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Abstract: In many circles, brown coal continues to be viewed as a cheap source of energy, resulting in
numerous investments in new opencast brown coal mines. Such a perception of brown coal energy is
only possible if the external costs associated with mining and burning coal are not considered. In
past studies, external cost analysis has focused on the external costs of coal burning and associated
emissions. This paper focuses on the extraction phase and assesses the external costs to agriculture
associated with the resulting depression cone. This paper discusses the difficulties researchers face in
estimating agricultural losses resulting from the development of a depression cone due to opencast
mineral extraction. In the case of brown coal, the impacts are of a geological, natural-climatic,
agricultural-productive, temporal, and spatial nature and result from a multiplicity of interacting
factors. Then, a methodology for counting external costs in crop production was proposed. The next
section estimates the external costs of crop production arising from the operation of opencast mines
in the Konin-Turek brown coal field, which is located in central Poland. The analyses conducted
showed a large decrease in grain and potato yields and no effect of the depression cone on sugar beet
levels. Including the estimated external costs in the cost of producing electricity from mined brown
coal would significantly worsen the profitability of that production.

Keywords: external cost; opencast lignite; plant production; depression funnel; cereals; sugar
beet; potatoes

1. Introduction

Lignite is widely used in the generation of electricity and is considered to be an
abundant resource. World reserves of low-rank coals (LRCs) such as lignite amount to
200–280 billion Mg (Gt) and account for 20–25% of global coal reserves [1–4]. With this
background, the utilization of lignite for energy production is expected to remain a common
practice in the decades to come since the availability of lignite is considerable in many
countries of Europe and the world [5]. It is estimated that global production of lignite
could increase from the present level, which is approximately 1.05 Gt [6], and reach its
peak of 2–3 Gt in the second half of the 21st century [7,8]. Lignite is accumulated in
fairly shallow deposits, therefore, it is most often mined in open pits, whereas in the
case of hard coal, especially in Europe, underground mines are more common. In the
future, new opencast mines of lignite and hard coal will be launched, especially because
open-pit coal mining is perceived as a cheaper option and the one that enables using
modern technologies [9]. The development of mining will still be promoted by the fairly
common belief, especially among the countries with abundant lignite resources, that lignite
is cheap, if not the cheapest, source of energy [10–13]. From a global perspective, lignite is
considered an energy resource with substantial security of supply; no other fossil fuel is so
easily available with such certainty for the next decades [1]. In the countries with abundant
fossil fuel resources, exploitation of more coal deposits is carried out or scheduled; also,
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new coal-fired and lignite-fired power plants are being put into operation or are planned
to be launched. This applies particularly to China, India, Turkey, Vietnam, Indonesia,
Bangladesh, Japan, South Africa and the Philippines [14,15].

In Poland, lignite is also perceived as a cheap energy source [16–19]. This is reflected in
the draft of the latest Energy Policy of Poland [20], in which three deposits with 1.8 billion
tons of lignite are assumed as a long-term energy reserve. In the case of the Złoczew
deposit, with resources of 611 million tons, an environmental consent decision for the
proposed open-pit mine was issued on 28 March 2018. The only requirement missing to
launch the open-pit mine is the exploitation concession [21].

In the context of sustainable economic development and the concept of the European
Green Deal, the perception of coal—as a cheap energy source—is only possible if the
external costs of mining and combustion of coal are not taken into account. Those costs
have been the subject of many analyses over the past years. One of the first attempts to
value the external effects of energy consumption was made by Hohmeyer in 1988 [22]. The
works by Rowe et al. [23] and Lee et al. [24] called the RFF/ORNL research, are recognized
as the first comprehensive elaborations on the external costs in a fuel cycle. They focused
on the entire fuel cycle of different kinds of power plants. In 1999, Krewitt et al. [25]
used the bottom-up method to determine the average external costs connected with the
generation of energy in the mines in Germany and Europe. The authors used the EcoSense
model which originates from the ExternE methodology, as well as the CORINAR database
(Core Inventory Air Emissions) [4]. They focus on the external costs associated with the
combustion of coal. For example, the ExternE Model with EcoSense software package
provides air quality and impact assessment models along with a database (population, use
of land, agricultural production, buildings, and materials, etc.) that contains relevant input
data for the whole of Europe [26]. The model determines a range of factors affecting human
health, buildings, biodiversity, and crop yields using concentration-response functions, e.g.,
to SO2, NOx and their aerosols, heavy metals, and solid particles (PM2.5, PM10) [27–30].

Despite the claims that external costs of energy production have been comprehensively
estimated, no analyses of external costs caused by geological damage have been performed
so far [31]. There are also no studies that analyze the external costs in agriculture and
forestry caused by a cone of depression, which is created as a result of draining coal deposits
during their exploitation. Additionally, in the review of 20 different external cost analyses
from various regions of the world, no study took account of the external costs incurred by
agriculture, which may provide evidence of the above. There are only a few on the losses
caused by refraining from farming as a result of the land being taken over by open-pit
mines and power plants along with their supporting facilities [22,32]. Thus, there is no
reflection on the full spectrum of impact, which is required to assess the sustainability of
development and the European Green Deal. This study is an attempt to fill that knowledge
gap and to start a discussion on the methodology of calculating agricultural external costs
associated with the existing cones of depression created around open pits. In the first
papers related to this subject [33–35], there were many simplifications made regarding
the level of yield decline, i.e., the same level of yield decline was assumed for the entire
period of the impact of open casts. By using only one period for estimating the external
cost of a fall in yields, there is a risk of a significant over- or underestimation of external
costs. Furthermore it was calculated by comparing the yield levels in the Wielkopolskie
Voivodship before the launch of the open-cast mine, however, 30 years later, in the eastern
part of the Wielkopolskie Voivodship, a multi-pit lignite open-cast mine is now operational.
This makes it possible to maintain the condition of comparability of factors influencing the
level of yields based on the vicinities being compared [33–35].

The problem of exploiting more deposits is also important in the context of the law
of entropy discussed by Georgescu-Roegen, who stated that energy tends to degrade
irreversibly to increasingly poorer qualities, i.e., from low entropy for valuable natural
resources to high entropy for worthless waste and pollution. He argued that the use of
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exhaustible resources would result in the inevitable collapse of the world economy, leading
to human extinction [36].

The study aims to assess the assumptions and methodology used to estimate the
external costs in agricultural crop production located in the vicinity of open-cast lignite
mines and the costs associated with the cones of depression created around the opencast
pits. In the context of the above-mentioned generalizations, simplifications or the omission
of agricultural external costs can achieve only results of a scientific and research novelty. In
the study, an exemplary analysis is performed for the Konin-Turek lignite basin located
in central Poland. The obtained research results apply to Polish conditions, however, the
scientific universality of the study allows that the assumptions and methodology applied
here can be adapted to the analysis of external costs incurred by agriculture in any region
of the world and for any large-scale open-cast mines.

2. External Costs in Agriculture and the Difficulties Associated with Their Estimation

The variety of sources from which energy can be generated requires the knowledge of
the actual production costs that make it possible to properly allocate the resources owned.
Therefore, to make proper comparisons, it is necessary to take into account all types of
expenses, not only investment, fuel, maintenance, and operation costs of the power plants,
but most importantly, the external costs of electricity generation [37,38]. External costs are
those incurred by third parties and future generations to produce energy, rather than the
expenditures of direct recipients and providers of electricity [39,40]. Incorporating those
costs in electricity market prices would contribute to the use of more modern and cleaner
energy sources [28,41,42], while the most harmful technologies would be the first ones to
be forced out of the market.

In the case of electricity generation from black coal and lignite, apart from the well-
researched external costs associated with coal combustion and air pollution, in particular,
the costs related to human health [43], there are also external costs associated with the
exploitation operations and land reclamation after coal mining, in both underground and
open-pit mines [44].

Open-cast mining is associated with the absolute and long-term necessity to drain
the coal deposits to the bottom of the lowest levels of the exploited coal seams, which
leads to the creation of the above-mentioned cones of depression. There are two types of
cones of depression: discharge cone of depression and pressure relief cone of depression.
The first one is a gravitational lowering of the groundwater table (the most critical issue
in agriculture and forestry) within the area surrounding the coal deposits. In a vertical
cross-section, the shape of the cone of depression resembles a funnel-shaped curve, i.e.,
the water table near the edge of the pit rapidly rises and it goes up more slowly as the
distance grows. The Polish law requires the investor to define the estimated area around
the open-pit mine where the water table will permanently be lowered by at least one meter
creating an area of depressions. In the case of lignite open-cast mines, the range of the cone
of depression usually varies from a few to several kilometers, starting from the edge of the
open pit, and it has the shape of an ellipse. The actual impact area, i.e., the area where the
water table is lowered down, is much larger and reaches up to several dozen kilometers,
starting from the edge of the open pit.

