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experimental values at the level of 20%.

Abstract

The article highlights the results of research into the process of dehydration of amber-containing mining mass using a vibroclassifier.
Features of the technological scheme of amber extraction are described, as it relates to water supply points. The state of equilibrium of
the liquid in the cell of the vibroclassifier under different conditions of sieve wettability was studied: a liquid that does not wet the sieve
fibers; liquid that wets the fibers of the sieve; a thin film of liquid that wets the sieve fibers.

As a result of the research, it was established that in the case when the liquid does not wet the fibers of the sieve, the height of the layer
of liquid that is maximally retained in the cell is at least 3 times greater than in the case of the liquid that wets the fibers of the sieve.
The reliability of the obtained results is confirmed by the use of proven research methods and a relative error between calculated and

Keywords: amber, vibroclassifier, sieve cell, dehydration

Introduction

The technology and equipment offered by us for the
extraction of amber from the mining mass is carried out, to
a large extent, to implement the requirements for increasing
the extraction of amber due to the processing of off-balance
reserves in man-made deposits and improving the ecological
situation of the environment [1]. This technology of amber
extraction has a number of advantages over the existing ones
(hydraulic and well technologies), but for a full assessment of
its economic efficiency, it is necessary to determine a number
of influential factors that were considered in other works [2-
5]. The paper [2] considered the technology of classification
and calculation of the water-sludge scheme. With the use of
computer modeling, a program for calculating the water-slud-
ge operation scheme of the vibroclassifier was developed. It
allows you to determine the indicators of the classification
products under different modes of operation. According to
this technology, the raw feed is mixed with water in a mixer
and submitted for classification in a vibroclassifier of complex
action, the discharge of which is sent to dewatering classifi-
cation on a vibrating screen. The sands of the vibroclassifier
and the over-sieve product of the vibroscreen are removed as
waste. After screening, the sieved product is returned to the
feeder of the vibroclassifier in the form of a circulating load.

Amber extraction technology has two main features. The
first refers to the points of introduction of additional (fresh)

water and the saving of total water consumption, and the se-
cond - to the volume of the circulating load.

The technological scheme uses two fresh water supply points.

First, in the mixer, where it is mixed with the mining mass,
since it is not possible to introduce dry feed into the classifier.

Secondly, water is introduced directly into the bath of the
classifier. At this point, the supply of fresh water is necessary,
since it is the main factor that allows you to adjust the density
of the pulp in the bath, the volume of the drain, the speed of
the upward flow and the amount of circulating load.

The circulating load is the sublattice product of the dewate-
ring screen. The magnitude of this load (further - circulation)
can theoretically reach 100% of the power supply or more. Ho-
wever, in practice, it cannot be kept within high limits for two
reasons: the first reason is that with high circulation, the density
of the suspension in the classifier bath will decrease; the second
— the volume of the downpour will increase and, accordingly, the
speed of the upward flow. Due to this, larger fractions of the rock
will be carried out in the drain and their number will increase.
This is a negative factor — instead of removing the empty rock
from the process, we organize its circulation in the scheme.

Note that the rational range of pulp density in the bath
is 1400-1600 g/l. The calculation of technology parameters
is performed for the upper limit of density, that is, for "hard"
conditions, based on the need to reduce water consumption to
ensure the amber extraction process.
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Fig. 1. Calculation diagram of the equilibrium of the liquid layer that does not wet the mesh fibers

Rys. 1. Schemat obliczeniowy réwnowagi warstwy cieczy, ktéra nie zwilza widkien siatki

The study of the process of dehydration during the clas-
sification of the mining mass allows to evaluate the efficiency
of the equipment in the extraction and processing of amber.

Study of liquid equilibrium in vibroclassifier cell

Various mineral processing technologies involve classifi-
cation of the rock mass in the form of pulp and subsequent
dehydration of the classification products on sieving surfaces
in the form of nets. For this purpose, both stationary devices
and a number of modifications of vibrating screens have been
created and continue to be improved. At the same time, one
of the most important engineering tasks is to increase the ef-
ficiency of classification and dewatering on sieving surfaces.
The greatest difficulty is caused by the screening of the rock
mass with a grain size in the range from 5.0 mm to 50 mi-
crons. This is due to the formation of a film of liquid in the
cells of the sieve, which makes it difficult to screen the pulp,
which significantly reduces the efficiency of the process. The
practice of using various sieving surfaces during pulp classifi-
cation indicates the need for intensive dynamic excitation of
this surface.

Therefore, it is relevant to determine the dependence of
the efficiency of dehydration in the classification of mining
mass on the specified factors.

The study of the equilibrium of liquids with free surfaces
has long attracted the attention of researchers and forms a se-
parate section of hydromechanics, which considers the forms
of equilibrium ofliquid in capillaries, the forms of equilibrium
of drops on surfaces, capillary surfaces without gravity, con-
tact angles of the liquid with the walls of the container. Equili-
brium changes in the capillary fluid are the subject of research
by various authors. In it, mathematical models of equilibrium
figures are built, and the stability of various changes is de-
termined. In some fundamental works, a wide range of tasks
related to weightlessness and the hydromechanics of a liquid
rotating under weak gravity is considered. In the studies pre-
sented in this article, the problems related to the equilibrium
of a liquid with known capillary properties are considered.
These studies were conducted under the supervision of Doc-
tor of Technical Engineering, Prof. V.P. Nadutiy (Institute
of Geotechnical Mechanics named by N. Poljakov, Dnipro,
Ukraine) jointly with scientists of the National University of
Water and Environmental Engineering (Rivne, Ukraine) both
in laboratories and in field conditions at facilities in the Rivne
region (Ukraine). Without going into the nature of capillarity
and using known provisions, we consider the equilibrium lay-
ers of liquid in a cell formed by a fiber that can be wetted or

not wetted by a stationary liquid. The hydrostatics equation is
the basis for the performance of the tasks on the equilibrium
of immobile capillary liquids

dp/dx=+pg (1)

where x is the coordinate, m;

p - liquid density, kg/m?;

g - acceleration of the free fall of the body, m/s%
p - pressure, Pa.

Condition on the surface of phase separation

h" hl
(1+n2)*2 + rd+(n?2)2 @)

Ph_Paz_U[

where r is the radius, m;

p, - atmospheric pressure, Pa;

p, — pressure on the free surface of the liquid, Pa;
o - coefficient of surface tension, N/m;

h - the coordinate x surface points, m.

A liquid that does not wet the fibers of the sieve. In the
case when the liquid does not wet the material from which the
mesh is made (Fig. 1), after integrating equation (1) from the
lower surface h to the upper surface H, which is also under
atmospheric pressure, and taking into account the direction
of the x axis and the acceleration of free fall g, the equation of
statics of the liquid layer in the sieve cell has the form

n'/ + h'
A+@N2z @+

+&(h-H)=0 3)

where a dash and two dashes denote the first and second de-
rivatives of r, respectively.

