Law (Journal of
Laws of 2023, item 633) and the Act of 7 September 2007 on the Operation of the Hard
Coal Mining Industry (Journal of Laws of 2022, item 241). The presented acts and other
legal documents concerning hard coal mining have been repeatedly adapted to European
Union legislation, making them consistent with it. The decarbonization of economies and
technological shifts in industry are reducing the demand for fossil fuels. Consequently,
hard coal is losing its significance in global and local energy markets [33,34]. In Poland,
the problem of intensifying climate change is exacerbated by the fact that the aging gen-
eration capacities of the Polish energy sector, based on coal combustion, require urgent
action [35,36]. An immediate transition of the power industry to renewable sources, which
remain unstable, could undermine energy security [11,24,37]. A transformation of the
energy sector in Poland that is technically, economically, socially, and environmentally safe
requires a transitional period during which coal-derived energy will temporarily serve as a
stabilizer for the power system.

For many years, all domestic producers have been limiting their extraction vol-
umes to adapt to new market conditions and increasingly stringent environmental
restrictions [13,38]. Polish hard coal mines operate under complex geological and min-
ing conditions, further complicated by the presence of numerous mining hazards [5,39].
Increasing the depth of extraction raises the risk and severity of these hazards. The reduc-
tion in investment for accessing new parts of deposits, resulting from the decarbonization
of the economy, forces the extraction of less attractive areas, which generate increasing
volumes of waste [40,41]. All these factors increase extraction costs. In 2021, a “Social
Contract” was signed [42], outlining a schedule for reducing thermal hard coal production
capacity in Poland until 2049 [11,15]. Until the specific closure date of each mine, domestic
mining is expected to provide the necessary fuel [43,44]. The agreement [42] established
that the safe and efficient extraction of hard coal is to be supported by public funds.

Mining activities disrupt the integrity of the rock mass, leading, among other things,
to hydrological changes [45,46]. In this context, the extraction of a deposit can alter the
direction and/or intensity of surface and/or groundwater flow [47,48]. To ensure the safety
of hard coal extraction processes, as well as those of other useful minerals, significant
volumes of mineralized mine waters have been, are, and most likely will continue to be
pumped to the surface [49,50]. According to current water law permits, hard coal mining
companies report that Poland’s surface watercourses receive approximately 0.6 million
$mˆ3/d$ of unmanaged mineralized mine water [28]. A crucial aspect of preventing
hazards resulting from changes in hydrogeological conditions caused by current or past
mining operations is the effectiveness of drainage systems [51,52]. For safety reasons
and depending on local hydrological conditions, mine pumping stations must discharge
inflowing mine water to the surface for at least several hours a day. Mine water pumping
stations have a certain retention capacity, and a short-term interruption in pumping would
not significantly threaten the safety of the mine or public safety on the surface [19,53].
However, a long-term cessation of pumping can trigger a catastrophe that could prove
difficult, time-consuming, and costly to remediate [54,55]. A long-term halt, specifically the
cessation of drainage, can initially lead to the flooding of the mine, followed by neighboring
mines, and finally the flooding of lower-situated surface areas and the contamination of
near-surface aquifers used as sources of drinking water [10,18].
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The management of mineralized mine water emissions depends on the type of mineral
extracted, as well as the size, location, and technical condition of the mine [26,48]. The
degree of mineralization usually depends on the depth of the aquifers disturbed by extrac-
tion. As the depth of disturbed aquifers increases, an increase in the mineralization of the
extracted waters is usually observed, and when the isolation layers are not disturbed, a
reduction in the amount of mine water inflow is usually noticeable [16,29]. According to
this relationship, mine waters pumped to the surface are a mixture of natural inflows from
the surface and the deposit, as well as technological water inflows. To a large extent, the
pumped mineralized waters are discharged into local watercourses, leading to the emission
of salt loads into the environment. Depending on local conditions, these waters may consist
of Miocene sedimentary brines, paleo-infiltration brines from deeper Carboniferous layers
and older geological formations, Tertiary brines (following the last marine transgression),
Holocene/glacial waters, or mixtures thereof [35,47].

