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Abstract

Mine closure is the natural final stage of mining activity. The process of financing mine liquidation is complex and
expensive. The many years of conducted hard coal extraction affect the surface height differences. Analyses of the shifts
in hydrogeological conditions and water hazard states in mining plants led to legal regulation adaptations, primarily in
terms of hydrogeological documentation preparation, and made it necessary to conduct work concerning new options for
water hazard assessment and prevention. Current subjects of particular interest include shifts in terrain morphology and
the water regime, resulting in periodic flooding and permanent flooding of the most depressed areas as well as changes
in the directions and intensity of surface water flows. This publication presents a multi-criteria analysis of the possibility
of reducing the liquidation costs of an inactive mine through the retrofitting of the existing system of rainwater drainage
from subsidence basins. The analysis revealed the primary factors disrupting the course of the drainage process and the
problems resulting from them. Technically feasible solutions is presented, together with their assessment. Applying the
multi-criteria analysis made it possible to select optimal solutions from a group of proposed technical system retrofitting
variants.

Keywords: multi-criteria analysis, restructuring of mining enterprises, hard coal mine liquidation, water management

1. Introduction

I ndustrial activities, urbanisation and population
growth, have affected the hydrological conditions

of urban areas. This results in risks associated with
both land flooding and the scarcity of drinking
water [1]. For example, the risk of urban flooding
during periods of heavy rainfall is increasing, while
on the other hand, certain areas are suffering from
shortages of drinking water due to the drying up of
aquifers, chemical or biological pollution. Severe
meteorological phenomena caused by climate
change often make it difficult to manage water re-
sources. Therefore, various measures are being
taken to mitigate the effects of dangerous and
adverse phenomena. The management of water re-
sources, taking into account rapid climatic

phenomena and their consequences e floods and
periods of hydrological drought e is part of modern
land-use planning [2e9]. Rational water manage-
ment, taking into account different water saving
measures, can have a positive impact on the quality
of life in highly urbanised areas and reduce costs for
the inhabitants [10e12]. In recent years, measures
known as rainwater harvesting have been intro-
duced to conserve water and reduce flood episodes
[13e17]. At the same time, urban planners are pro-
posing better drainage and water retention systems,
taking into account the safety of residents in the
event of climatic disasters [18e24]. One of the
adverse impacts of mines on natural watercourses is
the discharge of saline water containing elevated
levels of harmful substances [25e27]. Mining activ-
ities have caused and perpetuated for decades the
management of local catchments. Mine closures
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change the way and intensity groundwater
discharge into surface watercourses, forcing analysis
and planning of the best solutions. Underground
deposit extraction affects the environment both
during the actual mining activity as well as after a
mining plant is liquidated. The most common form
of this influence includes mining land deformations
[28,29]. Deformations always accompany deposit
extraction, regardless of the geological and mining
conditions of the conducted activity. Rock mass
deformations affect shifts in the water regime [30].
Terrain subsidence results in the formation of sub-
sidence basins, flooding areas and soil desiccation
zones as well as changes to the directions and in-
tensity of surface and groundwater flows [31,32].
Shifts in hydrogeological conditions constitute one
of the most significant hazards pertaining to mine
liquidation. The most important factor preventing
this hazard is the efficiency of the water drainage
system. When planning the retrofitting of hydro-
technical systems, it is necessary to examine the
contaminants, including radioactive pollutants,
released into the environment together with mine
water. Furthermore, it has to be considered that
most rivers and watercourses in heavily urbanized
and industrial land have lost their natural character
[26,27,33,34]. In the Upper Silesian Coal Basin in
Poland (USCB), the majority of the existing 30 hard
coal mines will be closed in the coming years.
Heavily urbanized post-mining areas struggle with
all the hydrological, climatic and environmental
problems described above. In addition, local deci-
sion-makers and local administrations must ratio-
nally plan and design systems for the discharge of
mine water into the environment, as the mines will
be drained for many years after their closure. The
alternative solutions for the management of the
pumping station system in the selected area of the
USCB presented in this article are an example of the
search for new tools to support local institutions
responsible for the hydrological condition and
safety of the inhabitants of post-mining areas. This
publication presents an example analysis of the
possibility of retrofitting water drainage from sub-
sidence basins on the example of a selected Branch
of SRK S.A. (Sp�ołka Restrukturyzacji Kopal�n S.A.,
Mine Restructuring Company). In the case of the
described Branch of SRK S.A., the most significant
problems occur in areas that are depressed relative
to the beds of potential receivers, such as a river or
other adjacent watercourses. These areas are at risk
of flooding, particularly during sudden rainwater-
related freshets. Currently, no soil contamination or
desiccation resulting from surface deformations was
reported in the Branch selected for analysis.

The Branch maintains a system of seven rainwater
pumping stations in depressed subsidence basins.
About 2.46% of the expenditures related to the
Branch liquidation is spent annually on maintaining
and operating the pumping stations. A significant
part of the expenditures is spent on repairs of
damage caused by flooding. During periods of
heavy precipitation, technical problems resulting
from the limited efficiency of the pumping equip-
ment may lead to an increased flooding risk.