After transformations of expression (3), the equilibrium
equation in the sieve cell is obtained

_ _ Ry 6
h=H =G olen) ©

where n=r/R; B:h/RS; ﬁ:H/RS; - dimensionless quantities;
R - radius of the mesh fiber, m;

R, - the radius of the circle along which the liquid contacts
the surface of the fiber, m;

R, - the sum of the radii of the mesh fiber and the cell open-
ing, m;

ho - height of the surface at the point n = 0, m;

hR - height of the surface at the pointn = 1, m;
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Fig. 2. Curves characterizing the shape of the lower free boundary of the liquid layers, which does not wet the mesh fibers: 1 - H=0.042 m;
2 - H=0.138 m; 3 - H=0.243 m; 4 - H=0.348 m; 5 - H=0.391 m

Rys. 2. Krzywe charakteryzujace ksztalt dolnej swobodnej granicy warstw cieczy, ktéra nie zwilza widkien siatki: 1 - H=0.042 m; 2 - H=0.138 m;
3 - H=0.243 m; 4 - H=0.348 m; 5 - H=0.391 m
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Fig. 3. Calculation diagram of the equilibrium of the liquid layer that wets the fiber in the grid cell

Rys. 3. Schemat obliczeniowy réwnowagi warstwy cieczy zwilzajacej wlokno w komorce siatki

0=tgy (y is the angle between the liquid tangent to the surface
at the point of engagement and the straight line parallel to the
abscissa axis);

Jo— Bessel function of the first kind of zero order;

k=Bo'2, Bo=pgRh’/0 - Bond number;

a - wetting angle;

B - the angle between the tangent to the fiber surface at the
point of liquid engagement and the abscissa axis,

y=p-a.

To determine the numerical values, it is necessary to set hR,
then calculate R, tg and 0, after which H is determined. By
performing such calculations, you can make sure that for some
values /i <h; <1 H<0. Such a solution cannot exist physically,
solutions of this problem begin at H>1. If 0<H<1, we will get
a problem about a drop "sitting" on a sieve cell. It requires a
slightly different mathematical formulation and falls out of the
class of tasks under consideration. Thus, the analytical appro-
ach determines what situations may arise during the numerical
solution of this problem. In fig. 2. the results of the calculations
are given in the form of curves characterizing the shape of the
lower free boundary. Calculations were made for the following
conditions: Rc=50-10‘6 m, RS=75-10‘6 m, tga=1, 0=0.072 N/m.
The curves given in the figure correspond to different values of
the height of the liquid layer H above the cell.

From fig. 2, it follows that with a decrease in ho, the liquid
layer retained by the grid cell increases, or more precisely,
with an increase in the liquid layer above the cell, the liquid
sinks deeper into the center of the cell, which is quite natural,
but this becomes a limit at larger positive values of 6. With
a further decrease in ho, the solution ceases to exist, which
means the loss of the static equilibrium state.

A liquid that wets the sieve fibers. For the liquid that wets
the mesh fibers, the calculation scheme for determining the
equilibrium of the layer has a slightly different form (Fig. 3).
For ease of solution, the x-axis is pointing up, but in the same
direction as g (the figure is upside down).

Integrating expression (1) within the appropriate limits,
the following equation is obtained in a dimensionless form

it n'
T
[14—(” Ry, Rs) ] n[1+(h Rh/RS) ]

It differs from the equation of the already considered case

1/2+BO(h+H)=O (5)

only by a plus sign before the value H (for physically correct
solutions, H must be greater than zero). Using an analytical
solution that will look like this

Rp0

h=-g——fuf_
KRg]; ()

Jo(kn) (6)
determine the values of h, at which the solution of the prob-
lem exists. For this case, solutions exist for tga<0<0.

In fig. 4 shows the curves of the lower limit of the liquid
characterizing the equilibrium of the layers. The given curves
correspond to different values of the height of the liquid layer
above cell H. The calculations were performed for the same
values of R, R, and a as in the previous case. From fig. 4, it
follows that with a decrease in h, the height of the H layer in-
creases, or more precisely, with an increase in the liquid layer,
the lower limit lowers, however, there is also a limitation due
to the fact that the liquid reaches the radius R..

Curve 3 in fig. 4 approaches this limiting value. A circle of
radius R separates liquids that are in equilibrium in neighbo-
ring cells. Upon contact, the equilibrium structure is distur-
bed and a film is formed that connects the cells of the sieve.
This is a condition for the loss of stability of the structure un-
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Fig. 4. Curves characterizing the shape of the lower free boundary of the liquid layers that wets the sieve fibers
1-H=0.031m,2-H=0.077m,3-H=0.109 m
Rys. 4. Krzywe charakteryzujace ksztalt dolnej swobodnej granicy warstw cieczy zwilzajacej widkna sita
1-H=0.031m,2-H=0.077m,3-H=0.109 m
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Fig. 5. Calculation diagram of the equilibrium in the cell of a thin film of liquid that wets the sieve fibers

Rys. 5. Schemat obliczeniowy réwnowagi w komorce cienkiej warstwy cieczy zwilzajacej widkna sita

der consideration: the task undergoes qualitative changes in
its formulation. Another case is possible when the value of
H<I1 is the presence of a thin film covering the cell.

A thin film of liquid that wets the fibers of the sieve. In
fig. 5 schematically shows the specified case, which may be of
practical interest, and fits into the formulated class of tasks.
For ease of resolution, the x-axis in the upper and lower parts
of the figure are directed in different directions (the lower part
is viewed upside down). When integrating equation (1) over
x, the equilibrium equation for the upper and lower surfaces
is obtained in a dimensionless form

" /
nfl n

o+ W Boy(hy + Hy) = 0
] 7, o\ 7, )
1+( w /Rs) n 1+( w /Rs>
/! /
2 B+ Boy(hy — Hy) = 0
(8)

— +
; 2172 ; 2
[1+(hNRhN/RS) } n 1+(hNRhN/RS)

where the index W refers to the upper surface, and N - to the

lower and H ,=H =H=(p,-p)/(pgR,)
p, ~ pressure at point x = 0, Pa.

When B =0, equations (7) and (8) become the same. This
suggests that in weightlessness the boundaries of the surfaces
are symmetrical. Discarding the quadratic terms in the deno-
minators, the solution, using Bessel functions, will be written as

Rnn 6y

= _[ 4 —Rowbw =H-——""-
hy = —H + Jolewn), by =H -0

kwRs]y (kw)

Jo(exn) 9)

Excluding H from these equations and assuming n=1, the
relationship between the points of engagement of the lower
and upper boundaries of the liquid with the fiber is obtained

Rnww

i _ _ Ranby
KWRS]’1(KW)] O(Kw) Jo(ren)

reyRs 1 (icy)

hwr + hyr = (10)

In this equation, it is necessary to set the value of hNR, then
to calculate hWR by selection, and to calculate the shape of the
upper and lower boundaries of the film according to equ-
ations (9). After calculating the Bond number for the para-
meters of interest, it was determined that its maximum value
is B,=0.000766 at R, =R_. In this regard, the lower and upper
boundaries of the film are similar in shape. Calculations show
that the values of the corresponding points of the calculated
lower and upper surfaces differ from each other in the third
order. In fig. 6 shows the curves of the surfaces of films with
different volumes. It is calculated using analytical solutions
(9), according to the following formula:

h h
Vp = n'{(hRW + hgy)(RZ + R3) — RcR? [arcsin (%) + arcsin (%)] -
s s

1 1

—RcRs |h 1—"’2‘—W /2+h 1—’1’2‘;” k — L hgy + ) L+

cfs | NpRw RZ RN RZ 3 Rw RN.
S 'S

O 1_Kw]'0('€w) o3 O
2 277, Gw) Wiz

renJo(ren) }

+2m{ R} -
{ " PACH

(1mn

In fig. 6 shows the curves corresponding to some values of
the volume of the liquid in the sieve cell.