In turn, the pressure relief cone of depression, which is much larger than the area of
depressions, is the territory where groundwater pressure is reduced. The changes in water
pressure in deeper aquifers caused by hydrogeological cracks can lower the groundwater
and surface water levels because it triggers a local outflow of water to deeper ground
layers, it can also reduce or generate a loss of supply of subsoil resources with water from
deeper aquifers [45,46].

Various difficulties that researchers face when estimating the losses in agriculture due
to the development of cones of depression as a result of open-cast mining of minerals—
lignite in this case—are of geological, nature-climatic, agro-industrial, temporal-spatial
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nature and result mainly from the multiplicity of interactive factors. Those factors have an
impact on one another and are also interdependent in many ways.

The geological factors are related to the size of the cone of depression and the changes
in the water levels of subsurface water resources, which is very important in the case of
agriculture. Not only the size and extent of the drainage is a crucial issue but also the
pace of restoring water conditions after the drainage of the deposit is completed. The key
geological factors include:

• Drainage depth—with the increase of the depth of the open pit, the area of a cone of
depression becomes larger,

• Drainage period—with the increase of the drainage time, the area of a cone of depres-
sion also increases,

• Location of the opencast in the catchment area, its size and the directions of inflow
of groundwater—in simplified terms, if the open-pit mine is situated in a valley, the
drained area increases but the water relations are restored faster. The location of an
open-cast mine on a water parting reduces the drainage area, however it is much more
difficult and it takes longer for the water level to get restored after the drainage is
completed because the runoff of water from the areas situated higher up is restricted,

• The geological structure of drained areas such as the shape and the direction of buried
valleys, abundance in water, tectonic faults, hydrogeological cracks, the thickness
of geological layers which affect the conditions of supply, circulation, and drainage
of groundwater—those factors are very specific for every open cast, however, the
location of thicker and impermeable layers closer to the surface reduces the risk and
the area of drainage of subsurface and surface water resources,

• The amount of rainfall and surface water supply—with the increase of the abundance
of rain and the level of subsurface water, the impact of the mine on the areas located
further away from the open cast decreases. The increase in the share of drained
agricultural land reduces the permeation of water into deeper soil layers, especially
in the period from late autumn to early spring. High variability of the level of
precipitation, both seasonal and during individual years, affects the changes in the
level of groundwater, which makes it difficult to determine the actual impact of
open-pit mines on water conditions,

• Local conditions, e.g., impermeable formations that create areas of the perched water
table, hydrogeological cracks that lower the level of subsurface water below the
standard level of the area,

• The initial (primary) level of groundwater, which in the case of peripheral areas of the
impact land means that the mine will affect the areas with higher water levels while it
will not have any influence on the surrounding areas with lower water tables, even
those located further away.

In the case of open-pit mines, where there is usually a shift of the mining front and the
already exploited areas of the open pit are backfilled, there is also a shift of the area of cones
of depression. The dynamics of these changes mean that despite the use of more advanced
econometric models, taking into account the actual conditions of the mining industry’s
impact on the environment, the range of a cone of depression cannot be determined [47].
Therefore, already at the very beginning of the research, there is a large obstacle that makes
it difficult to estimate losses in agriculture resulting from the operation of open-pit mines.

Consequently, the amount of water that is pumped out of individual open pits varies
considerably. In the case of lignite open-pit mines in Germany, an average of 6.3 m3 of
water is pumped out along with each ton of coal [48]. In Poland, over the period from
1945 to 2017, an average of 6.8 m3 of water was pumped out per 1 ton of mined lignite, but
in the second decade of the 21st century, this ratio was nearly 8.0 m3, on average [16,18].
There were, however, large discrepancies between individual coal deposits. In the case of
small deposits in the Konin-Turek Basin, the ratio exceeded 42 m3 of water/Mg of coal,
and regarding the deposits in Turów, it was 2.2 m3 of water/Mg of coal [16].
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The agro-industrial factors are also highly changeable. In the context of the studied
subject, precipitation is particularly important and, as mentioned above, it is a major
source of groundwater supply. Precipitation is also one of the most important factors
that determine crop yield [49,50]. It is not only the overall amount of precipitation that is
important but also its distribution over time, especially during the growing season. There
are certain temperatures, a range of which in a given place and during a particular period
is quite predictable, which is also important. In general, the observed systematic increase in
global temperatures has a negative impact on agriculture. Firstly, it increases evaporation
which reduces the amount of rainwater available to crops and in deeper soil layers which
leads to lowering the groundwater level and consequently creates the risk of soil drought.
Secondly, it causes a decrease in the agricultural efficiency of precipitation [51,52]. This
efficiency is also deteriorated by a change in the nature of precipitation—from continuous
to convectional rain, [53–55] and an increase in torrential rains. In the research conducted
for Germany, for instance, it was estimated that every time temperature increased by
1 degree, the amount of heavy rain increased by 6.5% [56]. All of the above, in turn, lead to
an increase in the dependence of crops on the level of groundwater [57,58]. However, in
cooler regions such as northern Europe, climate change can have a positive impact on the
yield mainly by extending the growing season [59,60].

Agro-industrial difficulties stem from, first of all, the biological nature of open space
production, which is affected by many factors. Those, in turn, influence the final result,
i.e., the crop the farmer wants to harvest. From the point of view of the analyzed subject,
the nature-climatic factors that should be mentioned include the amount and distribution
of precipitation (including snow cover), temperature distribution, groundwater levels,
types and quality of soil, the topography of the land, and the length of the growing season.
There are also economic factors which include, e.g., the level of agricultural development,
agrarian structure, production intensity, availability of techniques and technologies, and
quality of human capital [61].

Launching a new open-cast mine and lowering of groundwater level leads to a change
in the conditions of production, which also affects the abundance of the yield. Sensitivity
to water deficit is related to the type of crop plants [62] and the potential yield [63,64].
However, as has been indicated by numerous studies on the impact of groundwater levels
on crop yield, it is difficult to estimate the extent of production losses caused by reduced
water availability. Vereecken et al. [65] for instance, state that the impact of soil texture on
groundwater is highly nonlinear, that is why simple texture-yield dependence is difficult
to assess and understand. This is further complicated by the fact that soils with the same
textural parameters can have drastically different structures and therefore water retention
behaviors due to the variability in soil compaction, organic content, or aggregation [61,66].
In other studies, the key role of groundwater during dry periods is pointed out, which, if
available, can account for 50–100% of total water use in the case of many crops [57,67–73].
Since the amount of used water grows in direct proportion to the increase in yield [74],
in the areas of high yield where there has been a substantial reduction in the water table,
crop losses will be significant, especially during the years of lower than average rainfall.
The difficulties in estimating the losses are further complicated by the fact that in different
parts of the same field or at different times during the growing season, depending on local
conditions, differences in yield loss can vary considerably.

Additionally, the shortage of data and the difficulty in measuring and analyzing the
data on groundwater and soil texture makes it necessary to use, for many studies, topo-
graphic features instead, such as the gradient of the slope or the elevation above sea level,
which can cause discrepancies in the obtained results such as permanent fluctuations in
yield within the same field [61,75–77]. Again, in this case, assessing the impact of changing
groundwater levels on the yield is difficult because despite a fairly large number of ground-
water level monitoring instruments located within the area of an open-pit it is possible to
observe the trends only for a specific spot.
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A significant challenge in the process of valuing the external costs of agriculture
associated with open-pit mining is time. This is primarily related to the period of several
decades that is required to design and launch an open-pit mine, the exploitation and the
restoration of water relations.