Significant volumes of saline mine water are discharged daily into the Vistula and
Oder catchments [7,28]. These waters pose a real threat to the natural environment and
the health of communities using the watercourses that carry these mixed waters to the
sea. Economic losses resulting from excessive river salinity are estimated in the billions of
euros [56]. Increased salt emissions can disrupt biodiversity by destroying microorganisms
responsible for water self-purification [9,55]. Excessive mineralization can lead to the
extinction of species, organic pollution, and phenomena such as “fish kills.” In extreme
cases, biological life in freshwater environments may vanish entirely [17,26].

A threat to the health of local communities may arise from exceeding permissible
sulfate concentrations, even in water not intended for human consumption [23,47]. Concen-
trations of magnesium and sodium sulfates around 1000 mg/dm3 alter the taste of water
(to bitter) and adversely affect the digestive tract even when used for non-potable purposes.

Beyond the aforementioned contamination, hard coal mining significantly impacts
water relations on the surface and within the rock mass [31,50]. Creating an underground
void directly induces a caving zone (where rock layers lose continuity), followed by a
fracture zone, and a bending zone extending to the surface [46,57]. Deep underground
mining typically creates surface depressions in the form of continuous deformations,
which usually do not break the continuity of the rock layers. These may appear from the
moment the void is created until approximately five years after mining ceases [27,56]. They
are most commonly observed as subsidence troughs, tilts, and deformations (Figure 1).
Land subsidence can result in undrained depressions; as groundwater levels recover, this
can lead to flooding in the deepest areas and desiccation in higher areas [10,18]. The
disturbance of the rock mass may allow groundwater to mix with mineralized mine
waters, causing saline water to appear on the surface and exacerbating the environmental
disaster [14,25].

So-called shallow mining is conducted at such low depths that the caving zone may
be located dangerously close to the ground surface [5,54]. When the rock mass is dry, the
layers overlying the post-extraction voids can remain stable for a very long time [5,41].
However, a rising groundwater level can compromise the stability of these layers, causing
the caving zone to propagate all the way to the surface. In such cases, discontinuous
deformations may occur, caused by the breach of rock layer continuity. These deformations
can be of a surface nature (sinkholes or pits) or linear (steps, fissures) (Figure 2) [21,36].
Discontinuous deformations may manifest immediately, but they typically occur several
decades or even centuries after the mining activity that generated them has ceased [34,49].
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Figure 1. Accumulation of mine and groundwater in a terrain depression (author’s archive).

 

Figure 2. Discontinuous ground deformation (sinkhole) occurring in a recreational area (author’s archive).

The liquidation of a specific hard coal mine in Poland serves as a stark example of
surface discontinuous deformation generation [19,57]. This mine was closed at the turn
of the 21st century. Due to the lack of hydrological connections with neighboring mines,
the liquidation plan called for the cessation of mine water drainage and the flooding of
the goafs with natural inflows. Approximately 20 years later, the mine water level reached
the depth of the former shallow extraction. The saturation and erosion of these old goafs
resulted in numerous sinkholes affecting the local community (Figure 2). At the peak of
this phenomenon, up to seven sinkholes were occurring per month. In parallel with the
formation of sinkholes and other discontinuous deformations, the abandonment of rock
mass drainage in this area also led to local flooding in lower-situated undrained depressions
(Figure 1).

The resumption of rock mass drainage, alongside the identification and filling of un-
derground voids, has practically eliminated the occurrence of discontinuous deformations
(sinkholes) in this area. Since then, the continuous discharge of mine water and the mainte-
nance of a designated safe groundwater level have protected the surface from flooding and
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discontinuous deformations (primarily sinkholes), while also safeguarding near-surface
aquifers from contamination [27,52].

The European Commission (EC), through its legislation, places great emphasis on
controlling environmental pollution levels, particularly water pollution of a regional and
international nature [2,43]. In accordance with EC requirements, one of the main priorities
of current Polish environmental policy is to counteract the pollution of major Polish river
catchments, including their salinization. Unfortunately, in recent times, local communities
have repeatedly been affected by disasters resulting from excessive levels of mineral
substances dissolved in water [16,18].