Analyzing the data shown in fig. 6, it can be concluded that
thinner films are characterized by concave surfaces (curves 1,
2). Surface 3 is almost straight, and curve 4 is convex, which
characterizes the shape of the upper surfaces of liquid films.

Conclusion

As a result of the research, the equilibrium conditions of
the liquid in the sieve cell of the vibroclassifier for fine-gra-
ined classification and dehydration were determined depen-

10
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Fig. 6. Curves characterizing the shape of the upper surfaces of the films of the liquid that wets the mesh fibers: 1 - V=0.458-10""m’;

2 -V=0.103-10-9m% 3 - V=0.193-10"m? 4 - V=0.407-10"m’

Rys. 6. Krzywe charakteryzujace ksztalt gérnych powierzchni warstw cieczy zwilzajacej wiokna siatki: 1 - V=0.458-10""m?;

2 -V=0.103-10-9m% 3 - V=0.193-10"m? 4 - V=0.407-10"m’

ding on the wetting conditions and the height of the liquid
layer: in the case when the liquid does not wet the fibers of the
sieve, the height of the liquid layer that is maximally retained
in the cell is not less than 3 times the height of the layer held
by the liquid wetting the sieve fibers.

ve error not exceeding 20%.

The reliability and validity of scientific results are confir-
med by the use of proven research methods, satisfactory co-
nvergence of calculated and experimental values with a relati-
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Badanie procesu odwadniania mas wydobywczych zawierajgcych bursztyn

W artykule przedstawiono wyniki bada# procesu odwadniania masy wydobywczej zawierajgcej bursztyn, za pomocg wibroklasyfi-
katora. Opisano cechy schematu technologicznego wydobywania bursztynu w odniesieniu do punktéw zaopatrzenia w wode. Badano
stan réwnowagi cieczy w komorze wibroklasyfikatora w roznych warunkach zwilzalnosci sita: ciecz niezwilzajgca widkien sita; plyn
zwilzajgcy widkna sita; cienka warstwa cieczy zwilzajgcej widkna sita.
W wyniku przeprowadzonych badan ustalono, ze w przypadku gdy ciecz nie zwilza wiékien sita, wysokos¢ maksymalnie zatrzymanej
w komorce warstwy cieczy jest co najmniej 3 razy wigksza niz w przypadku cieczy zwilzajgcej widkna sita. Wiarygodnos¢ uzyskanych
wynikow potwierdza zastosowanie sprawdzonych metod badawczych oraz wzgledny blgd pomiedzy wartosciami obliczonymi a do-
Swiadczalnymi na poziomie 20%.

Stowa kluczowe: bursztyn, wibroklasyfikator, komora sitowa, odwadnianie
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is proposed.

Abstract
Modern business conditions increasingly clearly demonstrate the dynamism of the surrounding world. Such changes in economic,
technological, social and economic factors must be taken into account when planning and designing mining operations. In this
article, it is proposed to consider the mining region as an anthropotechnical complex from the standpoint of a systemic approach.
Management strategy of an open-pit group was developed and nomograms for practical use are given on its basis. Based on this
decomposition approach, an adaptation mechanism is proposed. Its principle is that a set of adaptation tools is adopted for each
rank of the anthropotechnical complex. The experience of using these tools in the conditions of the Kryvyi Rih mining region is given,
in particular, the use of worked out space for the placement of overburden from other open-pits, the joint placement of enrichment
tailings and waste rocks, etc. An approach to distinguishing stages and indicators of adaptation according to the proposed mechanism

Keywords: open-pit mining, adaptation mechanism, anthropotechnical complex, adaptation tools, dynamic environment

INTRODUCTION

The dynamics of fluctuations in demand and prices for
products of mining enterprises is characterized by high vo-
latility. At the same time, significant inertia is inherent in the
dynamics of fluctuations in the volume of consumption of mi-
neral products, but almost never the graphs of the curves of
these dependent indicators are consistent over time.

In economic theory, many thorough studies have been
carried out, which particularly interested us, regarding pri-
ce forecasting by distinguishing cycles of different durations:
over a century, over several decades, normal economic cycles,
small cycles, specific fluctuations within certain branches of
the economy (for example, mining production), etc. Cycles of
different durations were named after the names of their rese-
archers: cycles with a duration of 45-60 years (long or large)
are Kondratiev cycles; 15-20 are Kuznets cycles; 7-12 (ave-
rage cycles) are Juglyar cycles; 3-4 years (short or small) are
Kitchin cycles [1-2].

The graphs of the dynamics of the price of iron ore from
1980 to 2022 (Figure 1) [3] and world steel production (Figu-
re 2) [4] can serve as confirmation of the above. The second
graph is characterized by a constant growth for almost its en-
tire history, while the price at Figure 1 fell by more than 60%.

A number of scientific studies were conducted for con-
ditions of unpredictable price and demand for products of
mining enterprises [5-7].

These studies fully explained the effect of the pricing me-
chanism, established the main interdependencies of cause and
effect factors and clearly proved their corresponding regula-
rities. But, at the same time, existing theories do not always

allow comprehensively specifying the parameters of a particu-
lar manufacturing system, predicting its development, and re-
liably explaining some inconsistencies that experts constantly
encounter, especially in mining [8-10].

This clearly leads to the conclusion about the presence of
non-market factors in price formation, which makes it even
more difficult to forecast the price of mineral products, witho-
ut which it becomes impossible to effectively manage the mi-
ning complex, which, in fact, determined the direction of the
research described below.

The essence of the considered problem is determined
by the fact that large mining enterprises are extremely inert
manufacturing systems, mostly unable to adequately and
promptly change their productivity in accordance with the
dynamics of real conjunctural evolutions of the raw material
market. Therefore, having practically no levers of influence on
this market, they have adaptive capabilities, environment and
methods limited exclusively to the internal operational space,
the implementation of which becomes possible mainly in the
form of clearly targeted and comprehensively dosed adaptive
variation of the parameters of the elements of their manufac-
turing systems.

FORMATION OF A DYNAMIC BUSINESS ENVIRON-
MENT

Under these conditions, controlling influences on the mi-
ning complex, according to the observations of the authors of
this study, often lead to quite diverse reactions, both in time
and in the network structures of production subsystems, inc-
luding sometimes quite indirectly connected with the "main
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Fig. 1. Iron Ore (Fe 62%) spot price dynamic from 1980 to 2022
Rys. 1. Dynamika ceny spotowej rudy zelaza (Fe 62%) w latach 1980-2022
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Fig. 2. World steel production from 1980 to 2022
Rys. 2. Swiatowa produkcja stali w latach 1980-2022

production chain". Not only that, the authors have repeatedly
observed a rather unexpected new phenomenon, which by its
nature of repetition with fading intensity is remotely remini-
scent of the effect of reverberation. We are only developing
the study of this phenomenon, as it is hypothetically a media-
ted manifestation of a certain cyclical nature of the perma-
nent functioning of the mining complex under the influence
of external factors, primarily of a strategic level, the scale and
effects of which do not correspond to the scope of this article,
except for a very brief directed only at them causal analysis.