Designing a large open-cast mining plant is a multifaceted, complicated, and time-
consuming process [78]. In the case of the Tagebau Garzweiler lignite opencast mine in the
Rhineland basin, it took 30 years from the decision to start a preparatory work until the
proverbial “first shovel” hit the ground [35]. The process of de-watering begins with the
construction of an access trench and, depending on its depth and width, it usually starts
several years before the commencement of extraction of the raw material of the deposit.
The main factor that determines the period of mining of deposits is the volume of the
resources to be extracted and the demand for that raw material. Once the process of mining
is complete, the reclamation process begins. In the majority of cases of open-pits, in the
lowest parts of the excavation, water reclamation is most popular and it involves flooding
the area and creating a water reservoir. The remaining area is covered with forests or it
undergoes a process of recreational reclamation. Agricultural reclamation is not performed
by many countries or it is implemented to a small extent because it is expensive. Farming
on the reclaimed land can only be successful if the texture of topsoil is maintained based on
scientific standards [79]. Moreover, the restoration of fully balanced and productive soils is
a rather difficult task that lasts several decades [80]. The reclaimed areas, that represent a
group of urban soils, often differ significantly from naturally formed soils in terms of many
properties: lack of accumulation potential, low content of nutrients, yield instability, which
makes them economically unattractive for farmers for many years [33,81,82]. In Poland,
out of the three lignite basins, land reclamation is performed only in the Konin-Turek
one, what is more, the share of land reclamation towards agriculture is decreasing over
the subsequent years [83,84]. More and more often, industrial parks, and recently also
photovoltaic power stations, are created in reclaimed post-mining areas to mitigate the
social consequences of mining activities [81]. An example here is the activities of ZE PAK
SA (Power Plant Group Pątnów-Adamów-Konin joint-stock company), which, in August
2021, plans to launch a 70 MWp solar farm on the reclaimed area of the Koźmin mine [85].

The process of restoring water conditions in the areas affected by a cone of depression
is long and depends on many factors. Though it is one of the most important components in
groundwater studies, recharge is also one of the least understood, largely because recharge
rates vary widely in space and time, and rates are difficult to directly measure [86,87]. In
the case of Polish lignite open-pit mines, it is estimated that the process of restoring water
conditions will be equal to, and sometimes even longer than, the time it took to drain
the coal bed [88]. This requires estimating the external costs in agriculture over several
dozen or even 100s of years. It is also important to be aware that the full restoration of
water relations in the majority of open pits will never be possible. This is related to water
reclamation of the lowest-lying parts of excavation, where the water table level can be
located several dozen meters below the original ground level, which is typical in the case
of most open pits.

Over such a long period, huge changes take place, not only in the crop yield, which is
the result of technological modifications (i.e., management practices and crop varieties) and
meteorological (mainly precipitation, its structure and temperature, which is particularly
important in drought-prone areas). There are also changes in the amount of agricultural
land and its structure, the structure of sown areas, prices of crop raw materials and means
of production, time value of money, and the volume of livestock production, which may, to
a greater or lesser extent, determine the demand for fodder and the share of crop production
intended for sale.

Launching an open-cast mine and the decrease in the yield caused by the impact of the
mine on water resources leads to a decline in the profits of the farms operating in this area.
Over time, the mine has an increasing impact on the investment capacity of those farms,
which leads to large discrepancies in the level of agricultural development compared
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to the neighboring areas, to gradual resignation from keeping livestock and running
agricultural production. In extreme cases, it can lead to a local collapse of agriculture and
related industries (pre- and post-production). An example here may be the midwestern
regions of the United States, [89] or the intensively irrigated North China Plain [90] and
Syria [91], where agriculture has collapsed over vast areas due to overexploitation of
groundwater resources.

The main reasons for spatial differences in the crop yield are technological changes
(i.e., management practices and variations), meteorological factors (mainly precipitation in
the areas of dry farming), types of soil and the amount of stored groundwater available to
crops, and interactions among all the above-mentioned factors [92,93].

3. Materials and Methods

Calculations of external costs may be carried out at different points in the life cycle of
a mining project. The optimal time is the period when a decision is being made whether to
conduct (or not conduct) the mining of a given deposit as it makes it possible to estimate
the actual cost of the project, not only for the entrepreneur, but also with regard to the
environment, and abandon projects that do not increase the welfare of the whole society.

In order to fulfil Georgescu-Roegen’s principle of absolute totality [36] for the processes
associated with opencast lignite mining, it is necessary to determine the temporal and
spatial extent of the impact of the opencast in three areas: coal extraction, the impact of the
depression funnel created in the coal mining process on agriculture, and the impact on the
rest of nature, including humans. In this study, only the second area will be analyzed.

When calculating the full external cost associated with open-pit mining of raw materials
for agriculture, external costs stemming from the following must be taken into consideration:

• Use of agricultural land for an open pit, an external dump, and the necessary accom-
panying infrastructure, e.g., a power plant, conveyor belts, access roads, etc. (the term
“open pit area” will be also used later in this paper),

• The occurrence of areas with lowered groundwater level (the term “cone of depression
area” will be also used later in the paper),

• Changes in animal populations in the area impacted by the open pit (it will not be
analyzed in this paper).

When calculating the external costs in crop production, one must take into account
the fact that in the case of larger deposits, the exploitation of which lasts from around a
dozen to several dozen years, the exclusion of land from agricultural production is gradual.
For this reason, it is necessary to calculate the average agricultural area excluded from
agricultural production, which can be done using the following formula:

AoAL =
∑n

i=1 Ac1 × S
100 + Ac2 × S

100 + . . . + Acn × S
100

t

where:

AoAL—stands for the average area of agricultural land excluded from agricultural produc-
tion in the area of the open-pit mine (ha AL),
Ac—stands for the surface allocated for the open-pit mine, the external dump, and the
necessary infrastructure, in particular years (ha),
S—stands for the share of agricultural land in the total area of the analyzed territory (%),
t—stands for the period of the impact of the open-pit mine, covering the period from the
first exclusion of agricultural land until the completion of reclamation, or the entire period
of the open-pit mine exerting its impact (years).

If the level of average exclusion of grounds for the open-pit mine is known, the average
area of agricultural land excluded from agricultural production can be calculated from
the formula:

AoAL = Act × EAL ∗
S

100
,
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where

Act—stands for total surface allocated for the open-pit mine, the external dump, and the
necessary infrastructure (ha),
EAL—is an indicator of the average exclusion of area for open-pit mining (%).

The information on the rate at which areas are being taken up by the open-pit mine
is usually provided by the investor, or the indicator for similar open-cast mines can also
be used. In the case of smaller open-pit mines and a shorter mining time, the indicators
will be higher and will oscillate around 80–90%; in the case of larger open-pit mines with
longer mining time, they may reach approx. 60% [34,94].

The external costs for the agriculture located in the area of the open-pit mine, the
external dump, and the necessary infrastructure can be calculated from the formula:

Eco =
n

∑
i=1

AoAL ×
Spi
100
×Yoixt× pi × Pi,

where

Eco—stands for the external cost in the area of the open-pit mine, the external dump, and
the necessary infrastructure ($, €),
Spi—stands for the average share of the i-th crop in the structure of agricultural land (%),
Yoi—stands for the yield of the i-th crop in the area of the open-pit mine (t × ha−1),
pi—stands for the average selling price of the i-th crop ($, € × t−1),
Pi—stands for the profitability of the production of the i-th crop (%). The average prof-
itability of the whole crop production can also be used in the calculations, but in such a
case, it is necessary to use this value for all analyzed crops.

In the case of calculating external costs in the cone of depression area, the first step
should also be to determine the average area of the cone of depression. At the initial
stage, when drainage of the open-pit mine is commenced, the cone of depression develops;
subsequently, together with the movement of the mining front and the storage of the mined
part of the open-pit, the cone of depression moves as well, and after the completion of
the drainage, water relationships, as well as the area of the cone of depression, are slowly
restored. The average area of farmland within the cone of depression area can be calculated
from the following formula:

AdAL =
∑n

i=1 A f1 × S
100 + A f2 × S

100 + . . . + A fn × S
100

t
,

where

AdAL—stands for the average area of agricultural land (UR) within the area of the cone of
depression (ha UR),
Af —stands for the area of the cone of depression in subsequent years.

Due to the fact that it is virtually impossible to realistically determine the area of the
cone of depression in particular years, it is necessary to include the estimates of an average
cone of depression area, which are uncertain.