2. Materials

2.1. Study area description

The analyzed Branch is one of the biggest
branches of SRK S.A. The mine, now constituting
the Branch of SRK S.A., with a current surface area
and mining area of 28.4 km2, was established at the
end of the 19th century. Over this period, reserve
mining panels were identified, and two ventilation
shafts were established through the excavations
driven west of mine “G”. In 1913, the mine extracted
its first million tons of coal. As the shallow-depos-
ited beds were becoming depleted, extraction pro-
ceeded to increasingly greater depths and moved
southward. In 2016, after extraction was concluded,
the mine was closed and transferred to Sp�ołka
Restrukturyzacji Kopal�n S.A. The mine was a multi-
level plant with a stone and coal working layout,
developed via five shafts (three mining and two
ventilation shafts), with a 90,059.67 m-long network
of gallery excavations on three active levels. The
Branch is being restructured through a model
involving repurposing a part of the excavations and
establishing a regional pumping station for draining
adjacent mines. This will involve repurposing 2
shafts and about 10 km of underground excavations.
The Branch employs about 200 people: 68% under-
ground and 32% on the surface [35].

2.2. Deformations resulting from mining activity
within the study area

Terrain deformations caused by the prior mining
activity often resulted in the generation of subsi-
dence basins [36]. The current terrain morphology
of the Branch's mining land should be considered
unchanging, given the conclusion of mining activity
in 2016. Increases in mining-related terrain subsi-
dence have ceased, and, therefore, the conducted
analyses are not burdened with errors resulting
from the occurrence of residual terrain subsidence
[28,29].
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The primary factor influencing the shape of the
area subjected to the analysis was terrain subsi-
dence. About 90% of the mining area was within the
range of the conducted mining activity's influence.
Terrain deformations of influence categories IeIV
occurred in the area, particularly subsidence
troughs. Fig. 1 presents the regions with the greatest
subsidence resulting from underground deposit
extraction. These regions stretch over four lines
overlapping with the runs of the primary water-
courses of the Branch's mining area. The north line
converges with WaterCourse “C”, the central line
runs together with Stream “B”, the south line is
concurrent with the course of the river, and the area
by the south border is related to Stream “P”. The
presented regions are merely the floors of local

subsidence troughs, whereas the combined local
subsidence troughs form the general subsidence
trough of the Branch. After filling with water,
depressed developed areas transform into swamps
and peat bogs, after which they become idle land.
A number of surface water pumping stations are
located within the range of the Branch’s mining
influence, draining surface and groundwater from
subsidence basins.
The following measures have been used thus far

to counteract the effects of excess terrain subsidence
within the mining area/limits of the Branch.

� regulating the river and its tributaries through
the construction of levees, dredging the water-
course beds, and in the case of Stream “B”,

Fig. 1. The mining area of the Branch, showing terrain deformations (a) and the catchment area of the Klodnica River with the location of the mine
water pumping station marked (b) (source: own study).
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rerouting its bed at the mouth section at a length
of about 1.5 km,

� building drainage ditches and dredging existing
land amelioration infrastructure,

� creating new water reservoirs,
� backfilling depressed basins and restoring
terrain morphology to reestablish correct water
flows,

� building rainwater pumping stations.

2.3. Hydrological characteristics of the study area

The primary watercourse in the study area is a
river, whose source is within the administrative
borders of Katowice e see Fig. 2. The river length,
from the source to where it flows into the Oder, is
75.3 km, while a section of 3.9 km runs through the
Branch's mining area. Over this section, the water
runs southwest, and the river bed is regulated and
bunded on two sides to a height ranging from 1.5 m
to 8.0 m relative to its bottom. The slope of the river
bottom is negligible over nearly the entire section in
the mining area. Consequently, the water table ex-
hibits a minimum flow as a result of the water
swelling in the lower river section, which may lead
to the generation of considerable sedimentation in
this location in the future. The river is fed by three
streams.
Stream “C”, with a catchment area of 75 km2. The

bed of this stream is bunded on two sides in the
mouth area to a height similar to the river levees.
Such measures secure the adjacent land from
swelling stream waters and river backwater, but this
transfers the hazard in question to the upper section
of the stream, resulting in local flooding.

The waters of Stream “P”, with a length of about
3.9 km and a catchment area of about 2.7 km2, are
pumped to the stream bed in their entirety in its
lower course, where the pumped waters can flow by
gravity. Water pumping station VI was established
in the lowest-situated point of the basin generated
as a result of post-mining terrain settling. Water
from the station is pumped to the bed of this stream
via four ø 450 pipelines and then flows into the river
after about one kilometer.
The waters in Stream “B” flow westward. A frag-

ment of the stream bed in the Branch's mining area
is bunded on two sides. The levee elevation ranges
from 226.0 to 224.0 m a.s.l., whereas the terrain
elevation at the northland side of the levee ranges
from 223.0 to 220.5 m a.s.l., which necessitated the
construction of rainwater pumping station I on the
right land side of the levee. Due to the surface
height difference, the stream bed was rerouted to its
current state over its entire section up to where it
flows into the river.