Under the requirements of European Union (EU) law, current environmental policy,
and the principles of the promoted Circular Economy (CE), Polish enterprises involved in
useful mineral extraction are obliged to manage their mining waste, including mine water,
in an environmentally safe manner [20,53]. Specifically, the provisions of the Geological and
Mining Law extensively address environmental protection, obliging the operator or its legal
successor to repair all damages caused by the activities of the mining plant. Additionally,
the legislator requires mining enterprises or their successors to continuously report all
environmental hazards related to both current and historical mining activities [10,11].

Recent trends show a shift away from discharging water into local watercourses. When
discharge into the environment is necessary, it is managed, for example, through retention,
to adjust the emission volume to the current water levels in the receiving streams. Increasing
the scope of the economic utilization of mine waters is being promoted. Furthermore, the
potential utilization of mine waters and their dissolved minerals encompasses a wide range
of possible actions [6,57]. To minimize the negative impact of mineralized mine waters
on the environment and the economy, mines implement both technical-organizational
measures (limiting the discharge volume after pumping to the surface) and technological
solutions for water treatment and utilization [21,40]. A portion of mine water, especially
the most highly mineralized, is managed on-site, for instance, to cool heating goafs as part
of fire hazard prevention [6,50]. In some mine pumping stations, it is possible to selectively
pump water from different aquifers to isolate low-mineralization water for potential reuse.
Within the mining community and scientific institutions associated with coal extraction,
research is continuously conducted to improve existing methods and develop new ones to
address the problem of mineralized mine water emissions [10,18].

In the economy, mineralized mine waters and the substances dissolved within them
can be utilized for medicinal, recreational, and energetic (geothermal) purposes, as well as
for the production of health products, salt, and chemical elements [7,40]. The utilization
of mine waters as mineral and medicinal brines involves their use in balneotherapy, spa
treatments, and the production of medicinal health products [22,45]. Mineralized mine
waters, particularly those rich in minerals, are a valuable source for producing salt, medici-
nal lyes, and other chemical substances. In certain mining plants, treated mine waters are
bottled for drinking or used as raw materials in saltworks and the food industry. Some
mining facilities utilize the thermal energy of underground waters to produce heat or
cooling [21,30].

5. Results and Discussion
By the end of the third quarter of 2025, the Polish hard coal mining industry ex-

tracted approximately 30.8 million Mg of hard coal (saleable coal). Based on this value,
it is estimated that by the end of 2025, the total production will reach approximately
41.1 million Mg. According to data reported by the sector for the first three quarters of
2025, it is estimated that by the end of the year, domestic hard coal extraction will meet
approximately 89% of the demand from Polish consumers. The remaining volumes are
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planned to be covered by imports [28]. Polish mines are reducing their extraction annu-
ally [28,39], and further successive reductions or even the complete cessation of thermal
hard coal mining after 2049 should be expected. However, there will remain a continued
demand for coking coal for industry and metallurgy [38,43]. In this perspective, mining
waste, including mine waters and their dissolved mineral substances, will continue to be
emitted into the natural environment.

By the end of September 2025, approximately 47.9 million Mg of coal gross run-of-
mine was extracted, from which processing plants separated 24.3 million Mg of waste rock
(gangue). To gain a more comprehensive view of the scale of the mining industry’s environ-
mental emissions, one must add 1.7 million m3 of mine water pumped to the surface and
0.44 million Mg of greenhouse gases discharged by the mines to this volume of rock mass
emissions. It is forecasted that by the end of 2025, hard coal mining will emit approximately
24.3 million Mg of rock mass (Figure 3), 225 million m3 of mine water, and approximately
0.59 million Mg of greenhouse gases. From 2017 to the end of 2025 (based on the forecast
after nine months of 2025), it is estimated that coal extraction will have decreased by ap-
proximately 27 million Mg, a drop of about 30% (Figure 3). Consequently, there will be a
reduction in the volume of separated rock mass by approximately 4.4 million Mg (a 15%
decrease) and a reduction in greenhouse gas emissions by approximately 0.2 million Mg (a
25% decrease).
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Figure 3. Emission volume of rock masses, mine waters and mine gases against the background of
hard coal mining in Poland (coal spoil) [million Mg]. 2025*—forecast after 9 months of 2025.