The main indicators of open-pit mining, which we con-
sider below as an example, at the level of strategic design de-
cisions, are: the mining schedule, characterized by overbur-
den ratio; step-by-step productivity of the open-pit for ore
and secondary raw materials and perspective contours of the
open-pit. Since it is they who determine the composition and
structure of technological complexes (types and quantity of
mining equipment with its distribution and grouping), the
volume of mining capital works and the construction of indu-
strial facilities, the number of workers, etc. That is, they deter-
mine the volume, structure and dynamics of investments, ca-
pital and operating costs, and income from the sale of goods.
And here, in the conditions of modern post-Soviet Ukraine,
two fundamentally opposite problems collide:

1. The total inertia of mining complexes due to the colos-
sal scale and duration of development, as well as the size and
productivity of mining machines, which are often unique.

2. Exceptionally dynamic evolution of the global and re-
gional raw material markets as a result of rapid changes in
economic and political situations, and most importantly -
fundamental transformations in technique and technology
caused by the transition of society to a fundamentally new
system.

In mining, this duality of the problem is not only not com-
pensated promptly, but even on the contrary it is even more
intensified and complicated due to the deepening of mining
operations. And all this under the condition that the "life cyc-
le" of mining enterprises is 40 years or more on average.

The development of iron ore deposits of Ukraine at the
current stage consists in the fact that mining enterprises work
with constant production capacity, which, taking into acco-
unt the above-mentioned inertness of mines, worked almost
perfectly under the conditions of a planned socialist economy;,
but under current conditions they did not absolutely.

This shows that, in general, the existing mining develop-
ment strategies are based on an outdated principle, when the
final state of mining operations is determined as accurately as
possible, which must be achieved after a long period of time.
Next, it is recorded what needs to be done in order to reach
this final state. After that, an action plan is drawn up with a
breakdown by time intervals (five-year periods, years and qu-
arters), the implementation of which should ensure the achie-
vement of the final, clearly set goal. With this understanding,
the mining development strategy is a classic long-term plan
for achieving a specific final goal, namely a long-term mining
plan, in which the volume of ore production is fixed in each
specific time period and in the final period.

MANAGEMENT STRATEGY OF AN OPEN-PIT GROUP
This approach is based on the fact that all changes in the
external environment are considered predictable, and the-
refore stable, while significant fluctuations in prices and de-
mand for products are observed in the markets of mineral
raw materials. It is almost impossible to predict these fluctu-
ations in the long term due to the above-mentioned problems,
therefore, during the operation of open-pits with a constant
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Fig. 3. Nomogram for determining the duration of wor

king out of open-pit sections at different mining intensity

Rys. 3. Nomogram do wyznaczania czasu eksploatacji odkrywek przy réznej intensywnoéci eksploatacji

production capacity, there are additional costs associated with
the forced unplanned storage of unsold finished products in
the warehouse — during the period of falling demand. And
on the other hand, enterprises lose the opportunity to incre-
ase profits during the period of growth in demand due to the
impossibility of operational intensification of production to
cover market needs [11-13]. In this connection, the goals of
mining enterprises are changing significantly. The issue of en-
suring competitiveness, which depends on the adopted stra-
tegy for the development of mining operations, becomes of
primary importance. Therefore, this strategy of any combine
and Kryvbas as a whole will change.

In the conditions of the market environment, there is a
need for adequate adaptation of mining productions to chan-
ging market conditions. Examples of such adaptation clearly
show that the current mining development strategies (me-
thods of mining development planning and pit design) do
not foresee changes in the intensity of deposit development
over long periods [14]. At the same time, we note the lack
of a mechanism for a reasonable selection of the production
capacity of the open-pits and the mining schedule, taking into
account their interrelationship when the demand for iron ore
raw materials changes. Thus, the increase in demand for mi-
nerals, in most cases, leads to an increase in the volume of its
extraction, while the strip ratio do not change. A decrease in
demand leads to a decrease in the volume of mineral extrac-
tion, simple equipment and other fixed assets, a reduction in
the number of employees, etc. At the same time, the strip ra-
tios are reduced to reduce the cost of commodity products.
The consequence of which is the accumulation of overburden
backlog at enterprises, the occurrence of unscheduled tem-
porarily non-working sides at the expense of the violation
of the principle of proportional conduct of work and the de-
velopment of the open-pit space, as well as the formation of
temporarily non-working sides in the mining zone, which is
unacceptable. Periodically, but inevitably, there is a need to
revise previous projects due to the deviation of the actual state
of mining operations from the design solutions [15, 16]. The-
refore, the mining development strategy should take into ac-
count the possibility and mechanisms of adaptive adjustment
of the intensity of deposit development when the demand for
commodity products changes, both at the level of an individu-
al open-pit or a group of mine pits, and at the level of a group
of mines that are part of the same company.

In connection with the above, we have developed a stra-
tegy for the development of mining works of open-pits in the

conditions of changing demand for iron ore products, ac-
cording to which this development should ensure the given
intensity of working out the deposit, which is determined
by the maximum efficiency of the development of the raw
material base of the plant in the specified conditions (Fig. 3).

In any case, the volume of production of commodity
products of mining and processing plants is adjusted when
the need for it changes due to changes in the productivity
of open-pits that are part of one plant [17]. Therefore, the
optimization of the production capacity of the mining and
processing plants that are part of one company can be achie-
ved only under the condition of systematic optimization of
the ore productivity of the open-pits that are part of each
separate plant. Increasing the production capacity of the
plants above the maximum possible values entails the com-
missioning of new processing factories or the reconstruction
of existing ones with more advanced ore processing tech-
nology.

The efficiency of the mining and processing plant with
different options for productivity and schedule of mining
operations in each pit (Fig. 4) can be judged by the econo-
mic-mathematical model of the work of a group of pits in the
plant system, that shown in Egs. (1) below:
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where AVY, _ —increase in annual volumes of overburden lag

lag(ti)
liquidation at the j-th pit of the i-th plant in the t-th year, m?

AQ
m(tij)

by mining mass with an increase in productivity by ore at the

j-th pit of the i-th plant in the t-th year, m’

k- specific capital costs for increasing open-pit productivity

i

- the increase in production capacity of the open-pit

by mining mass, monetary units/m?
KF, - capital investments in the t-th year to increase the pro-
ductivity of the enrichment factory, monetary units.