External costs within the area of the cone of depression can be calculated from the
following formula:

Ec f = ∑n
i=1 AdAL ×

S fi
100
×Y fi × t× pi × Pi ∗

cli
100

,

where

Ecf—stands for the external cost in the area of the cone of depression,
Sfi—stands for the share of the i-th crop in the structure of agricultural land in the area of
the cone of depression (%),
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Yfi—stands for the yield of the i-th crop in the area of the cone of depression, in the period
where the cone of depression does not exert impact (t × ha−1),
Cli—stands for the estimated average loss of yield for i-th crop (%). For crops where it is
not possible to estimate losses, one may use an average weighted level of losses, calculated
from losses incurred in crops for which the parameter is known. The average loss in yield
for the entire crop production can also be used in calculations, but in such a case, it is
recommended that the value be used for all analyzed crops. The amount of lost yield
when calculations are based on the level of yield that does not take into account decreased
yield due to the cone of depression (mainly ex-ante analyses) can be calculated from the
following formula:

Cli = 100− Y f di
Y fi
∗ 100

When calculations are based on the level of yield taking into account lower yields due
to the cone of depression (mainly ex-post analyses), the following formula can be used:

Cli =
Y fi

Y f di
× 100− 100,

where

Yfdi—stands for the yield of the i-th crop in the area of the cone of depression, in the period
where the cone of depression exerts impact.

In the case of crops for which there are no data on yields, marketing prices, and/or
prices of production profitability, one may calculate the value of external costs for crops for
which full data are available, and estimate the external cost for other crops with the use of
the following formula:

Eco = ∑n
i=1 AdAL ×

s fo

100
×V × t× Pi ×

Cli
100

,

where

Eco—stands for the external cost in the area of the cone of depression,
Sfo—stands for the average share of other crops in the structure of agricultural land (%),
V—the average value of crop production sales ($, € × ha−1).

A practical simplification that allows omitting the process of estimating the area of a
depression funnel is to use statistical data available for administrative units, e.g., counties
or regions. In this case, the estimated yield losses will show the average yield loss for the
administrative units concerned, i.e., both the areas most affected by the depression funnel
and the areas with smaller or even no impact. However, care should be taken to ensure
that the proportion of areas not affected by the impact of open pits is as small as possible.
In this case, the AdAL area will cover farmland within these administrative units.

The total Ec external costs constitute the sum of the costs from the area of the open-pit
mine and the cone of depression:

Ec = Eco + Eci

Both in the area of the open-pit mine and in the area of the cone of depression, the
average cultivation area of individual crops can be calculated using the structure of sown
areas in the analyzed territory in the period preceding the analysis. Alternatively, one may
take into account the trends into the structure of sown areas from a longer period of time,
however, it is not certain whether the trends will continue as the structure of sown area
constitutes a response to changes in the profitability of particular crops.

Proper determination of the level of yield is important in the context of cost estimation.
In recent decades, the development of crop cultivation (which is providing increasingly
prolific types of cultivated crops), crop technology, as well as an increase in the level of
mineral fertilization and the development of technological advice, have contributed to a
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significant increase in the level of yields in most regions of the world. However, there are
very large regional differences.

In countries with a high level of yields the possibilities of their further development
are already quite limited, especially in the context of the tendency to limit the use of
mineral fertilizers (especially yield-forming nitrogen fertilizers) and reduce the use of plant
protection products. It particularly pertains to EU countries in which, according to the
latest plans of the European Commission, the use of mineral fertilizers and pesticides is
to be reduced by 2030, and the use of the most dangerous pesticides is to be reduced by
half [95]. It seems reasonable to use the current level of yields in calculations concerning
countries of Western Europe.

However, in countries and regions where yields are poor (especially in comparison
with countries characterized by similar natural and climatic conditions with the highest
average yield), it is reasonable to prepare a yield forecast. To this end, one may use trends in
the level of yielding of the most important crops cultivated in the area of the open-pit mine,
for which the external costs are estimated. If the period of the impact of the open-mine pit
is estimated for, e.g., 60 years, it is reasonable to include in the forecast the increase in yields
from half of the period, that is the changes in yields from the last 30 years. A comparative
analysis based on the method of spatio-temporal analogy of agricultural development can
also be performed by simulating the development of agriculture in the open pit region on
the example of agricultural development in a country with similar natural and climatic
conditions. Considering country “X”, which 30 years earlier was at the level of agricultural
development close to the current level of agricultural development in the open pit area, it
can be assumed that in 30 years, the assessed region will achieve production results similar
to those currently present in country X. The average results from three variants can also be
taken into account: the current yield level, the yield level estimated based on the trends, or
the level based on spatio-temporal analysis [35].

To avoid overestimations and underestimations associated with long-term price fore-
casting, it seems optimal to include current prices in the calculation, using average prices
from the last 3–5 years or from a period corresponding to the length of the price cycle for
a given product, e.g., 4 years, which corresponds to the length of the pork cycle and the
length of the cycle in the grain market [96].

The profitability of agricultural production, which is strongly correlated with purchase
prices, can be estimated similarly. It is also justified to take into account the fixed costs for
the profit generated on farms, as reducing the scale of production will cause a deterioration
in the use of the existing fixed assets, and to adjust it to the reduced scale of production
takes a long time. Taking Polish conditions into account, it is reasonable to assume the
profitability level adjusted for fixed costs at 25% [35].

The last factor, but at the same time the most important one, taken into account when
estimating external costs caused by the cone of depression created during opencast mining,
is the decrease in the crop yield. Since the analysis of the external costs of a given open-cast
mine should be performed before the commencement of the operation, it seems optimal
to conduct an external cost analysis based on the studies conducted for the mines which
are already closed and reclaimed or several dozen years old, where the negative effects of
the cone of depression have already fully developed. In Poland, this criterion is best met
by the Konin-Turek lignite basin, where large-scale mining began in 1955 and is due to be
completed by 2030. As the level of the yield in individual years is characterized by a high
dependence on weather conditions, primarily on rainfall, the amount and distribution of
which may significantly differ between various regions and over individual years, therefore,
to reduce the level of variability of the yield conditioned by weather factors, it is advisable
to adopt averaging, e.g., of 5 years, which was also done for the analyses of this study.

Due to the multitude of interacting factors affecting the decrease in the level of the
yield as a result of the occurrence of the cone of depression, the estimation of the losses
based on the level of the yield obtained only in the area of the impact of open-cast mines is
associated with high uncertainty. Therefore, a comparative analysis of the crops of grain,
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sugar beet, and potatoes in the area of the influence of an open pit and the yields of those
crops obtained in neighboring areas will be conducted. The choice of those particular crops
was dictated by their dominant role in the sown areas. Furthermore, the above-mentioned
crops can be considered indicative in the context of estimating the dependency of the yield
on lowering of groundwater table, as they differ in: root system, soil requirements, and
demand for water during the growing season. The analysis will be conducted in two ways.
First, an analysis of the yield at the voivodship level will be performed (in the analysis
conducted for this work, the administrative division will be used which was in force in
the years 1975–1998, when Poland was divided into 49 voivodships). The time range
for this scenario will be 1956–1997. Because over the years 1956–1974, in Poland, there
was a three-tier administrative division in force (voivodships—regions, poviats—districts,
and gminas—local authorities), it was necessary to calculate the average yield in the area
corresponding to the area of voivodships for the division in the period 1975–1998, based on
the data on individual powiats. To assess the yield of a certain voivodship, poviats were
taken into account, which, in 1975, were part of a given voivodeship; the weighted mean
was calculated. Second, an analysis at the district level will be conducted, however, due
to data availability, it will cover only the years 1960–1973. Despite the short period of the
analysis, it allows determining whether, and to what extent, the decrease in the yield in the
immediate vicinity of the open pit is different from the areas located further away, and it
helps to assess the range of an impact of the open-cast mine.

For the above-mentioned analyses, Statistics Poland data was used, such as Statistical
Yearbook of Voivodships, Statistical Yearbook of the Regions, etc. [97–107]. To determine
the impact of multi-pit lignite mining on the level of the yield, the districts were divided
into 5 groups:

– The first group, “up to 20 km”, includes the districts of Konin and Turek, where brown
lignite open-pit mines are located,

– The second group, 4 districts located at an average distance of 21–40 km away from
the open pits,

– The third group, 6 districts located at an average distance of 41–60 km away from the
open pits,

– The fourth group, 10 districts located at an average distance of 61–80 km away from
the mines,

– The fifth group, 16 districts located at an average distance of 81–100 km away from
the mines.

Łódź is not included in the analyses, and the areas which until 1974 were part of the
administrative Łódź Voivodship are also excluded from the calculations, where, as a result
of the expansion of the city, according to Sinclair’s theory, the extensification of production
could already proceed, which anticipated the urban use of agricultural land [108].