The situation is different regarding the emission of mine water pumped to the surface.
Despite a predicted decrease in the volume of mine water pumped to the surface by
approximately 19 million m3 at the end of 2025 compared to 2024 (a year-on-year decrease
of approx. 7.7%), there will be an increase of approximately 30.9 million m3 compared to
2017, a rise of approximately 14.4% [28]. The actual increase in the volume of mine water
pumped to the surface compared to the forecast may rise, as the first three quarters saw
low rainfall, which could be offset by potential precipitation in the fourth quarter of 2025.

Extraction processes in mining plants, by disturbing the stability of the rock mass,
lead to hydrological changes. For the safety of the crew and the stability of the operations
of both the mine and neighboring mines, constant drainage of incoming mine water
is necessary [23,58]. The discharge of incoming water is required both during active
exploitation and after the cessation of mining, even in liquidated mines [39,44]. According
to data reported by mining companies, there was a reduction in the amount of mine
water pumped to the surface until 2017. Unfortunately, since 2018, this amount has been
systematically increasing [28]. As we descend to greater depths, a decrease in the inflow of
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water from the rock mass is observed. This, combined with the reduction in coal mining
production, should result in a decrease in the total volume of water pumped from the
mines to the surface. Analysis of Figures 3 and 4 indicates a different phenomenon. Mining
operations disrupt the aquifers overlying the deposit. To ensure the safety of the mine,
neighboring mines, and the ground, water flowing into the mine workings is continuously
discharged to the surface. Cessation of mining does not eliminate the need to pump water
to the surface. Opening new mining fields opens up further sections of the rock mass
for drainage. Despite the aforementioned drying of the rock mass with increasing depth,
the global volume of water pumped by mining increases. The water flowing naturally
into the mine should be supplemented with the process water supplied from the surface
to the air-conditioning systems, as described in the analysis of Figure 5. On this basis, it
can be assumed that the possible cessation of hard coal mining can only stop the increase
in the volume of mine water discharged to the surface, and pumping itself will forever
accompany post-mining areas. It is forecasted that in 2025 (forecast after nine months
of 2025), mine water pumping stations will discharge approximately 223 million m3 of
water to the surface. While part of the water pumped to the surface is utilized, the scope
of the economic use of mine water is declining (Figure 3). Likely, in 2025 (forecast after
nine months of 2025), only about 33.8 million m3 of mine water will be utilized, which is
9.1 million m3 less than in 2017 [28].
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Figure 4. Trends in the changes in emissions of rock masses, water and mine gases as well as the
volume of extraction. 2025*—forecast after 9 months of 2025.
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Figure 4 presents the differences in trends regarding coal extraction volumes and the
primary components of environmental emissions in hard coal mining. For comparison
purposes, the values of the analyzed parameters at the end of 2017 were set as the 100%
baseline. Subsequent data are expressed as a percentage of the 2017 values. Since 2017,
coal extraction has decreased by 27.7% (forecast based on the first nine months of 2025).
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The decrease in greenhouse gas emissions is smaller than the decline in extraction volume,
though these values remain comparable. Unfortunately, the reduction in rock mass emis-
sions to the surface is not as dynamic. Since 2017, waste rock (gangue) emissions have
dropped by only 15.3% (forecast after nine months of 2025) [28]. The most concerning
situation involves the increasing volume of mine water pumped to the surface. Given
that geological studies indicate a decrease in natural water inflow with increasing mining
depth, the accelerated growth in the volume of water discharged to the surface may indi-
rectly suggest an increasing use of external technological water in mining-related processes
(Figure 4).