2.4. Subsidence basin drainage system

All the pumping stations located in the Branch’s
mining area are situated within subsidence basins
generated as a result of mining activity. They are
also in the catchment area of the river. The pumping
stations discharge water directly to the river or to its
tributaries: Stream “B” or Stream “P”. A system of
seven surface water pumping stations is maintained
in the area of the Branch. Two of these are situated
in the south river catchment area, and the rest are in
the north catchment area.

Fig. 2. The Branch location.
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2.4.1. Pumping station I
This pumping station is responsible for main-

taining the correct water regime in the southern part
of the city district. It is established on the right,
north land side of the Stream “B” levee. Pumping
station I consists of two reservoirs connected by a
culvert enabling the flow of the water from the west
reservoir to the east. Urban sewage system pipes
were introduced only into the east reservoir. From
the east reservoir, the water flows into a reinforced
concrete intake well, from where it is pumped to-
wards Stream “B”. The pumping station operates
two pumps with outputs of 1000 m3/h and 480 m3/h.

2.4.2. Pumping station II
The pumping station is located about 500 m

northwest of pumping station III, described below.
It is equipped with a single reservoir. The water
table of the river, located about 50 m west, is higher
than the reservoir outlet level by about 3.0 m, which
makes the gravitational discharge of the water from
the drainage area to the river impossible. The
terrain becomes lower towards pumping station III,
which indicates that rainwater pumping station II is
ineffective, as the water can be discharged by
gravity only via an open ditch or an underground
sewage pipeline. The drainage area serviced by the
pumping station is about 0.9 km2. Pumping station
II operates two pumps with outputs of 600 m3/h and
220 m3/h. The water from the reservoir is pumped
directly into the river via an underground pipeline.

2.4.3. Pumping station III
Pumping station III is established on the bank of

the previous bed of Stream “B”. The pumping sta-
tion intake well was constructed at the lowest-situ-
ated point at the bottom of the watercourse. The
pumping station drainage area is 1.5 km2. The sta-
tion is equipped with submersible pumps with a
total pumping output of 1680 m3/h. The water from
the intake well is pumped to the river via a pipeline.

2.4.4. Pumping station IV
Pumping station IV, established on the slope of a

spoil bank, enables the maintenance of water flows
down the bed of a perimeter drainage ditch that
serves to drain the central part of the south river
catchment area. The pumping station intake well is
situated in the collector pit of the drainage ditch,
from where the water is pumped to a reservoir at
the top of a reclaimed land area. The water flows
towards the area of the spoil bank slope by gravity
via a ditch constructed on the spoil bank surface.
Afterwards, it flows further towards the river bed
via a ø 600 pipeline. The pumping station is

equipped with seven submersible pumps with a
total pumping output of 1660 m3/h and services a
drainage area with a surface of about 2.0 km2.
Usually, the water flowing to the intake well is

collected in its entirety, yet minor periodic flooding
has been found as well. Upgrading the pumping
capabilities of the site should be considered in the
future to prepare for the potential occurrence of
intense rainfall or increased water inflows.

2.4.5. Pumping stations Va and Vb
Pumping stations Va and Vb are located on the

north slope of an area at the right river bank, which
was levelled and reclaimed using waste rock. These
stations are used almost exclusively to drain wood-
land areas. The pumping station drainage area, with
a surface of about 2.2 km2, is limited from the west
and north by the catchment area watershed of
Stream “B”, and in the east, it is confined by a road
frame. The natural water flow south towards the
river is made impossible by high bunds and a
reclaimed elevated area. The inflowing rainwater is
pumped by these stations.
Pumping station Vb is situated on the slope of the

reclaimed elevated area, and the water pumped by
it is discharged to the river via a ø 160 pipeline. It is
equipped with a single submersible pump with an
output of 200 m3/h. The water from the intake well is
pumped to a ditch at the top of the reclaimed
elevated area, after which it flows toward the river
by gravity. Pumping station Va is located about
400 m southwest of pumping station Vb. It is
equipped with two pumps with a total pumping
output of 400 m3/h. The water from pumping station
Va is discharged via a ø 300 pipeline to the ditch at
the top of the reclaimed area and then to the river by
gravity.

2.4.6. Pumping station VI
Pumping station VI transfers the water flowing in

from the upper, depressed bed of Stream “P” to-
wards a higher-situated section of that Stream’s bed
in its lower course. Two reservoirs were constructed
on Stream “P” above pumping station VI to collect
excess water during thaws or particularly intense
rainfall. The total reservoir volume is estimated at
about 16 m3. Pumping station VI is equipped with
four pumps with a total pumping output of 3456 m3/
h, which pump the inflowing water down the stream
via four ø 1400 pipelines, after which the water flows
freely into the river. The surface of the serviced
drainage area is about 2.5 km2.
A pause in pumping or a malfunction of the

pumping station may result in flooding. This
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necessitates the continuous transfer of the water
from Stream “P” towards its lower section.