For the analyses at the voivodship level, three groups of regions were created:

– Group I, the district of Konin Voivodship, where lignite open-cast mines are located,
– Group II, the Bydgoszcz and Włocławek Voivodship, which are located closest to

the open-cast mines. In this group, it was also possible to include the district of
Sieradz, however, after 1980, the southern part of it was located within the range of
strong influence of Bełchatów open-cast mine, which could cause discrepancies in the
calculations of the yield level in this group in that period,

– Group III, the remaining 6 voivodships located at an average distance of up to 100 km
away from the nearest open pits, i.e., Leszno, Kalisz, Płock, Poznań, Sieradz, and
Toruń Voivodships.

The time range of the study for which external costs associated with lignite mining in
the Konin-Turek Basin were estimated to cover the years 1960–2060. In order to determine
the current level of external costs that should be included in electricity prices paid by
current consumers, the average level of external costs for generated electricity in the
Konin-Turek Basin for the years 2015–2024 was estimated.
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Kruskal-Wallis one-way analysis of variance by ranks test was used to test the ho-
mogeneity of the distributions of yield change dynamics in the studied regions. This test
was used to verify the hypothesis that the differences between the medians of the study
variable were not significant in several populations.

The hypothesis concerns medians of consecutive populations:
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In assessing yield level differences between starting years (1956–1960) and final years
(1993–1997), analysis of variance (ANOVA, Analysis of variance) was also used to show
statistically significant differences between the means in the three groups identified. In the

analysis of variance, groups of ni elements were compared, yielding a total of n =
k
∑

i=1
ni

independent observations xij for j = 1, 2, . . . ni [109]. The presence of differences between
the means indicated an association between the mean for the tested observation and the
qualitative variable that was the basis for separating the groups (here: distance from the
outcrop). The null hypothesis of equality of all group means µ (1, 2, . . . , i) was tested:

H0: µ1 = µ2 = µ3 = . . . = µk, where
µ (1, 2, . . . , k) denotes the mean of the dependent variable in the k-th group,
towards the alternative hypothesis:
H1: at least two group means differ.

In view of this, the alternative hypothesis was that there was a significant difference
between the compared groups means.

The decision to accept or reject the null hypothesis was based on the Fisher-Snedecor
F test determined as:

F =
intergroup variance
intragroup variance

If the analyzed factor of group separation is significant, then the variation within
each separated group will be small (the intragroup variance will be small). The greater
the difference between the groups (the intergroup variance) and the smaller the difference
between the elements of each group (the intragroup variance), then the value of the F
statistic is large, which argues against the null hypothesis of equality of means in the com-
pared groups, and therefore is the basis for the rejection of H0. The presence of statistically
significant differences in yields was verified using the analysis of variance at the significance
level of α = 0.05 [109].

4. Characteristics of the Konin-Turek Lignite Basin

The Konin-Turek lignite basin is located in the Wielkopolskie Voivodship, approx-
imately 100 km east of Poznań and 200 km west of Warsaw. In Poland, apart from the
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Konin-Turek coal basin, lignite is mined on an industrial scale in three open-pit mines:
Bełchatów and Szczerców located south of Łódź and Turów, situated in the south-western
part of the country near the border with Germany and the Czech Republic. The character-
istic feature of the Konin-Turek basin is the relatively shallow coal seam, located mainly
at the depth of up to 70 m, the low abundance of coal deposits, and their geographical
dispersion over the districts of Konin and Turek (Figures 1 and 2). Only the Drzewce
open-pit mine is located in the neighboring district of Koło. The first open pit of the deposit
in Morzysław was exploited in the period 1941–1953 and 1.04 Mg of lignite was extracted
from it, which was used mainly by the local population and to supply a briquetting plant.
Lignite produced by the open-pit mine in Niesłusz was managed in a similar way. The
exploitation of lignite on an industrial scale started with the opening of the “Konin” power
station in 1958. For the purpose of the power plant, an open-cast mine in Gosławice
was launched, which operated from 1957 to 1974. The lignite was stored in shallow coal
seams (up to 18.7 m), which was associated with a formation of a relatively small cone of
depression. It also involved fairly low external costs incurred by agriculture. It was not
until more open-pit mines were launched that lignite was mined over larger areas and from
greater depths (Table 1), which justifies the need to undertake the research on the external
costs incurred by agriculture in the area affected by the appearance of the outcrops. The
actual depth of operation of dry wells is several meters greater. In the years 1991–2009,
lignite was extracted from as many as 9 open pits.

Figure 1. Location of coal deposits and cones of depression in the district of Konin as of 1996. Source: Map from [113]. Map
legend: 1-lignite open-cast mines and a level of the drainage of coal bed; 2-external waste banks; 3-rivers and water level
gauges of the Institute of Meteorology and Water Management; 4-rainfall and groundwater measuring stations of IMGW;
5-boundaries of the inflow zone of filtered water from lakes; 6-the range of the cone of depression in the Cretaceous-Neogene
aquifer; 7-hydroisohipsa curves (meters above sea level) of the water table of the Cretaceous-Neogene aquifer as of 1996;
8-directions of groundwater runoff; 9-hydrogeological water parting of the catchment area.
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Figure 2. Location of coal deposits and cones of depression in the district of Turek as of 1996. Source:
Map from [113]. Map legend as in Figure 1.

Table 1. Characteristics of lignite open-cast mines in the Konin-Turek Basin.

Coal Seam Extraction Period
(Years)

Production Volume
Until 2019 (Mg)

Remaining to be
Mined (Mg)

Depth of Deposit
(m)

Completion of
Filling in the End
Reservoir (Year)

Deposits of coal in the districts of Konin and Koło

Morzysław 1941–1953 1 - 15 -
Niesłusz 1953–1961 4.1 - 27 -

Gosławice 1958–1973 38.9 - 55 -
Pątnów 1962–2001 129.8 - 70 -

Kazimierz 1965–2011 131 - 70 2024
Jóźwin 1971–2022 146 4.9 58 2055

Lubstów 1982–2009 107 - 158 2026
Drzewce 2005–2023 31.2 4 55 2035

Tomisławice 2010–2030 15.1 26.8 67 2042

Deposits of coal in the district of Turek

Adamów 1964–2020 109 0.8 55 2036
Bogdałów 1975–1991 38 - 50 -

Władysławów 1976–2012 38 - 55 2024
Koźmin 1991–2016 31.8 45 2023

Sources: Based on [88,110–116].
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In total, from 1947 to 2019, approximately 631.1 Mg of lignite was mined from the
deposits located in the districts of Konin and Koło, and approximately 216.8 Mg of lignite
was extracted in the district of Turek. Only 36.5 Mg is left to be mined in the entire Konin-
Turek Basin, in four oh the open-pit mines, three will have their production completed
by 2023. The operation of the extraction required moving a total of over 4.8 billion m3 of
material and occupying 20.8 thousand ha of land. In the years 1945–2017, 5.34 billion m3

of water was pumped out of the deposits located in the districts of Konin and Koło and
4.21 billion m3 of water in the district of Turek, resulting in a waterlogging index of 8.6 m3

water ×Mg−1 and 19.6 m3 water ×Mg−1 of extracted lignite respectively, compared to an
average of 6.8 m3 ×Mg−1 in the entire Polish lignite mining industry. The recent years
of mining are characterized by an increase in the amount of pumped-out water per the
amount of extracted coal. In 2017, for instance, the waterlogging index in the Konin-Turek
Basin was 13.5 m3 ×Mg−1 and 42.3 m3 ×Mg−1 [16].

The amount of water pumped out and the multi-pit mining method in the Konin-
Turek Basin have resulted in the formation of extensive cones of depression, some of which
are combined into a regional cone of depression area. The area of cones of depression is
changing due to the opening of new open-cast mines and the simultaneous completion
of the exploitation of other deposits. As of 1996, in the district of Konin, the range of the
cone of depression was approximately 100 km2 in the Pliocene aquifer (discharge cone) and
approximately 450 km2, the later Tertiary period (Figure 1). In the district of Turek, discharge
cones of depression within the Quaternary period (overburden) layers covered several km2 of
the area around the mines, and the cone of depression area covered approximately 90 km2

in the Neogene formations and nearly 200 km2 in the Cretaceous formations (Figure 2). The
inflows to the drainage systems of individual open pits ranged from approximately 20 to
approximately 80 m3 ×min−1. During the period of maximum drainage, the total amount
of water inflows into the mines in the district of Konin reached 130–150 m3 × min−1, and
in the district of Turek—120–170 m3 ×min−1. The range of the cones of depression created
over the later Tertiary period reached 50–80 m [113]. Meanwhile, before the commencement
of exploitation in the area of Pątnów, the level of the groundwater table lay at a depth of
up to 7.5 m below ground level, from 2 to 4 m below ground level on average. The natural
fluctuations of the level of the water table in the annual cycle ranged from 0.4 m to 3.8 m [117].
Regarding the open-cast mine in the region of Tomisławice, before the mine was launched, the
groundwater table was located mostly at the depth of 0.5−1.5 m, and in the case of only 7%
of the measurement stations, the level of the water table was observed on the depth of over
2.0 m [118]. The above data indicate relatively good water conditions in the period preceding
the exploitation of lignite in the studied coalfield.