For certain tasks, it is technologically impossible to use internal mine water. In
such cases, mines are forced to purchase water with specific parameters from external
sources [35,51]. This includes potable water and fresh technological water used by per-
sonnel, but primarily technological water essential for extraction processes. During the
analyzed nine-year period, the volume of potable and technological water purchased from
external sources fluctuated around 10 million m3 annually until 2023 (Figure 5). From
2024, these volumes began to rise significantly, reaching approximately 11.1 million m3

in 2025 (forecast after nine months of 2025). It is projected that over these two years, the
purchase of water from external sources will increase by approximately 1.3 million m3, cor-
responding to a growth rate of about 7% per year [28]. The likely reason for the increasing
demand for clean technological water is the intensification of the use of air conditioning
systems. Mining at increasingly greater depths is associated with an increase in the virgin
rock temperature and a rise in the temperature of the miners’ working environment. In
Poland’s largest coal basin, the virgin rock temperature increases by 3 ◦C for every 100 m
of depth. According to Polish law, underground miners can work normally, i.e., for 8 h,
at temperatures not exceeding 28 ◦C. At temperatures between 28.1 and 33 ◦C, reduced
work is permitted, to 6 h. At temperatures exceeding 33 ◦C, the crew, or rather, mine
rescuers, may only perform activities that save the lives of other miners. The necessary
air conditioning systems used to improve working conditions must be cooled with clean
water. Due to the lack of internal water meeting the necessary technological requirements
for cooling, mines purchase technological water from local suppliers.

The unused portion of mine water pumped to the surface is discharged by the mines
into local watercourses within the catchments of Poland’s main rivers, the Vistula and
the Oder, in accordance with held water-law permits. Although a decrease of approxi-
mately 16.7 million m3 (about 8% year-on-year) in the amount of water discharged into the
environment is forecasted for 2025, in the longer term, hard coal mining is increasing its
water emissions into the environment [28]. According to the forecast after nine months of
2025, pumping stations of both active and liquidated mines will discharge approximately
189.4 million m3 of mineralized mine water into local watercourses and subsequently into
Poland’s main rivers. To some extent, the increase in the volumes of mine water pumped
to the surface results from initiating extraction in previously unexploited, water-bearing
areas of the deposit. However, the increase in the amount of pumped water is primarily
caused by thermal hazard prevention measures. For technical and economic reasons, the
purchased water, after cooling the air conditioning units, is discharged into the mine’s main
drainage system. There, by mixing with the natural inflow of mineralized mine water, it
increases the total volume of water discharged to the surface.

As indicated in Figure 4, mines utilize only a small fraction of the pumped mine
water. Unfortunately, both the quantitative (Figure 4) and unit-based (Figure 5) scope of
mine water management is declining. Over the last nine years, mines have been utilizing
their own water resources much less intensively. During the analyzed period, the share
of utilized water in the total volume of water discharged to the surface dropped from
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approximately 20% to about 15%. This value, with minor fluctuations, has persisted
since 2021. In a situation of potable water shortages, the diminishing interest of mines in
managing the mine water pumped to the surface, especially the less mineralized types, is
difficult to justify.

To analyze the environmental issues of mine water emissions in hard coal mining,
it is helpful to determine the unit share of utilized water in the total volume of water
discharged to the surface (Figure 6). The analyzed values were obtained by dividing the
volume of utilized water reported by mining enterprises by the total volume of mine water
discharged to the surface, also reported (Figure 7). The forecast after the first three quarters
of 2025 indicates that approximately 15.1% of the water pumped from mine excavations
will be utilized. Over the past nine years, the level of mine water management has been
declining, and compared to 2017, a decrease of approximately 5.1 percentage points is
projected [28]. This phenomenon may partly result from the increase in water treatment
costs and a decrease in salt prices on the market.
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Figure 6. Volume of mine water emissions in Polish hard coal mining [million m3]. 2025*—forecast
after 9 months of 2025.
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Figure 7. Share of utilized water in the total water pumped to the surface. 2025*—forecast after
9 months of 2025.

Mines utilize only a portion of the pumped mine water. When water management
is practiced, the water is utilized for internal purposes or for sale (Figure 8). Over the
last nine years, utilization for internal purposes has fallen from 2.66 million m3 in 2017
to 1.89 million m3 in 2025 (forecast after nine months of 2025). This represents a decrease
of 0.77 million m3, or 29% [28]. The reduction in the internal use of mine water may
result from a decrease in the scope of fire prevention activities and the earlier cessation
of mining with hydraulic stowing. In the case of utilizing mine water for other purposes,
mines used approximately 18 million m3 for this aspect until 2024. The forecast after
nine months of 2025 suggests that by the end of 2025, hard coal mines will utilize only
12.73 million m3 of the mine water discharged to the surface for other purposes (a 27%
year-on-year decrease) [28].
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Figure 8. Managed mine waters. 2025*—forecast after 9 months of 2025.