3. Methods

A technical analysis of the possibility of liquida-
tion of the existing pumping stations was per-
formed, factoring in the necessity to maintain the
correct water regime as well as the costs of such a
project. A multi-criteria rainwater pumping station
liquidation variant assessment was applied,
factoring in all the assessment criteria combined.
Data from geodesic surveys in the area of the wa-
tercourses and the surface pumping stations were
updated. For all geodesic measurements, it was
assumed that the measurement error (specific to the
devices used) does not exceed 0.05 m.
Supporting solutions used in other countries, the

design and cost estimation documentation for
establishing the gravitational water flow to the wa-
tercourses was updated and adapted as well [37,38].
The analyses utilized the results of regular and

additional geodesic surveys of lines of observation
located in the mining area of the Branch, as con-
ducted by geodesic services. Topographical
geodesic surveys (Fig. 1) were performed to deter-
mine the topographic parameters of major water-
courses in the mining area of the Branch, which
include: the river, Stream “B”, Stream “C”, Stream
“P”, and WaterCourse “C”. A lithological analysis of
the overlay and aquifer strata was performed based
on data obtained from boreholes located in the
study area.
The necessary budget that would allow the liqui-

dation of the pumping stations and the establish-
ment of gravitational subsidence basin drainage was
estimated and updated. Afterwards, the optimal
variants for rainwater pumping station liquidation
were selected by means of a multi-criteria analysis.

3.1. Proposed pumping station liquidation variant
assessment criteria

It was assumed that the rainwater pumping sta-
tion system concept should be prepared in a way
enabling the automated operation of the remaining
pumping stations under the supervision and control
of the Branch’s operation dispatcher. The operation
and maintenance would be entrusted to an external
company. Furthermore, the final rainwater pump-
ing station system concept should factor in the
economic, technical, ecological and social aspects
related to the accomplishment of the project.
A survey was conducted among 12 experts to
improve the selection of factors. In the first stage,

the experts, selected among professionals in the
supervision and accomplishment of tasks related to
water regime regulation in active and liquidated
mining plants, were presented with a preliminary
list of assessment criteria for the liquidation of
rainwater pumping stations in subsidence basins.
The respondents were asked to add any assessment
criteria of such a task to the list they thought were
missing. The thus modified list of rainwater pump-
ing station liquidation project assessment criteria
was presented to the same experts again. They were
asked to weigh all the criteria using a scale of 0e10.
A weight of 0 was adopted for criteria an expert
would deem unimportant and a weight of 10 for
criteria deemed very important. The final list of
assessment criteria with their weighting is pre-
sented in Table 1.
The multi-criteria assessment of the adopted

rainwater pumping station liquidation variants
consists in obtaining a comprehensive analysis of the
studied problem that factors in all the liquidation
variant assessment criteria combined. The obtained
index reveals the “distance” of an analyzed variant
from a hypothetical ideal variant characterized by
optimal parameters among the studied variant
group. In the applied quotient transformation, the
analyzed parameters should be classified into
groups according to their character [28,29]. In this
method, the analyzed parameters are divided into
parameters of a “stimulant” character, whose abso-
lute value increase is regarded positively, “desti-
mulant”, whose increase in value is regarded
negatively; and “nominant”, whose increase in ab-
solute value is regarded in positive or negative
ranges. In the studied example, the criteria: “Ex-
penditures for the project”, “Expenditure payback
period”, and “Project accomplishment time”, for
which an increase in absolute value is regarded
negatively, were assigned the character of “desti-
mulants”. For criterion 3, “Drain well surface”, an
increase in the absolute value is regarded positively,
therefore, this criterion was assigned the character of
a “stimulant”. In a multi-criteria analysis, each
assessment criterion is assigned a weight that in-
fluences the final result. The weights for individual
assessment criteria are presented in Table 1.

Table 1. Rainwater pumping station liquidation project assessment
criteria (source: own study).

Criterion Unit Weight

Criterion 1 Expenditures for the project PLN 0.275
Criterion 2 Expenditure payback period years 0.253
Criterion 3 Drain well surface m2 0.276
Criterion 4 Project accomplishment time years 0.195
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The quotient transformation method applied in
the multi-criteria analysis eliminates the problem of
a potential difference in the analyzed parameter
units and the difference in the absolute values of the
numbers that describe the individual parameters by
expressing the obtained values of the individual
parameters as a dimensionless number ranging
from 0 to 1 [39,40]. The multi-criteria analysis is
conducted according to the following formula:

FCj¼w1
hi min

h1j
þw2

hi min

h2j
þw3

h3j

hi max
þw4

hi min

h4j
ð1Þ

where:
FCj value of the multi-criteria analysis for variant j,
i - number of the liquidation variant assessment

criterion,
j - number of the liquidation variant,
wi - weight for criterion number i,
hi min - the lowest value in criterion number i,
hi max - the highest value in criterion number i,
hij - value in criterion i for variant number j.
In the calculations, the expenditures for different

pumping station liquidation variants were
expressed in study units, constituting a fraction of
the annual expenditures required for the mainte-
nance of the rainwater pumping station system in
the Branch.
The most important sources of uncertainty of

multi-criteria assessment in a decision-making
context are: the choice of the attributes, stand-
arisation method, weights, and conversion of values
in attributes’ original (natural) scale of measure-
ment, prior to conversion to a standardised. In our
work, the choice of evaluation criteria and the
weights to these criteria are arbitrarily given by the
experts, and the uncertainties arising from, for
example, the standardisation of attribute sizes are
not, in our view, relevant to the decision-making
process. The final decision to choose an option is left
to the decision-maker, who always makes the deci-
sion under uncertainty of its success. The decision-
maker may choose the best option in his/her
opinion in view of any evaluation criterion or agree
with the results of the multi-criteria evaluation and
choose the solution suggested in the method. The
decision is also always a somewhat subjective pro-
cess; therefore we have assumed that uncertainty
does not affect the outcome of the multi-criteria
analysis. The multi-criteria analysis is merely a tool
that gives the decision-maker information to sup-
port him or her in making a decision, the conse-
quences of which we do not yet know.