The expected period of restoration of water conditions is significantly varied. In the
case of the analyzed open pits, the restoration of water relations is difficult because it is the
region with the lowest precipitation in Poland. Filling in the end reservoirs may take from
approximately 10 years in the case of the mine in Lubstów, up to 25 years for the open-pit
mine in Kazimierz Północ, to approximately 40 years in the case of the Jóźwin IIB open-cast
mine [88,119,120] and it also depends on the possibility of accelerating those processes
through the discharge of water from the drainage of other outcrops and supplying the
reservoirs with water from rivers. The estimates regarding filling in the post-mining
reservoirs differ from the forecasts provided by the management of the open-cast mines
and those included in Table 1. Since the water surface of mining subsidence reservoirs in
post-mining areas is usually located significantly lower than the original ground level, the
full restoration of water conditions within the territory of the open pit will take even longer.
Therefore, it has been assumed that the reconstruction of water relations in the region will
probably not be completed by 2060.

The productivity of lignite depends on its calorific value and the efficiency of the power
units. The net calorific value of lignite mined in Poland in the years 2004–2019, was ap-
proximately 8437 MJ–kg−1 on average [121] within a range of 7400 to 10300 MJ–kg−1 [122].
Lignite-fired power plants are among the oldest power stations in Poland and are mostly
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characterized by low net/gross generation efficiency of 29.2/32.0% for Konin, 30.0/32.9%
for Adamów, 31.0/33.7% for Pątnów, and 41.0/44.0% for Pątnów II [123]. Consequently, in
the period 2015–2019, 1.364 Mg of lignite were consumed per net MWh × 106 [124–126],
which, taking this efficiency into account, allows to produce approximately MWh × 106 of net
electricity from the extracted coal, and the coal planned to be mined, in the Konin-Turek Basin.

5. Results

Agriculture in Poland, until 1990, was functioning within a centrally planned economy.
Despite many attempts to reconstruct agriculture following the Soviet model, Polish
agriculture was dominated by small individual farms. Until the end of the 1960s, it
remained stagnant and without any prospects for development. The restrictions on access
to new machinery, means of production, and fodder were particularly bothersome (the
priority was given to state farms). Strong attachment to land along with the restrictions
on trade associated with agricultural land limited the restructuring of Polish agriculture,
e.g., the average size of a private farm increased from 5.3 ha in 1960 to 6.7 ha in 1990 [96].
Agriculture in Poland was also characterized by low productivity, including a low amount
of yield. The introduction of the market economy accelerated restructuring processes in
agriculture, however, the improvement of productivity of Polish farming and the pace of
concentration processes are still too slow to achieve the level of the development of the
Western European countries [127,128]. The above-mentioned conditions also apply to the
area under examination.

Grain harvest, sugar beet, and potato yield in the analyzed region, in the years
1956–1973, was characterized by a high growth rate, however, it started from a very low
level. In the districts of Konin and Turek, where coal was produced, the average level of
yield in the years 1956–1960 was similar to the yield in the other districts under the study,
however, grain harvest was lower by 5–10%, and in the case of sugar beet and potatoes,
it was higher than in the other groups of the analyzed districts (Table 2). Over the years
1969–1973, the level of crops in the districts of Konin and Turek was less favorable compared
to the other districts. This was due to the lowest growth pace, which was 4.9–8.9 percentage
points lower in the case of grain and more than 10 percentage points lower for potatoes and
sugar beet. The analysis of changes in the level of yield, presented in Figure 3, shows that
the pace of growth of yield in the districts with coal mines was similar to the pace in other
regions until the late 1960s, however, later on, there was a progressive differentiation observed
regarding the growth of yield. This coincides with the period of launching new open-pit mines
in the districts of Konin and Turek, i.e., Pątnów (1962), Adamów (1964), Kazimierz (1965),
and Jóźwin (1971) and the development of cones of depression. It may indicate the growing
negative impact of the developing cones of depression on the level of yield in the districts of
Konin and Turek. No negative impact on the crop yield in the neighboring districts was noted
during this period.

Table 2. The yield of selected crops and the dynamics of yield depending on the distance from the open-pit mines (according
to the data from the analyzed districts).

Group
Average Yield in 1956–1960

Years [t × ha−1]
Average Yield in 1969–1973

Years [t × ha−1] Dynamic [%]

Cereal Potato Sugar Beet Cereal Potato Sugar Beet Cereal Potato Suger Beet

up to 20 km 1.56 13.7 21.9 2.11 17.4 32.1 135.0 127.4 146.5

20–40 km 1.67 13.4 19.4 2.33 18.6 32.9 140.0 138.5 169.6

40–60 km 1.72 13.3 21.8 2.40 18.5 34.4 139.9 139.2 158.1

60–80 km 1.70 12.8 18.0 2.37 17.7 27.4 139.9 139.0 152.5

80–100 km 1.64 12.6 19.9 2.35 18.2 30.2 143.9 144.1 151.4

Sources: Calculations based on [100–106].
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Figure 3. Yield level dynamics of selected crops depending on the distance from the open–cast mines
(according to the data from the analyzed districts): (a) cereal; (b) potato; (c) sugar beet. Source: Based
on [100–106].

The analysis at the voivodship level, due to the longer time period for which the data is
available, allowed us to determine the long-term impact of the open-pit mines located in the
Konin-Turek lignite basin. The average agricultural productivity of grain, potatoes, and sugar
beet in 1956–1960, did not differ significantly among the three analyzed groups of voivodships.
In the case of grain, the analysis of the yield, according to the data from the voivodships, also
indicates an increase in the negative impact of open-pit mines on agricultural output since the
late 1960s, and in the case of potatoes, since the mid-1970s. (Figure 4).
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Figure 4. Yield level dynamics of selected crops depending on the distance from the open-cast mines
(according to the data from the analyzed voivodships): (a) cereal; (b) potato; (c) sugar beet. Source:
Based on [100–106].
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In the case of sugar beet, this applied to a lesser extent, as in the second part of the
analyzed period, for all voivodships, there was a stabilization or even a decline in the yield.
The lower sensitivity of sugar beet to falling levels of groundwater may be due to the fact
that the plant has a deeper root system, which allows taking water from deeper layers of
soil, and the requirement for the vegetable to be cultivated on better quality soils naturally
helps to reduce the sensitivity of sugar beet to changes in the levels of groundwater. This
does not mean that the farmers growing this plant did not experience any losses. As can
be seen from the data in Figure 3, the reduction in sugar beet yields occurred only in the
vicinity of the open-pit mines, where the decrease of the level of the water table was the
greatest, and it was compensated, at the voivodship level, with the highest increase of the
yield in the districts located 20–40 km away from the open-cast mines. Therefore, it can be
assumed that if there were no open-pit mines in the Konin Voivodship, the dynamics of
the agricultural productivity of sugar beet would be higher than in the voivodships from
group III.

In the case of grain and potatoes, however, the disproportions in the level of yield
between particular groups of voivodships increased. Regarding grain, the agricultural
output in the Konin Voivodship, in the years 1956–1961, was lower than in the voivodships
from group III by 2.0%, while in the period 1993–1997 by 20.1%, which indicates a loss
of 18.4% of the yield. When it comes to potatoes, instead of 4.5% higher yields, the level
of agricultural productivity was lower by 7.5%, which means a decrease in the yield by
11.4%. For the voivodships from group II, the yield loss during this period was 7.4% for
grain and 5.2% in the case of potatoes. Taking into account the importance of particular
crops in the structure of arable land, the farmers in the Konin Voivodship lost 16.4% of their
harvest, on average, and in the case of the voivodships from group II—7.0%. Considering
the average of the last 10 five-year periods that are analyzed, the losses amounted to 17.2%
and 7.5%, respectively.