Interesting conclusions can be drawn from the analysis of water utilization for internal
purposes per employee (Figure 9). This value was obtained by dividing the volume of
water utilized for internal purposes by the number of people employed in the sector. Both
parameters are reported by coal companies [28]. While the total amount of water managed
for internal use per employee remains relatively constant, the steady increase in the volume
of utilized water per worker most likely results from the mines’ increased demand for clean
technological water. The expanding use of air conditioning systems in mine excavations
explains this process. However, the particularly rapid growth of this indicator in 2024 and
2025 appears to stem from other factors as well.

116
120

123 123

130
133

129

142

156

110
115
120
125
130
135
140
145
150
155
160

2017 2018 2019 2020 2021 2022 2023 2024 2025*

m
3 /e

m
pl

oy
ed

Figure 9. Use of managed water per employee. 2025*—forecast after 9 months of 2025. Source: Own
work based on [28].

The absolute emission and management of mine water expressed solely in units of
volume may not fully describe the complexity of managing water pumped to the surface.
For a more comprehensive presentation of the issues related to mine water emission
management, the unit water emission per volume of coal extraction was analyzed. To
determine this parameter, the volumes of utilized mine water and the volumes of water
discharged into local watercourses (Figure 6), as reported by the sector, were divided by
the coal extraction volumes also reported by mining enterprises (Figure 3). Over the last
nine years, the unit emission of mine water per volume of coal extracted has been steadily
increasing (Figure 10).

Based on data from the first three quarters of 2025, it is forecasted that the unit emission
will increase from 1.86 m3/Mg in 2017 to 2.97 m3/Mg in 2025. This represents an increase
of 1.1 m3 for every Mg of coal extracted, a rise of approximately 59% compared to 2017 [28].
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Figure 10. Unit emission and management of mine water per volume of coal extraction [m3/Mg].
2025*—forecast after 9 months of 2025.

The emission of mine water into the environment is carried out by mine pumping
stations, which discharge water into the nearest watercourses in accordance with held water-
law permits [10,18]. For local residents, information regarding the scale of mine water
emissions they can expect from their local pumping station is of significant importance.
Unfortunately, some of the collectors discharging water from the mines are located near
residential areas [20,41]. The average annual mine water emission per pumping station
resulting from mining operations had been steadily increasing until 2024, reaching a level
of approximately 4.8 million m3 (Figure 11). Based on data from the first nine months of
2025, it is forecasted that by the end of 2025, the unit emission of mine water per pumping
station will decrease to approximately 4.4 million m3 of water annually [28]. This projected
unit decrease in emissions of 0.4 million m3 compared to 2024 (8% y/y) may, however, turn
out to be smaller due to relatively low rainfall in the first three quarters of 2025 and the
resulting lower inflow of atmospheric water into underground mine excavations. Potential
heavier precipitation in Q4 2025 could alter this forecast.
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Figure 11. Mine water emissions per mine water pumping station. 2025*—forecast after 9 months
of 2025.

Mine drainage systems pump water with varying degrees of mineralization. The
average mineralization of mine water in Poland fluctuates around 8‰ [28]. Only in
2021 and 2022 was a slightly lower level of mineralization recorded. This temporary
phenomenon can be linked to structural changes in some of the mine water pumping
stations in liquidated mines. When transitioning to simpler and, meantime, cheaper
operational models for the pumping stations, it was possible to raise the elevation of the
pumped water levels, which temporarily limited the discharge of more highly mineralized
waters. After reaching the intended elevation of the new mine water level, the situation
returned to its previous state. Analyzing the total content of mineral compounds and the
volume of the water carrying them, on average, mine waters can be classified as brackish
(moderately saline) (Figure 12).
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Figure 12. Share of dissolved mineral substances in mine water. 2025*—forecast after 9 months
of 2025.