3.2. Technical feasibility analysis for pumping
station liquidation

Maintaining the surface water pumping stations is
costly and problematic. Even when operating under
an automated control system, a pumping station still
requires supervision and monitoring. A malfunction
or inefficiency may quickly result in flooding. In the
area of all the Branch pumping stations, the near-
surface strata consist of clay or silt with very low
filtration characteristics, which will fill up with
water should pumping fail to be provided. Data
obtained from a borehole located about 100 m
northwest of the west reservoir of pumping station I
was used to analyze the lithology of the Quaternary
strata in its area. The borehole was drilled to a depth
of 65.4 m from the surface. The presence of strata
with high filtration potential was found in its profile,
approximately below two meters, with a total
thickness of about 56.5 m. In the case of pumping
station VI, the analysis involved data obtained from
a borehole located about 200 m south of the east
reservoir. It was determined that the thickness of
the first stratum with a high filtration capacity was
about 25.0 m. Consequently, the construction of
drain wells is possible only for pumping stations I
and VI. In the areas of the remaining pumping
stations, the contribution of filtering strata in Qua-
ternary formations is under 50%, which makes the
potential construction of drain wells impossible. For
this reason, the complete liquidation of all the
pumping stations appears unlikely, but retrofitting
the existing rainwater pumping system may lead to
measurable budgetary savings as well as to a
restoration of the areas for purposes serving the
local residents or the needs of the owners [41,42].
The stabilization of the rock mass movements

resulting from the conclusion of mining activity
makes it possible to present a final rainwater
pumping station system model for the Branch [1,25].
The final model should factor in all the aspects
related to the project, including the economic,
technical, ecological and social aspects altogether.

3.2.1. Technical feasibility analysis for the liquidation
of pumping station I
The gravitational discharge of rainwater from the

reservoirs of pumping station I, located at about
217.60 m a.s.l., to the river, flowing about 1 m above
the reservoirs, is impossible. Lower elevations are
found only in the previous bed of Stream “B”,
located about 2.4 km away in the area of pumping
station Va, about 2.2 km from the reservoirs. Making
a connection by directional drilling is economically
infeasible while making it by trenching is
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impossible due to the necessity of digging through a
railway embankment and a highway.
Limiting the water pumping costs is possible only

through the construction of drain wells directing the
rainwater to a thick system of permeable strata
deposited below an overlay of impermeable strata
[43,44]. A hydrogeological analysis revealed the
presence of Quaternary formations in the area, with
favorable filtration characteristics and a thickness of
about 55 m. The filtration capacity of the stratum as
well as the surface water quantity and intensity,
indicate that water management will be possible
after performing a minimum of 4 boreholes in each
reservoir of pumping station I. The boreholes
should have a minimum cross-section of 4 m2 and a
minimum length of 6 m. Increasing these parame-
ters will considerably improve the reliability of the
proposed drain well system functioning [10,45].

3.2.2. Technical feasibility analysis for the liquidation
of pumping station II
Pumping station II is situated at 218.0 m a.s.l.,

whereas the elevation of pumping station III,
located about 500 m away, is 214.0 m a.s.l. The
easiest solution for shutting down pumping station
II is the gravitational discharge of the water towards
pumping station III. Two variants for solving this
issue were proposed. Variant 1/II assumes the per-
formance of directional drilling towards the old bed
of Stream “B”. The length of the ø 600 pipeline will
be about 510 m, and the average slope will be 4.9‰.
Variant 2/II assumes the repurposing of an inoper-
ative ø 1000 pipeline belonging to the local water
and sewerage company, which will be used as a
protecting tube for the transmission pipeline. This
solution should be discussed with the water and
sewerage company and then, if necessary, pre-
sented to the local administration [45e47].

3.2.3. Technical feasibility analysis for the liquidation
of pumping station III
The intake well of pumping station III (the bottom

of the previous bed of Stream “B”) is situated at
210.0 m a.s.l. and is the lowest spot in the north
catchment area of the river in the Branch’s mining
area. Water discharge is possible only through the
performance of directional drilling toward the south
catchment area of the river, directly to a reservoir
drained by a pumping station belonging to an
adjacent active mine. In this case, the planned ø 800
pipeline will be about 540 m long, with a slope of
3.7‰, and it will run about 5 m under the bottom of
the river bed. The accomplishment of this variant
(variant 3/III) will require the permission of the local
government as well as the agreement of the mining

company that owns the final pumping station with
regard to the necessity of increasing the pumping
station’s power or upgrading it [18,48,49].
A possible solution for the problem of pumping

water from pumping stations II and III (variant 3/III)
is to shorten a part of the pipelines to the utmost
minimum by constructing a collective well K-2 that
would receive the water from pumping stations II
and III flowing in via ø 600 pipelines with lengths of
400 m and 250 m. Directional drilling of ø 800 would
need to be performed below the river bed at a sec-
tion of about 140 m from well K-2 to well K-1.