Kruskal-Wallis one-way analysis of variance by ranks test was used to test the homo-
geneity of the distributions of yield change dynamics in the studied regions. This test is
used to verify the hypothesis that the differences between the medians of the study variable
are not significant in several populations.

As a result of the analysis, it is noted that there are no statistically significant differences
in yield changes for sugar beets. The test probability level p = 0.5084 exceeds the critical
value in this case, so there is no basis for rejecting the hypothesis of an equal rate of
change in sugar beet yields. On the other hand, the test probability level p ≤ 0.05 allows
rejecting the input null hypothesis of equality of the dynamics of changes in yields of cereals
(p = 0.0047) and potatoes (p = 0.0005). Thus, distance from the mine had a statistically
significant effect on yield gains in the three regions studied. The multiple comparisons test
indicates that the difference in the rate of increase in cereals and potato yields between
Konin Voivodeship and Voivodeships from group III (the furthest from the outcrop) proved
statistically significant at the 0.05 significance level. The significance of differences in
yield changes between Konin Voivodeship and Voivodeships from group II was slightly
weaker; these results were significant at the 0.08 significance level. The results confirm
previous findings indicating that as the distance of farms from the outcrop increased, the
rate of increase in yields of cereals and potatoes, shallow-rooted crops, was much faster. As
explained earlier, the lack of response of sugar beets to the decrease in water table caused
by the outcrop was due to the biological specificity of this crop, where the deeper root
system allows the use of sub-bottom water resources located even deeper (lowered due to
the loss of water due to the outcrop).

In addition to analyzing the dynamics of change in Table 3, changes in absolute values
of yields of selected crops were presented.
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Table 3. The yield of selected crops and the dynamics of yield depending on the distance from the open-pits mines
(according to the data from the analyzed voivodships).

Group
Average Yield in 1956–1960

Years [t × ha−1]
Average Yield in 1993–1997

Years [t × ha−1] Dynamic [%]

Cereal Potato Suger Beet Cereal Potato Suger Beet Cereal Potato Suger Beet

group I 1.63 13.5 20.13 2.56 17.0 35.7 156.4 126.5 177.5

group II 1.68 13.0 19.48 2.98 17.6 34.1 177.4 135.4 175.1

group III 1.67 12.9 20.28 3.20 18.4 37.6 191.7 142.8 185.5

Sources: Calculations based on [100–106].

The ANOVA analysis of variance indicates that at the adopted level of significance
α = 0.05, there are no grounds to reject the null hypothesis of equality of the mean values
of grain, potato, and sugar beet yields in the compared groups. Nevertheless, it is worth
noting changes in statistical significance when comparing the starting and final periods.
The observed changes in average yield height (Table 3) are reflected in the change in the
probability of significance of the differences: in the first period they were completely
insignificant (cereals p = 0.91; potatoes p = 0.58; sugar beets p = 0.62), and in the last
period the probabilities were 0.52, 0.43 and 0.49, respectively (although still significantly
above the α = 0.05 level) (Table 4). Despite the lack of significance of differences, this
interpretation of the results was proposed because the observed changes are related to
agricultural production. Since agricultural field production determines the livelihood of
a farm, managers make every effort to offset the impact of adverse factors. Nevertheless,
the presented calculations show an outlined trend of yield divergence, to the disadvantage
of the regions closest to the outcrop. Even if they are small, for selected crops they can
determine the profitability of production in general.

Table 4. Results of the analysis of variance test for significance of differences in yields of selected crops in three groups depending
on the distance from the outcrop (according to data from voivodeships) at the beginning and end of the analysis period.

Cultivation Time Period Test Results

Cereals

1956–1960

Analysis of variance F = 0.0962 p = 0.9096
Levene’s test for homogeneity of variance F = 0.5161 p = 0.6212

Least significant differences test {1}↔{2}
p = 0.6763

{1}↔{3}
p = 0.7570

{2}↔{3}
p = 0.8262

1993–1997

Analysis of variance F = 0.7265 p = 0.5217
Levene’s test for homogeneity of variance F = 2.1508 p = 0.1976

Least significant differences test {1}↔{2}
p = 0.5278

{1}↔{3}
p = 0.2892

{2}↔{3}
p = 0.6133

Potatoes

1956–1960

Analysis of variance F = 1.4104 p = 0.3147
Levene’s test for homogeneity of variance F = 0.6015 p = 0.5780

Least significant differences test {1}↔{2}
p = 0.3755

{1}↔{3}
p = 0.1549

{2}↔{3}
p = 0.5005

1993–1997

Analysis of variance F = 0.9901 p = 0.4250
Levene’s test for homogeneity of variance F = 3.6032 p = 0.0938

Least significant differences test {1}↔{2}
p = 0.6946

{1}↔{3}
p = 0.2785

{2}↔{3}
p = 0.3745

Sugar Beets

1956–1960

Analysis of variance F = 0.5185 p = 0.6199
Levene’s test for homogeneity of variance F = 0.5371 p = 0.6101

Least significant differences test {1}↔{2}
p = 0.6732

{1}↔{3}
p = 0.7997

{2}↔{3}
p = 0.3490

1993–1997

Analysis of variance F = 0.8080 p = 0.4889
Levene’s test for homogeneity of variance F = 3.3950 p = 0.1032

Least significant differences test {1}↔{2}
p = 0.6574

{1}↔{3}
p = 0.6880

{2}↔{3}
p = 0.2554

{1}—group I; {2}—group II; {3}—group III.
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Due to the long period of the impact of external costs on agriculture associated with the
operation of open-pit mines in the Konin-Turek Basin, estimated until 2060, three reference
periods were adopted to calculate the costs: first—for the years 1961–1987, taking into
account the level of yield loss compared to the average figure from the period 1956–1960,
second—for the years 1988–2033, assuming the average level of yield loss from 10 five-year
periods, and third—for the years 2034–2060, considering the level of yield reduction as
assumed for the first period, but in the reverse order. With such assumptions, in the whole
analyzed period of 100 years, the decline of the yield in the Konin Voivodship amounted to
11.7%, and in the voivodships from group II—4.7%.

Three variants of yield level were adopted. First, the average yield from the years
2015–2019 was assumed for the whole period of the impact of the open-pit mine in Konin
district, i.e., until 2060. Second, until 2019, the actual yield was assumed for each group of
voivodships, and after 2019, the yield level was adjusted by the average annual increase
in productivity from the period 1999 to 2019. For the third variant, the actual yield was
also assumed until 2019, while for the following years it was assumed that in 2050 the level
of the yield in the areas of voivodships from group III will reach the level of the output
achieved by Germany in 2015.

Calculating the external costs of crop production resulting from the seizure of 20.8 thou-
sand ha of land, the share of arable land was assumed to correspond to the share of arable
land in the district of Konin, and a share of 60% of land excluded from agricultural produc-
tion during the whole period of the operation of open-cast mines and after reclamation.
The average share of arable land in the total area of the Konin Voivodship, in the entire
analyzed period, was estimated at 68.9%.

The total of external costs for the entire period of the research, assuming that the
decrease in the yield in the area affected by the operation of opencast mines is entirely the
result of the cones of depression, was estimated at €5.6 billion, which, with an estimated
electricity production of 648.4 TWh, equals to €8.66 per kWh (Table 5), which accounted for
16.1% of the price on the Polish market of SPOT TGE S.A. in 2019 [129].

Table 5. External costs related to the exploitation of lignite in the Konin-Turek Basin, in the period
1961–2060 (€ million).

Specification Variant I Variant II Variant III Average € ×MWh−1

Yield decline caused by the operation of open-cast lignite mines

Open-pit mining area 19 17 17 18 0.03

Group I 3094 2752 2815 2887 4.45

Group II 2863 2603 2657 2708 4.18

Total 5976 5372 5489 5612 8.66
Source: own calculations.

6. Discussion

In Polish literature, there is no analysis of the influence of open-cast mining on
agriculture. In the ongoing discussion, the most popular subject is the impact of open-pit
mining on the level of soil moisture. Most of the authors [130–136] claim that there is
no negative impact of cones of depression on the upper layers of the terrain and they
concentrate on the negative effects of the cones on deeper layers. However, a significant
decline in levels of groundwater is noticed [137]. Among the few researchers who suggest
the negative impact of cones of depression on the content of moisture of farmland are
Chodak et al. [138,139] and Wlodek et al. [140], however, they do not indicate the level of
losses that farmers should consider.