ADAPTATION MECHANISM OF THE MINING SYSTEM

Let's take a closer look at the mechanism of adaptation of
the mining system to changes in external factors. Managed
adaptation of the mining enterprise in this context is a set of
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Fig. 4. Change in the annual net present value of cash flows (ANPV) depending on the change in productivity (Ap) of ore pits:
1 - Pershotravnevoho; 2 - Hannivskoho

Rys. 4. Zmiana rocznej wartosci biezacej netto przeptywow pienieznych (ANPV) w zaleznoséci od zmiany produktywnosci (Ap) wyrobisk rudnych:
1 - Perszotrawnewoho; 2 - Hanniwskoho

organizational, technical and technological measures to pre-
serve or improve the technical and economic performance of
the mining enterprise when external factors change [18, 19].
The mechanism of adaptation is a set of phenomena in the
environment of its implementation.

To systematize the tools that can be used within the scope
of these measures, a decomposition of the mining complex
should be carried out from the standpoint of a systemic ap-
proach [20].

Mining production can be hierarchically considered as
proposed by Prof. Sinchkovsky [21], it is an anthropotech-
nical system consisting of anthropotechnical complexes of
various ranks. The anthropotechnical complex here is under-
stood as a single technical and technological object, which is
considered in conjunction with the personnel and ensures the
execution of specified production operations.

Mining operations in open-pits are technologically con-
structed in such a way that each stage of changing the state
of the massif or the properties of rocks in the process of their
processing requires the functioning of a certain elementary
anthropotechnical complex that has its own potential. In the
production process, one or another sequence of the use of
disparate elements of anthropotechnical complexes in joint
work reveals in them the system-forming property of com-
plementing each other, creating a collective potential. Based
on this, we can hierarchically distinguish anthropotechnical
complexes of three ranks, while the complex of a higher rank
includes complexes of a lower rank.

Anthropotechnical complex of the 1st rank is a technolo-
gical complex of equipment or a complex of mechanization
in n open-pit, mine or man-made deposit. For example, an
extraction and delivery complex, a drilling and blasting com-
plex, a bulking complex, etc.

Anthropotechnical complex of the 2nd rank is a separate
mining enterprise formed by a collection of mining facilities.
In other words, it is an extractive production unit that inc-
ludes anthropotechnical complexes of the 1st rank. For exam-
ple, an open-pit, a mine, a dump, a separate warehouse, a ta-
ilings storage facility, a bulk man-made deposit, etc.

Anthropotechnical complex of the 3rd rank is mining
complex. The complex refers to a set of mining enterprises
located in the same region and having stable technological,
logistical, economic and financial connections between them.
Unification of enterprises into such structures becomes possi-

ble when mining enterprises belong to the same owner. Then
the outlined connections between such enterprises streng-
then, and market competition between them, on the contrary,
disappears. Accordingly, the market position and technolo-
gical potential of the entire complex are strengthened. The
formation of such complexes begins with the simultaneous
development of natural and man-made deposits of individual
enterprises, and in the future it is reduced to the management
of the schedule of mining operations and the productivity of
the entire complex of enterprises.

From the point of view of a systemic approach, at every
level the work of a mining enterprise is influenced by exter-
nal and internal factors. However, depending on the order of
the anthropotechnical complex, the same factor can be both
internal and external. The change of external factors leads to
failure of the rhythmic functioning of the system. However,
when managing an anthropotechnical complex of the third
rank - a mining complex - the set of internal, controlled fac-
tors increases, and therefore the possibilities of system ada-
ptation increase.

Thus, we are talking about the second component of the
system adaptation mechanism - adaptation tools. Adaptation
tools mean internal factors that can change at the system level
of the chosen order. Obviously, the set of these tools will differ
for anthropotechnical complexes of each rank.

An example of the implementation of adaptation tools
for an anthropotechnical complex of the first rank can be
the results of industrial tests at the Petrivskyi quarry of PJSC
"Central GZK" of the company "Metinvest" regarding the in-
stallation of buckets of increased capacity when working with
excavators on overburden. As a result of the difficult eco-
nomic situation in the country, the company does not have
the opportunity to update the fleet of loading and unloading
equipment in a timely manner. However, the need to carry
out the planned volumes of mining works requires adaptation
of the production system. Replacing an 8 m® bucket with a
10 m® bucket will significantly increase excavator productivi-
ty, reduce dump truck loading times and potentially reduce
the fleet of primary mining equipment [22, 23].

An example of tools for adapting the second-rank com-
plex can be the implementation of a system for dispatching
and automating the operation of the main mining equipment
at the open pit of “Inguletskii GZK”. The introduction of a
single software complex helps to reduce the waiting time of
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dump trucks for loading by an average of 30-60 seconds.
This leads to an increase in the rhythm of the entire quarry,
reduces fuel costs and increases the efficiency of equipment
use. Since the digitization of production processes by a single
system concerns several complexes of the first order, the tool
belongs to the complex of the second order.

The management of the developed space [24] within
the entire enterprise or adjacent enterprises within the mi-
ning complex can be an example of a third-rank adaptation
tool [25-27]. For example, for the placement of overburden
extracted from the Gleyuvatskiy open-pit of PJSC "Central
GZK", the worked-out space of the open-pit Ne2 of the same
enterprise is used, the funnels formed as a result of the un-
derground development of the deposit are filled, and the stop
prisms of the tailings storage facility of the plant are formed
[28-31].

The next component of the adaptation mechanism of the
mining complex is the allocation of adaptation stages:

1) detection of changes in the external environment and
assessment of the impact on the system. Depending on the
nature of external changes, at this stage the technical-econo-
mic, technological and organizational indicators of the system
are evaluated in two states: before the occurrence of external
changes and after it;

2) selection of a complex rank, at which a decision should
be made regarding changes in the internal environment. For
this, the components and processes affected by the changes
should be studied and determined;

3) calculation and modeling of changes in the internal
environment in response to the dynamics of external factors;

4) application of the adaptation tool;

5) evaluation of the result of system adaptation and ob-
taining conclusions. At this stage, techno-economic, techno-
logical and organizational indicators are evaluated after the
application of the adaptation tool and compared with the eva-
luations at the first stage.

A comparison of these indicators allows determining the
adaptive potential of the anthropotechnical complex.

CONCLUSION

Thus, the management conditions of mining enterprises
are characterized by high dynamics of external factors, and
in view of the retrospective analysis, these dynamics will only
increase in the future. Mining enterprises in Ukraine partially
still offer planned economy approaches in the design of their
activities. This problem can be corrected by following the ma-
nagement strategy of the mining complex, taking into account
changes in the price of products of enterprises. In their work,
mining enterprises must use the mechanism of adaptive ma-
nagement, taking into account the systematic decomposition
of mining units.