3.2.4. Technical feasibility analysis for the liquidation
of pumping station IV
Pumping station IV pumps water from an intake

well with a bottom at the level of 210.8 m a.s.l. It is
the lowest-situated point in the south catchment
area of the river, and a gravitational discharge of the
water would be possible only through the con-
struction of a long and wide trench to a pumping
station belonging to an adjacent mine (variant 1/IV).
However, given that the adjacent mine conducts
mining activity, the fact that the surface in the area
of this pumping station is not stabilized as well as
the considerable costs of such a project, this action is
ineffective and economically infeasible. This solu-
tion could be considered after extraction in the
adjacent mining plant has ceased.
Another variant 2/IV for the liquidation of

pumping station IV is to flood an adjacent area of
about 35 ha to a water table level of about 218.5 m
a.s.l. and follow this up with the gravitational
discharge of the water to the river [50]. Such a
variant is economically and socially unfounded, as
the buyout of the flooded real estate would require
about 40 million PLN.
Due to the economic infeasibility of the proposed

liquidation variants for pumping station IV, it is
proposed to maintain the operation of this station
until mining activity has ceased in the adjacent mine.

3.2.5. Technical feasibility analysis for the liquidation
of pumping stations Va and Vb
Pumping stations Va and Vb drain woodland

areas. Due to the significant water retention of the
forests, the inflows into the intake wells of these
pumping stations are not very high. The pumping
stations are situated about 3 m and 6 m higher than
pumping station IV, respectively. It is therefore
suggested to shut down these pumping stations
according to one of the following proposed variants.
Variant 1/V involves the establishment of two water
reservoirs located along the foot of the north spoil
bank slope.
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- reservoir I with a surface of about 46,000 m2 and
a volume of about 2.1 km3;

- reservoir II with a surface of about 10,500 m2 and
a volume of about 3.7 km3.

The water would be discharged from both reser-
voirs via pipelines inserted by directional drilling
into the dredged and profiled perimeter drainage
ditch of pumping station IV.
Terrain levelling to about 216.0 m a.s.l. is planned

as part of variant 2/V, consisting in filling the terrain
with earth bulk obtained from the ditch dredging. In
this variant, a perimeter drainage ditch must be
constructed at a section of about 550 m, from which
the water will be discharged via two pipelines
inserted by directional drilling into the perimeter
drainage ditch of pumping station IV, similar as in
variant 1/V.

3.2.6. Technical feasibility analysis for the liquidation
of pumping station VI
Pumping station VI pumps out the water flowing

in the stream from the lowest-situated point in its
depressed bed. The water is pumped over a distance
of 470 m downstream and discharged again into the
non-depressed part of the same stream’s bed, from
where it flows towards the river by gravity. The
mouth area section is at a level of about 218.75 m
a.s.l. Stream “P” reaches the same elevation at a spot
about 300 m away upstream from the storage res-
ervoirs of pumping station VI, from where the level
of the deep bed exhibits a relatively sharp increase.
The construction of a gate is suggested in this spot to
swell the water in the stream and enable its gravi-
tational discharge via two ø 800 pipelines in order to
upgrade the pumping station system (all variants).
The planned pipeline slope would be about 0.5‰.
Similarly, as in the case of water originating from
the natural flow in the previous bed, excess flood
waters would accumulate in the storage reservoirs,
which suggests that the pumping station operation
should be maintained. Its purpose would be to
enable the periodic pumping of the water accumu-
lated in the storage reservoirs towards the stream
bed, in the lower part, outside the depressed zone.
The pumping capacity of the station can be limited
to perform this task, thereby reducing the costs of
operation and power.
The possibility of constructing drain wells in the

reservoirs should be considered when retrofitting
the pumping station (variants 1/VI and 3/VI). Ac-
cording to the data obtained from the borehole
located about 200 m south of the east reservoir,
there is a sand batch with a thickness of 25 m below
the clay stratum with a bed depth of 1 m. Should the

absorptivity of the sand formations be confirmed by
testing, it will be possible to consider the full liqui-
dation of the pumping station or a significant limi-
tation of its equipment. It is proposed to construct
four additional boreholes, with cross-sections of
9 m2, responsible for channeling (to ground) rain-
water originating from surface runoff, at the section
between the gate and the culvert. Additionally, the
wells would enable the discharge of overflow water
through the gate, which is particularly significant
during periods of intense rainfall.

4. Discussion e analysis of the proposed
pumping station liquidation variants

4.1. Current pumping station maintenance costs

The annual maintenance cost for all seven
pumping stations equals about 2.46% of the expen-
ditures spent on the Branch liquidation. The highest
pumping station maintenance costs are related to
the operation of the stations and amount to about
1.94% of the annual expenditures on the Branch
liquidation, which constitutes nearly 80% of all the
costs related to maintaining the correct operation of
the pumping stations, regardless of atmospheric
conditions.