The conducted analysis presents a huge influence of multi-pit lignite mining in the
Konin-Turek Basin. The long period of exploitation and the related deficits of underground
water resources led to a systematic increase in losses resulting from a slower pace of
growth of agricultural productivity compared to the areas located further away from the



Energies 2021, 14, 1917 22 of 29

open-pit mines. This undoubtedly contributed to a significant weakening of the economic
strength of agriculture in the areas of cones of depression, which indirectly, through
reduced investment and intensity of production, caused an increase in losses of the yield
and insufficient use of the already limited productive capacity of soils. The loss of 16.4% of
crops in the perspective of 10 years in the entire Konin Voivodship should be considered as
significant, especially in the economic context, because regardless of the level of agricultural
output farmers are forced to perform all cultivation and care treatments, bear the full costs
of crop protection and seeds and the majority of the costs of fertilizers. Consequently, any
loss of yield means a reduction in profit. It should also be assumed (in the context of the
research at the district level) that in the regions located closer to open-pit mines the level
of the loss of the yield will be even greater. This was confirmed by a survey conducted
among farmers living in the area where open-cast mines were planned to be launched,
whose farmlands were located approximately 20 km away from the spot. They expected a
40% decline in their yield [35].

The level of future yield and losses in agriculture will be determined by the level of
agricultural development, production intensity, and the technologies that are used. High
levels of local agricultural development, adequate know-how, capital, and the ability to
adapt technology to changing conditions can minimize the losses caused by the appearance
of a cone of depression.

The reason for the decline in agricultural productivity was the lowering level of the
water table in large areas surrounding the open pit, which increased the dependence of the
crops on rainfall during the growing season. With relatively favorable weather conditions,
the effects of lowering the water table as a result of the appearance of a cone of depression
are insignificant, however, in the period of deficiency in rainfall, the importance of the possi-
bility to be able to use groundwater increases. The great decline in grain production with a
limited impact of a cone of depression on sugar beet indicates that shallow-rooted crops are
particularly vulnerable to drainage caused by open-pit mining. They are subject to greater
damage during the years with a low amount of rainfall. Assessing the impact of drought
on agricultural production is particularly difficult, despite the fact that there has been some
research performed that allowed us to estimate the effect of the dry season on the soil at
a regional scale [63]. A study conducted in the Czech Republic, on the effects of drought
on crop yields, has shown that in the case of severe drought, the crop, depending on the
species, decreases by 0.8–1.5 t × ha−1 (with average yield in recent years at approximately
5.8 t × ha−1), potato yield declined by approximately 3.0 t × ha−1 (with average yield in
recent years at approximately 28.0 t × ha−1), and rapeseed yield declined by 0.55 t × ha−1

(with average yield over the recent years at approximately 3.3 t × ha−1). According to the
studies, sweetcorn is characterized by relatively high tolerance to drought [141].

The optimal level of groundwater to obtain the highest yield is 0.7–1.6 m, and it is
1.5–2.5 m in the case of corn [57,142,143]. Therefore, it can be assumed that to achieve high
agricultural output, the level of groundwater should be 1–3 m [61,72,144]. In turn, the level
of groundwater below 4.0 m leads to a collapse of agricultural productivity. For example,
according to the studies conducted on the Inland Pampas, during two growing seasons
(2006/2007 and 2007/2008), the areas within these optimum bands had yields that were
3.7, 3.0, and 1.8 times larger than those where the water table was below 4 m for wheat,
maize, and soybean, respectively [143]. According to research in the Hungarian Plain, the
decline in groundwater level led to a stagnation in wheat and sweetcorn yield. In the case
of sweetcorn, the yield loss was estimated at an average 0.65 t × ha−1, indicating that a
1.0 m drop in the level of groundwater, under the conditions recorded between 1986 and
2010, would result in a 2.33 t × ha−1 decline in corn yield in this region [57]. The level of
the yield loss, according to the above-mentioned studies, is therefore similar to the losses
resulting from the occurrence of cones of depression in the Konin-Turek lignite basin.

The estimated external costs of €5.6 billion, resulting in €8.66 per MWh of produced
electricity must be considered as significant from an economic point of view. Current
consumers of electricity generated from 2015 to 2024 from lignite from the Konin-Turek
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Basin should pay even more, €14.29. Despite the numerous uncertainties regarding the
impact of cones of depression on the level of yield, the conducted research proved a huge
level of external costs involved, which should not be completely ignored. There is also a lot
of discrepancies in the studies on external costs in the case of power generation, e.g., the
costs related to health damage and internalization of emission costs [28]. If the estimated
external costs were to be included in the costs of electricity production, e.g., a necessity
to cover the estimated losses for farmers, the profitability of electricity production from
lignite would significantly change and, consequently, its attractiveness would decrease
compared to other renewable and non-renewable energy sources. The performed analysis
concerned the open-pit mine terminating its operation, therefore, the research covered a
period when the level of yield was much lower than it is presently. In the case of analyses
of external costs for open-pit mines which are planned to be launched, and in the regions
with a higher level of agricultural development, even greater losses should be expected.

The production of electricity from fossil fuels, including lignite, and its impact on
the environment have also been the subject of many studies. The issue of environmental
pollution caused by dust and gases from their combustion was addressed most often. The
estimations of external costs differ significantly due to the variety of analyzed factors, vari-
ous research methodologies, availability of data, the efficiency of power plants, combustion
technology, etc. (Table 6). For example, in the case of Thailand, only the impact of the
emission of PM10 and NOx in sparsely-populated areas was analyzed, while the study
conducted by Macy et al. included sulfur dioxide, nitrogen oxides, dust particles, carbon
monoxide and dioxide, volatile organic compounds, polycyclic aromatic hydrocarbons,
and the difference in the level of external costs was approximately 10 times higher. In the
case of Bosnia and Herzegovina, lignite with different calorific values and sulfur content
was analyzed.

Table 6. External costs of air pollution caused by lignite combustion € ×MWh−1.

Study Georgakellos
[145]

Sakulniyomporn
[42]

Büke, Köne
[146]

Dimitrijević
[147]

Coester
[39] Máca [32] Wang

[31]
Taranto

[148]

Country Greece Thailand Turkey Bosnia and
Herzegovina Germany

Czech,
Hungary,
Poland

China Turkey

Year of analysis 2003–2004 2006–2008 2007 2008 1995–2003 2010 2015 2018
Health impacts No Yes Yes No Yes Yes Yes No
External costs 43.9 6.8 1.8–35.2 2.7–19.2 11.1 58.1–77.5 63.8 36.3

Source: own calculations.

One of the few works analyzing external costs at the stage of lignite extraction as-
sociated with the emission of suspended particulate matter during the mining process
estimated external costs at 5.0 € ×MWh−1 [149]. The external costs estimated in this study,
on the effects of open-cast lignite mining on agricultural plant production, are similar. To
determine the full amount of external costs borne by agriculture, it is still necessary to
perform analyses for livestock production, which, due to its dependence on feed produced
on the farmland where the animals are kept (especially the large dependence in the case of
cattle and sheep), is also subject to restrictions related to cones of depression.

Conducting full research on external costs is particularly important in the context
of the Energy Policy of Poland until 2040 [150], approved in January 2021, which leaves
it to the discretion of potential investors to launch two more lignite open-pit mines in
Złoczew and Ościsłowo, the coal seams of which, according to this document, are not to
be extracted. The prices of CO2 emission allowances, environmental conditions, and the
development of new technologies are to play a key role in the management of the terrain.
However, in the published strategy, as well as in other government documents, there is no
mention of external costs, which should support the decision-making processes regarding
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the profitability of coal extraction and its combustion. To determine the total amount of
external costs, it is necessary to assess the following:

– External costs associated with the emission of dust in combustion processes and the
impact on human health and global warming,

– External costs associated with the emission of suspended particulates as a result of
mining processes,

– External costs for agriculture (both crop and animal production), for agri-food industry
and forestry, related to the drainage of open pits.

The inclusion of these external costs as essential factors in rational decision-making
with regard to investments will surely contribute to abandoning the mining of other
deposits in Poland and will contribute to faster improvement of air quality.
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96. Pepliński, B. Determinants of Regional Changes in the Pig Production Sector in Poland; Poznań University of Life Sciences: Poznan,
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127. Sadowski, A.; Czubak, W.; Poczta, W.; Rowiński, J. Area and economic structures of Polish agriculture and other EU countries. In
The Structure of Polish Agriculture Compared to the European Union; Poczta, W., Rowiński, J., Eds.; CeDeWu: Warsaw, Poland, 2019;
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