Future scientific research will be aimed at a more in-depth
study of the indicators of the adaptation mechanism of mi-
ning enterprises and their adaptive potential.
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Dominujgce uwarunkowania adaptacji kompleksu gérniczego w warunkach srodowiska

dynamicznego

Wspolczesne uwarunkowania biznesowe coraz wyrazniej pokazujg dynamike otaczajgcego swiata. Takie zmiany czynnikoéw ekono-
micznych, technologicznych, spotecznych i ekonomicznych muszg byé brane pod uwage przy planowaniu i projektowaniu dziatalnosci
gorniczej. W artykule proponuje si¢ potraktowanie rejonu gorniczego jako kompleksu antropotechnicznego z punktu widzenia podej-
scia systemowego. Opracowano strategie zarzgdzania kopalnig odkrywkowg i na jej podstawie podano nomogramy do praktycznego
wykorzystania. Na tej podstawie zaproponowano mechanizm adaptacyjny. Jego zasadg jest przyjmowanie zestawu narzedzi adapta-
cyjnych dla kazdej rangi zespotu antropotechnicznego. Podano doswiadczenia w stosowaniu tych narzedzi w warunkach gérniczych
Krzywego Rogu, w szczegdlnosci wykorzystanie zagospodarowanej przestrzeni do sktadowania nadktadu z innych odkrywek, wspél-
nego sktadowania odpadéw poflotacyjnych i skat ptonnych itp. Zaproponowano podejscie do wyodrebnienia etapéw i wskaznikéw
adaptacji wedlug proponowanego mechanizmu.

Stowa kluczowe: gornictwo odkrywkowe, mechanizm adaptacyjny, kompleks antropotechniczny, narzedzia adaptacyjne, Srodowisko dy-
namiczne
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Abstract
The issues of developing ideas about the mechanism of coal mining from gas fields and two components of providing the country
with energy carriers are studied: coal mining and methane utilization from coal-bearing stratum. These issues are inextricably linked
with the mining of deposits with high-velocity longwall faces. The actual problem of resolving the above contradictions is studied. The
patterns of the geomechanical factors influence based on the finite element method (FEM) modeling of the coal-overlaying formation
shear parameters are studied from the point of view of substantiating the location schemes for the site outgassing wells at high advance
rates of stoping faces in the Western Donbas. The obtained results of computational experiments are compared with the corresponding
studies of specialists. The conclusions about the degree of geomechanical factors influence and the need to take them into account are
substantiated. Three calculation models have been developed and substantiated in terms of the shape and size of the calculation zone,
the rock mass texture, the mechanical properties of its lithotype, the loading conditions at the model boundaries, the characteristics of
the link between stresses and deformations in the model elements, and the criteria for determining the limiting state. The significant
influence of the longwall face location depth and the mass texture on the shear parameters of the coal-overlaying formation has
been proved. Based on the data of computational experiments, the corresponding dependences and regression equations have been

obtained. The conducted research makes it possible to choose appropriate location schemes for outgassing wells.

Keywords: coal seam, drift, longwall face, powered support, mine

1. INTRODUCTION

The coal industry is the main sector in ensuring Ukraine's
energy independence and remains so for the long term. The
country has all the possibilities to minimize dependence on
resource imports [1-3]. Despite the experts’ statements, the
dynamics of demand for coal in the world markets indicates
an increase in its consumption [4]. For example, over the past
two years, the global coal consumption volume has increased
by 5.7% [5], and the thermal coal cost has risen to $430 per
ton. Thus, the energy component will continue to play a key
role in the country's energy independence. Currently, there
are two components of energy supply: coal mining and me-
thane utilization from the coal-bearing stratum. However, gas
emission limits the coal mining rates during the operation of
modern high-velocity longwall faces. Modern high-perfor-
mance stoping equipment in the Western Donbas often fails
to achieve its technical targets due to the emission of excess
methane. Therefore, the parameters of the site outgassing
technology are an influential factor in increasing the produc-
tivity of coal mining. The choice of expedient site outgassing

parameters is related to the shear patterns of coal-overlaying
formation and its main characteristics [6, 7]. In this sense,
there is an opinion among experts that the process of the
coal-overlaying formation shear is most adequately reflected
by modern methods of modeling geomechanical objects, of
which the finite element method is the most common [8-11].
As for the Western Donbas conditions, a lot of experience
has been gained in the studies [12-16], which were used to
determine the patterns of influence of mining-geological and
mining-technical factors on the process of transforming the
texture of a rock mass adjacent to the area of stope operations
[17-19]; it is worth recalling here that, according to existing
ideas, stratification, weakening, fracturing, etc. in the coal-o-
verlaying formation lithotypes have a significant influence on
the gas emission in the undermined mass [20, 21].

2. PROBLEM FORMULATION

Research is performed by conducting a series of computa-
tional experiments, which determine the distribution fields of
the main stress components: vertical oy, horizontal ox,z and
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Fig. 1. Calculation scheme of the geomechanical model for mining the extraction site

Rys. 1. Schemat obliczeniowy geomechanicznego modelu eksploatacji miejsca wydobycia

Fig. 2. The curve of horizontal stress ox distribution in a spatial model of predominantly thin- and medium-bedded textures

Rys. 2. Krzywa rozkladu naprezen poziomych ox w przestrzennym modelu z przewagg cienko- i redniowarstwowych tekstur

the integral stress intensity index o. Since we are particular-
ly interested in the stratification and bending deformation of
rock layers, close attention during the stress-strain state (SSS)
analysis is paid to the horizontal stresses ox,z, which most cle-
arly reflect these types of deformations. In this case, the rese-
arch algorithm involves the identification (according to ox,z
curves) of the distribution peculiarities of maximum bending
zones of lithotypes in the rock mass under the influence of
geomechanical and technological factors [22-24]. Among the
experts, it is noted that a number of factors have a significant
impact on the outgassing process, such as, for example, be-
aring pressure, physical-mechanical properties, the degree of
stratification and disturbance of the coal-overlaying forma-
tion rocks, the depth of stope operations, the longwall face
advance velocity, the dimensions of the mined-out area, etc
[25-28]. Therefore, within the framework of the research, it
is planned to study the patterns of influence of such geome-
chanical factors as the depth of stope operations, texture and
mechanical properties of the coal-overlaying formation litho-
types, parameters of bearing pressure and de-stressing zones;
the influence of the stoping face advance velocity and the pa-
rameters of outgassing wells location are also studied, but at
the subsequent stages of this comprehensive research.

The own results of computational experiments are com-
pared with the corresponding studies of other specialists, and
then conclusions are drawn on the degree of influence of the
listed factors and the need to take them into account at the
subsequent stages of this complex program. The deformation
mechanism of the coal-overlaying formation lithotypes has
convincingly proved the spatial nature of this process, that is,
the need to consider it simultaneously in terms of the rise -
dip and along the strike of the coal seam [29]. Therefore, an
objective situation requires the construction of spatial geo-
mechanical models, which provide the opportunity to study
these processes in any direction [30-33].

It is also necessary to study the influence of rock pressure
anomalies in the form of frontal bearing pressure zones ahead
of the longwall face, lateral bearing pressure in the non-wor-
king wall of the extraction working, and de-stressing zone
behind the longwall face. To do this, appropriate sizes of geo-
mechanical models are selected in order to fully represent the
anomaly parameters.

The declared study of the texture and mechanical proper-
ties of the coal-overlaying formation lithotypes is implemen-
ted as follows. A basic texture model has been selected, which
reflects the mining-geological conditions of 501 and 503
extraction sites at the Heroiv Kosmosu mine, PJSC “DTEK
Pavlohradvuhillia” This model is necessary for further com-
parison with other textures. For this purpose, two more, typi-
cal for the Western Donbas conditions, textures of the coal-o-
verlaying formation are modeled.