During the first three quarters of 2025, hard coal mining discharged approximately
148.9 million m3 of mine water, containing about 1.2 million Mg of dissolved mineral sub-
stances, into the watercourses feeding the Vistula and Oder rivers [28]. Based on data from
the first three quarters of 2025 (Figure 13), it is projected that by the end of 2025, this volume
will increase to 189.4 million m3 of water, and the salt load (Cl− and SO4

2−) discharged
with mine water into the upper catchments of the Vistula and Oder will reach 1.5 million
Mg [28]. The excessive load of dissolved substances in mine water discharged indirectly
into Poland’s main rivers has already led to ecological disasters on several occasions. A
solution to the problem of dissolved salt emissions into the environment would be the de-
salination and management of the resulting mineral substances. Unfortunately, despite the
increasing volumes of mine water emitted into watercourses, the Polish hard coal mining
sector annually reduces the scope of utilization of these substances. The management of
mineral substances dissolved in mine water consists of internal consumption and use for
other purposes. It is forecasted that in 2025 (forecast based on three quarters of 2025), the
utilization of salt from mine water will drop to 0.05 million Mg (Figure 13). Compared
to 2017, this represents a decrease of approximately 0.32 million Mg, or 86% [28]. In this
regard, to protect Polish waters, enterprises discharging mine water into the environment
should intensify their efforts.
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Figure 13. Emission of mineral salts in hard coal mining [million Mg]. 2025*—forecast after 9 months
of 2025.

To determine the data for the analysis of the percentage share of mineral salt utilization
in the total volume of mineral substances dissolved in mine water (Figure 14), the volume
of mineral substance management reported by coal companies was divided by the reported
salt load carried by the total volume of water pumped to the surface during the drainage of
mine excavations (Figure 13).
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Figure 14. Participation in the management of mineral substances dissolved in mine water.
2025*—forecast after 9 months of 2025.

According to the forecast at the end of September 2025, hard coal mining will utilize
only about 3.5% of the mineral substances at the disposal of mining enterprises. Over the
last nine years, the percentage share of mineral salt utilization has been systematically
decreasing. As of the end of September 2025, this share is projected to drop by approx-
imately 23.6 percentage points compared to 2017 [28]. Combined with the increasing
volume of water emitted into Poland’s main rivers, this will have a very negative impact
on water quality.

To better illustrate the scope of utilization and emission of mineral salts, their unit
emission per volume of coal extraction was calculated (Figure 15). The calculations involved
dividing the sector-reported volumes of mineral substances utilized and discharged into
the environment with mine water (Figure 13) by the annual coal extraction reported by
mining companies (Figure 3). Between 2017 and 2025, the unit emission of mine water
per volume of coal extracted has been steadily rising, while the unit management of these
substances has been systematically falling (Figure 15).
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Figure 15. Unit amount of mineral salts utilization and emission per amount of coal output [kg/Mg].
2025*—forecast after 9 months of 2025.

Based on the forecast following September 2025, it is projected that by the end of
2025, the unit emission of mineral substances per volume of coal extracted will reach
24.17 kg/Mg, which is nearly a two-fold increase compared to 2017 [28]. The increase in
mineral salt emissions discharged with water per volume of coal extracted primarily results
from reaching new, increasingly deeper deposits. However, such a significant unit increase
in salinity since 2023 is difficult to explain. It is possible that fresh water discharged from air
conditioning systems, while flowing along the floor of the mining excavations, additionally
leaches mineral salts and carries them into the main drainage systems. The projected value
for the unit utilization of mineral salts from mine water at the end of 2025 will drop to
0.84 kg/Mg. Compared to the 2017 value, this represents a nearly five-fold decrease [28].
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The emission of mineral substances dissolved in mine water into the environment
occurs alongside the mine water discharged by mine drainage systems [24,25]. For local
communities, information specifying the amount of mineral substances emitted with mine
water by the mine’s main drainage pumping stations is of significant importance. The
average annual emission of mineral salts per pumping station, despite a slight decrease
according to the status at the end of September 2025, has been steadily increasing [28]. It is
forecasted that by the end of 2025, a value of approximately 35.9 thousand Mg of mineral
salts per pumping station annually will be reached (Figure 16). The forecast indicates that
this will represent an increase of approximately 25% compared to 2017.
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Figure 16. Emission of mineral substances dissolved in mine water per mine water pumping station.
2025*—forecast after 9 months of 2025.