4.2. Multi-criteria analysis for the liquidation
variants of pumping station I

Three variants of the liquidation of pumping sta-
tion I were presented for analysis. The variants
differ in the area of the planned drain wells. It was
assumed that all the variants would be accom-
plished within one year. Table 2 presents the orig-
inal values characterizing each individual variant as
well as the results of the multi-criteria analysis for
the liquidation variants of pumping station I.
Per the experts’ opinions, variant 1/I involving the

performance of 2.0 � 2.0 m drain wells was deemed
optimal in the multi-criteria analysis.

4.3. Multi-criteria analysis for the liquidation
variants of pumping stations II and III

These pumping stations are located close to each
other, and water discharge from pumping station II
could be directed towards station III. Therefore, the
analysis encompassed a plan of the combined liqui-
dation of both stations. Three variants for the liqui-
dation of pumping stations II and III were subjected to
analysis. Pumping station II can be liquidated in two
variants, and pumping station III in only one variant.
Variants 1/II and 2/II involve the independent
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liquidation of pumping station II, together with a
proposed independent liquidationof pumping station
III. Variant 3/III assumes the combined liquidation of
both the pumping stations, with pipeline length
optimization and collective well construction. All the
variants would be accomplished within one year.
Table 3 presents the original values characterizing
each individual variant as well as the results of the
multi-criteria analysis for the liquidation variants of
pumping stations II and III.
Analyzing the proposed liquidation variants of

pumping stations II and III reveals that variant 3/III
is the optimal solution for the project, consisting in
the optimization of pipeline lengths. The expendi-
ture payback period should be about three years.

4.4. Multi-criteria analysis for the liquidation
variants of pumping stations Va and Vb

The liquidation of pumping stations Va and Vb was
planned in two variants. As part of variant 1/V, the

inundated area at the north land side of the river levee
would be maintained. Variant 2/V involves the level-
ling of the land side of the levee using soil originating
from amelioration work. The expenditures for the
liquidation of pumping stations Va and Vb are related
to the technical retrofitting of pumping station IV and
the various work performed to adapt this station to
receiving increased water flows. Such a solution
would provide effective preventive measures against
flooding in the south river catchment area.
The proposed solutions will not bring savings

quickly, as the expenses incurred will be paid back
only after about 18 years. Factoring in the inundated
area reclamation, the expenditure payback period
will decrease to about nine years. Table 4 presents
the original values characterizing each individual
variant as well as the results of the multi-criteria
analysis for the liquidation variants of pumping
stations Va and Vb.
Analyzing the proposed liquidation variants of

pumping stations Va and Vb reveals that variant 2/V

Table 3. Multi-criteria analysis for the liquidation variants of pumping stations II and III (source: own study).

Unit Criterion 1 Criterion 2 Criterion 3 Criterion 4 Multi-criteria analysis

study unit years m2 years

Variant 1/II 1.91 5 0.000 2
Variant 2/II 1.64 4.5 0.000 1.5
Variant 3/III 1.00 3 0.000 2
Optimal value 1.00 3 0.000 1.5
Criterion weight 0.275 0.253 0.276 0.195
Variant 1/II 0.523 0.600 1.000 0.750 0.719
Variant 2/II 0.609 0.667 1.000 1.000 0.808
Variant 3/III 1.000 1.000 1.000 0.750 0.951

Table 4. Multi-criteria analysis for the liquidation variants of pumping stations Va and Vb (source: own study).

Unit Criterion 1 Criterion 2 Criterion 3 Criterion 4 Multi-criteria analysis

study unit years m2 years

Variant 1/V 1.62 18 0 1
Variant 2/V 1.86 9 0 1.5
Optimal value 1.62 9 0 1
Criterion weight 0.275 0.253 0.276 0.195
Variant 1/V 1.000 0.500 1.000 1.000 0.873
Variant 2/V 0.875 1.000 1.000 0.667 0.901

Table 2. Multi-criteria analysis for the liquidation variants of pumping station I (source: own study).

Unit Criterion 1 Criterion 2 Criterion 3 Criterion 4 Multi-criteria analysis

study unit years m2 years

Variant 1/I 0.16 2 32 1
Variant 2/I 0.22 3 72 1
Variant 3/I 0.30 4 128 1
Optimal value 0.16 2 128 1
Criterion weight 0.275 0.253 0.276 0.195
Variant 1/I 1.000 1.000 0.250 1.000 0.793
Variant 2/I 0.716 0.667 0.563 1.000 0.716
Variant 3/I 0.529 0.500 1.000 1.000 0.744
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is the optimal solution for the project, consisting in
the backfilling of inundated areas on the northland
side of the river levee using soils originating from
amelioration work.