The mechanical properties of lithotypes are averaged,
which is conditioned by the action of such factors. Firstly,
among the mechanical properties are compressive strength and
elasticity modulus (deformation). The tensile strength of litho-
type samples is very low (on average 1-4 MPa), and given the
impact of fracturing and moisture, it is practically absent. The
same applies to adhesion along the surfaces of stratification of
lithotypes, which is sometimes insignificant, and sometimes
completely absent. Secondly, the data of geological survey and
laboratory testing of samples provide a rather large variety in
compressive strength indicators — usually, the range is 2-3 ti-
mes. This relative uncertainty is enhanced by the action of we-
akening factors of fracturing and moisture saturation. There-
fore, the error in assigning the compressive resistance index is
quite large; the same relates to the index of elasticity modulus.
Thirdly, weakly metamorphosed Western Donbas rocks are
mainly characterized by fairly stable indicators of lithotype ty-
pes. All these arguments give grounds to average the indicators
of mechanical properties of lithotypes, and in order to increase
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Fig. 3. The dependence of the angle 1 of the line of changing curvature sign of the coal-overlaying formation lithotypes on the depth H of stope
operations: 1 — predominantly thin- and medium-bedded texture; 2 - predominantly thick- and medium-bedded texture; ~—-—- FEM calculation

results; ------

regression equation

Rys. 3. Zaleznoé¢ kata B1 linii zmieniajacego sie znaku krzywizny litotypow formacji nadwarstwowych wegla od gtebokosci H operacji stopowych:
1 - tekstura z przewagg cienko- i sredniofawicows; 2 — tekstura z przewaga grubo- i $rednioziarnista; ———— wyniki obliczenn MES;
------ réwnanie regresji

the reliability of the modeling results, the lower limit of their
variation has been chosen, which precisely corresponds to the
mining-geological conditions of the Heroiiv Kosmosu mine.

The last paragraph of the general provisions should highli-
ght the requirement for the selection of a physical model of
the behavior of the rock mass lithotypes. In our opinion, the
elastic-plastic model is the most appropriate for use, which is
also substantiated in the following papers [30, 31]. This model
allows, on the one hand, to take into account the plastic defor-
mations of the Western Donbas weak rocks, and, on the other
hand, it is not too complicated (in a bilinear formulation) and
requires a moderate computational resource. In addition, the
step-by-step calculation technology makes it possible to vary
the depth of conducting stope operations within the frame-
work of one computational experiment.

3. RESEARCH METHODS

The object of research — the processes of gas emission
during the coal-overlaying formation shear - has a compo-
nent related to the study of rock pressure anomalies in the
area of stope operations, which for the Western Donbas con-
ditions is described in detail in many scientific papers [12,
15, 20]. Therefore, when constructing a geomechanical model
and substantiating its parameters, a number of proven recom-
mendations from these studies are used.

Any geomechanical model is substantiated according to
the generally defined FEM principles according to the follo-
wing components: the shape of the calculation zone, its di-
mensions, the rock mass texture, the mechanical properties
of its lithotypes, the conditions of their interaction along the
contact planes, the loading conditions at the model bounda-
ries, the characteristic of link between stresses and deforma-
tions in the model elements, and the criteria for determining
the limiting state. Based on the above components, the para-
meters of three geomechanical models are substantiated. Such
a quantity is caused by the need to determine the tendencies
of the coal-overlaying formation texture influence on the pa-
rameters of its shear into the mined-out area.

According to the existing recommendations, the rectan-
gular parallelepiped shape is chosen, which is the most ap-

propriate for displaying the zone of a stratified rock mass,
containing a mine working and part of the longwall face with
a powered support. With regard to the objectivity and relia-
bility of the calculation zone, it should reflect the following
objects:

- a part of the virgin rock mass ahead of the longwall face,
which completely encloses the propagating frontal bearing
pressure (usually this distance is up to 20-30 m);

- apart of the undermined mass behind the longwall face,
where rock pressure manifestations are gradually stabilizing
(usually the distance is estimated to be 40-60 m);

- a part of the virgin rock mass from the non-working
wall of the extraction working, where lateral bearing pressu-
re is formed (usually this SSS anomaly propagates deep to a
distance of 20-30 m);

- a part of the rock mass from the side of the longwall face;
in this direction, the coal-overlaying formation SSS is stabilized
at a distance of up to 20-30 m from the extraction working;

- in the coal seam roof rocks, the active coal-overlaying
formation shear ceases in the zone of smooth bending of the
rock layers without discontinuity; for the Western Donbas
conditions, the lower zones of uncontrolled collapse and hin-
ge-block shear occupy up to 12-15 m in height;

- in the coal seam bottom rocks, rock pressure anomalies
propagate to a depth of 15-20 m.

Based on the data presented, the minimally sufficient
dimensions of spatial geomechanical models characterizing
three coordinates have been substantiated: Y - the height
(depth) of the mass; X — the length to the dip (rise) of the
seam, that is, the direction along the extraction working; Z
- the width along the strike of the seam, that is, the direction
along the longwall face. The geomechanical model itself and
its dimensions are represented in Fig. 1 and with a certain
reserve of the previously specified distances, the model has:
length to the rise X = 100 m, the width along the strike Z = 65
M, height Y = 61 m, extraction working width - 5 m, extrac-
tion thickness of the seam — 1.0 m.

The coal-bearing mass texture variants are consistent with
the mine’s geological documentation. Special attention is paid
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Fig. 4. An example of the dependence of the maximum bending distance ap of the most rigid lithotypes in the undermined mass bottom hole zone
on the longwall face location depth H: 1 - lithotype is at a height of 14.6 m from the seam bottom; 2 - lithotype is at a height of 19.2 m;

———— FEM calculation results;

—————— regression equation

Rys. 4. Przyktad zalezno$ci maksymalnej odleglosci ugiecia ap najsztywniejszych warstw od glebokosci usytuowania przodka w strefie poeksploata-
cyjnej H: 1 - litotyp znajduje si¢ na wysokosci 14,6 m od dna pokladu; 2 - litotyp znajduje si¢ na wysokosci 19,2 m;

———- wyniki obliczent MES;

to the modeling of two zones behind the longwall face: the
uncontrolled collapse and hinge-block shear zones. Textural
disturbances, thickness and mechanical properties of rocks
in these zones are represented in accordance with the recom-
mendations [12, 13, 15].

The mechanical properties of the roof and bottom lithoty-
pes in the C5 seam are selected from the data of the relevant mi-
ning-geological sections, and other required mechanical cha-
racteristics are taken from the research data [34, 35] exclusively
for the Western Donbas conditions. The calculated compressive
resistance is determined according to the normative document
[36] with supplements [13], taking into account the action of
weakening factors, such as fracturing, moisture and rheology.

In accordance with the existing data of geological survey
and numerous studies of the coal-bearing stratum texture in
the Western Donbas, the condition of lack of adhesion be-
tween lithotypes along the planes of their bedding is accep-
ted. This condition, while requiring additional computational
resources, has a significant impact on the mass SSS [3, 13, 15]
and its stability as a whole and creates a certain safety reserve
for SSS calculations.