The changes in the emission of mine water and dissolved mineral substances into the
environment by the hard coal mining sector, analyzed from 2017 to the end of September
2025, indicate that they are only partially dependent on the scale of deposit exploitation [28].
To some extent, the rapid, unfavorable changes in certain parameters, particularly over the
last three years, remain unexplained. It appears critically important for the management
boards of mining companies to take urgent steps to limit or prevent the escalation of these
adverse trends. Such actions could positively impact the state of the environment affected
by past and current mining activities. Another vital consequence of these actions could
be an improvement in extraction efficiency [25,37]. Furthermore, as a non-financial result
of pro-ecological activities, improving the state of the environment may counteract the
aversion of local communities toward the coal sector and at least partially dispel stereotypes
associated with hard coal mining activities [1,36].

The study statistically analyzed the entire hard coal mining sector in Poland, with the
exception of one small mining company. The omission of this company from the study’s
statistical perspective did not, in practice, change the aggregated data for the entire sector.
The study analyzed the last 10 years, and the analysis period was selected to account for all
the most important regional and global factors influencing the fossil fuel market. Due to
the lack of data at the time of writing, the second limitation was the reliance on data for
the year 2025 only for the first three quarters of that year. The main goal of the study was
to identify the most important phenomena related to mine water management in Poland,
occurring amidst the ongoing decarbonization of the economy. This was identified despite
the lack of data for Q4 2025 and the use of estimates for the entire year. Similar analyses will
be conducted in the future to continuously monitor and potentially influence the mining
operations of Polish coal companies. Future studies are planned to critically assess the
potential limitations, costs, and trade-offs associated with implementing strategies for
managing mine water and the mineral salts dissolved therein, with a focus on assessing the
costs and benefits of mine water utilization, market feasibility, and economic viability of
resource recovery methods. Analyses conducted for Polish conditions can be used by other
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countries, helping them implement successful Polish solutions and potentially avoiding
the mistakes of the Polish hard coal mining sector.

6. Conclusions
The Polish economy is based on the use of coal. To safely conduct the transformation

of the economy and the energy sector, a transition period is necessary, during which energy
obtained from coal will stabilize the power system. During this period, Polish mines,
supplemented by potential imports, will ensure sufficient volumes of hard coal. This entails
the constant emission of post-mining waste into the environment, including mine water
and mineral salts.

Mining exploitation, by disturbing the rock mass, alters hydrological conditions and
increases water inflow into mine excavations. To protect the mine, neighboring mines,
and the land surface, it is necessary to constantly pump incoming mine water to the
surface. Most mineralized mine water is discharged into watercourses feeding Poland’s
main rivers. Discharged into the Vistula and Oder catchments, mine water and the mineral
compounds they carry have already contributed to environmental disasters on several
occasions. For this reason, the management of mine water or at least its partial treatment
should be considered.

Due to the significant volume of pumped mine water and the mineral substances
contained within it, their management must always be conducted in consultation with and
with the acceptance of local communities. Reducing environmental impact by limiting mine
water emissions is not only a sound pro-ecological practice; the need to manage internal
water resources and dissolved mineral salts is also confirmed by rising environmental fees,
which can translate into financial savings for mining companies.

Limiting or even ceasing extraction will, at most, reduce the emission of mine water
and dissolved mineral substances into local watercourses, but post-mining areas will be
affected by their emission indefinitely. If drainage of the rock mass is abandoned, the rising
level of mine water could compromise the stability of excavations from former shallow
mining operations, leading to local deformations that disrupt the continuity of the rock
mass (e.g., sinkholes or subsidence basins) and eventually manifesting in lower-lying
areas as flooded zones (inundated depressions). Even if mineralized mine water does
not appear on the surface, an excessively raised water table could contaminate shallow
aquifers from which local communities across the entire Silesian Agglomeration source
their drinking water.

Both economic and technical aspects, as well as the often irreversible degradation
of the environment, compel the mining community to intensify efforts to counteract the
growing scale of mine water and mineral substance emissions into the environment.
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