4.5. Multi-criteria analysis for the liquidation
variants of pumping station VI

Four variants for the liquidation of pumping sta-
tion VI were subjected to analysis. The variants
differ in the method for constructing two ø 800
pipelines. In variants 1/VI and 2/VI, the pipelines
are installed via directional drilling, and in variants
3/VI and 4/VI, the same pipelines are laid down by
trenching. Furthermore, equipping the pumping
stations with drain wells was considered in variants
1/VI and 3/VI. Flooding prevention requires all the
variants to involve a considerable limitation of the
pumping capacity of pumping station VI, which
would be activated only when receiving increased
water flows during periods of intense rainfall or
thaw. The costs incurred as part of the project
should be paid back within 9e12 years, depending
on the variant. Table 5 presents the original values
characterizing each individual variant as well as the
results of the multi-criteria analysis for the liquida-
tion variants of pumping station VI.
Analyzing the proposed liquidation variants of

pumping station VI reveals that variant 3/VI is the
optimal solution for the project, consisting in the
installation of two ø 800 pipelines by trenching and
equipping the depressed section of Stream “P” with
four drain wells with a cross-section of 9 m2.

5. Summary and conclusions

The many years of deposit extraction conducted by
the Branch resulted in the generation of subsidence
basins, which in turn led to the necessity of building
a number of pumping stations to enable the use of
areas at risk of periodic or permanent flooding.

The water table of the river flowing through the
Branch's mining area is at a level of 218.0 m a.s.l. The
lowest depression relative to the level of the river
water in the north catchment area is the bottom of
the previous bed of Stream “B”, at a level of about
210.0 m a.s.l., whereas in the south catchment area,
it is the bottom of the perimeter drainage ditch in
the intake well of pumping station IV, situated at
about 211.0 m a.s.l.
The north river catchment area, located in the

mining area of the Branch, is drained by gravity by
Stream “B” and by force by pumping stations I, II,
III, Va and Vb, while the south catchment area is
drained naturally by Streams “P” and “C” as well as
by pumping stations IV and VI.
The possibility of shutting down, optimizing or ret-

rofitting the operation of the existingpumping stations
was analyzed. The results of the conducted analyses
demonstrated that only one (pumping station IV) of
the seven existing pumping stations cannot be shut
down. Its liquidationwouldneed tobepostponeduntil
extraction in an adjacent mine is concluded.
A terrain morphology analysis revealed no pos-

sibility of discharging the water from pumping sta-
tion I by gravity. Due to the minor water inflows and
the favorable shape of the Quaternary bedrock, the
limitation of the station's pumping system operation
to the utmost minimum was proposed through the
construction of drain wells in the reservoirs.
Technically, the liquidation of pumping station II,

with water discharge towards pumping station III, is
feasible and economically justified. However, the
liquidation of pumping station III depends on
whether the adjacent mine will agree to receive
water flows originating from the combined drainage
areas of pumping stations II and III.
The liquidation of pumping stations Va and Vb

with water transfer towards pumping station IV will
enable the regulation of the water regime in areas
exhibiting periodic or permanent flooding. Another
advantage is that pumping station IV is the only

Table 5. Multi-criteria analysis for the liquidation variants of pumping station VI (source: own study).

Unit Criterion 1 Criterion 2 Criterion 3 Criterion 4 Multi-criteria analysis

study unit years m2 years

Variant 1/VI 2.1 12 36 1.5
Variant 2/VI 2.09 11 0 1
Variant 3/VI 1.73 10 36 2
Variant 4/VI 1.57 9 0 1.5
Optimal value 1.57 9 36 1
Criterion weight 0.275 0.253 0.276 0.195
Variant 1/VI 0.748 0.750 1.000 0.667 0.802
Variant 2/VI 0.753 0.818 0.000 1.000 0.610
Variant 3/VI 0.908 0.900 1.000 0.500 0.852
Variant 4/VI 1.000 1.000 0.000 0.667 0.659
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station owned by SRK S.A., which lowers the costs
of its renting. The costs of reclamation and adapta-
tion work equal about 1.86 of the annual expendi-
ture on maintaining the rainwater pumping station
system in the Branch.
Replacing pumping station VI with pipelines dis-

charging the water by gravity will be fully possible,
as the water accumulating in the previous stream
bed section, below the gate, will be directed towards
the planned drain wells. The cost of work related to
the installation of two ø 800 pipelines, equaling
about 1.73 of the annual expenditure on maintaining
the rainwater pumping station system in the Branch,
will be paid back after about nine years.
All the presented technical solutions (except one)

are economically feasible and recommended for
implementation from the perspective of increased
flooding safety. The accomplishment of the pro-
posed modifications in the Branch's rainwater
pumping station system may be carried out in full
scope or partially. Decisions in this regard depend
on the financial means. The accomplishment of all
the proposed projects would require expenses
equaling about 5.85 of the annual expenditure on
maintaining the rainwater pumping station system
in the Branch, and the incurred expenditure
payback period should be about nine years.
The multi-criteria assessment method applied to

the adopted rainwater pumping station liquidation
variants, consisting in the presentation of a
comprehensive analysis of the proposed action and
factoring in all the liquidation variant assessment
criteria combined, is a tool for assisting decision-
making by identifying optimal solutions.
Applying the multi-criteria analysis made it

possible to determine the optimal variant for ret-
rofitting the subsidence basin drainage system.
The analysis results serve only as advice for the
decision-maker, who may select a variant he
deems the best according to each of the assessment
criteria or agree with the results of the multi-
criteria assessment and select a variant identified
by it as optimal.
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