The boundary conditions on the model surfaces are selec-
ted according to proven recommendations [12]. A geostatic
vertical pressure is applied to the upper horizontal surface

oy, =rH, (1)

where y - the weight-average unit specific gravity of rocks in
the coal-overlaying formation;
H - the depth of conducting stope operations.

On the lower horizontal surface there is a rock bearing
that balances the vertical pressure oy. To eliminate the local
impact of a rigid bearing, a layer of damping material with
the mechanical properties of argillite is placed on its surface.

On the lateral vertical surfaces of the model, according
to the proven “symmetry” condition, a horizontal geostatic
pressure is automatically applied

Oy - =AyH., (2)

------ réwnanie regresji

where A= 1/1— u — the side thrust coeflicient;
u — the lateral deformation coefficient (in the elastic formula-
tion — Poisson’s ratio).

For the rock behavior physical model, the elastic-plastic
formulation of the SSS calculation problem is chosen in the
form of the so-called bilinear deformation diagram in the
“stress-relative deformation” coordinates. The first linear sec-
tion represents the elastic rock state with the appropriate de-
formation characteristics. The second linear section models
the plastic (almost ideal) rock state with a very low propor-
tionality modulus (Eel = 5 MPa) and Poisson’s ratio el = 0.5.
The conjugation point of two linear sections is determined by
the condition

o=R, 3)

where o - the stress intensity according to the von Mises
strength theory [37];

R - calculated compressive resistance of the rock, which is
determined according to [13].

As for the operation of the longwall face powered support,
according to the recommendations [12, 13], it is very conve-
nient to model the real performance of hydraulic-resistant
sections using a bilinear deformation diagram. The powered
support is displayed as a rectangular parallelepiped, and the
deformation-strength characteristics of its material comple-
tely model the section resistance. This approach is substan-
tiated in the studies [12, 15], and for the maximum powered
support resistance of up to 500-650 kPa, the elasticity modu-
lus for the simulator material is chosen as E = 50 MPa, which
takes into account the backlashes in the hinges of the hydrau-
lic prop stays and the “lifting” of their rods at the initial stage
of resistance.

Regarding the support and protection of the extraction
working, it is decided not to model these structures, since the-
ir resistance affects the SSS of the adjacent rocks by no more
than 1-3%.
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Fig. 5. Dependence of the inclination angle 33 of changing curvature line of bending the lithotypes as the distance Xl from the longwall face
increases: 1 - H =200 m; 2 - H =600 m
Rys. 5. Zaleznos¢ kata nachylenia 33 zmieniajacej sie linii krzywizny zagiecia litotypow wraz ze wzrostem odlegtosci X1 od przodka $ciany:
1-H=200m;2-H=600m

4. RESEARCH RESULTS

One of the main geomechanical factors is the depth H of
the extraction site location, and the task arises to assess its
influence on the coal-overlaying formation shear parameters,
which primarily include: coordinates of lines of complete
advances, areas of change in the curvature sign for bending
the lithotypes (angle B, to the dip and angle {3, along the strike
of the coal seam), distance a of the maximum bending of the
most rigid lithotypes in the bottom hole zone ahead of the
longwall face.

The bending deformations of the rock layers are most cle-
arly displayed on the horizontal stress o, curves. For exam-
ple, Fig. 2 shows a spatial curve ox in the geomechanical mo-
del of predominantly thin- and medium-bedded texture for H
= 420 m elevation. The field o_ parameters do not contradict
the assumption about the frontal bearing pressure propaga-
tion ahead of the longwall face and the associated transforma-
tions of the coal-overlaying formation rock texture:

o weakening occurs in the immediate and adjacent

main roof layers at a distance of up to 7-8 m;
o the tension cracks occur and develop over a distance
of 12-20 m.

The bending of the rock layers in the direction of the coal
seam continues above the longwall face, but immediately after
the spread of powered support sections at a distance of up to
1-2 m, the bending first disappears, and then the bending cu-
rvature sign changes. It is well known that this zone of intense
fracturing and stratification is recommended for crossing it
by outgassing wells. Geometric characteristics of the area of
change in the curvature sign of bending the lithotypes in the
roof are as follows:

o it begins in the uncontrolled collapse zone at a

distance of up to 2-3 m behind the section fence;

o the area extends into the main roof at an angle p1 =

75-80° to the bedding plane.

These peculiarities (for the Western Donbas) prove the
approach to the longwall face of the area of change in the
curvature sign of bending the roof lithotypes. It is therefo-
re expedient that outgassing wells are also concentrated near

longwall face: with the simplest geometric constructions, an
outgassing well should be drilled at a distance of up to 8-10 m
from the section fence.

With regard to the influence of increasing depth H, it is
well known that there is an increase in stresses and deforma-
tions in the adjacent mass, as well as an expansion of the zones
of weakening and stratification of roof rocks. This causes a
more intense bending, the collapse of rock and an approach of
the line of changing curvature sign to the longwall face, that
is, an increase in the gradient angle p1.

The analysis results of the link between p1 and H are pre-
sented in the graphs of Fig. 3 for two opposite mass textures:
regardless of the texture type, there is a pattern of increasing
gradient angle 1 with increasing H - the essence of this ten-
dency is increasing geostatic pressure. It has been determined
that in the range 200 m <H< 600 m, there is an increase in {1
by 12.8° for predominantly thin- and medium-bedded textu-
res (from 71.8 to 84.6°) and by 17.8° for predominantly thick-
and medium-bedded textures (from 65.6 to 83.4°).

Based on the above results, it is necessary to pay attention
to two peculiarities:

. firstly, the specified tendencies are observed for dif-
ferent texture types when conducting separate inde-
pendent computational experiments, which, though
implicit, confirms their reliability;

o secondly, the patterns for two quite opposite texture
types approach each other at great depths (as for the
Western Donbas conditions); this is explained by the
significant geostatic pressure influence on the pro-
cess of coal-overlaying formation advance into the
mined-out area.

As a result of the above research, a conclusion can be
drawn about the importance of taking into account the depth
H of conducting stope operations when determining the angle
B1. It is possible to use the revealed patterns from the graphs
in Fig. 3 or regression equations obtained from the data of
computational experiments using known methodologies:

o for thin- and medium-bedded textures

By =178—=200H 12 deg: (4)
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Fig. 6. Dependence of the inclination angle s of the line of changing curvature sign for bending the lithotypes in the coal-overlaying formation on
the depth H of conducting stope operations: 1 - predominantly thin- and medium-bedded textures; 2 - predominantly thick- and medium-bedded
textures; ———— FEM calculation results; ------- regression equation

Rys. 6. Zalezno$¢ kata nachylenia (s linii zmieniajgcego sie znaku krzywizny zagigcia litotypéw w nadktadzie na glebokosci H prowadzenia operacji
postojowych: 1 — dominujg tekstury cienko- i $redniotawicowe; 2 — przewazajg tekstury grubo- i srednioziarniste;

———- wyniki obliczent MES;

— for thick- and medium-bedded textures

£ =2367-2903H %10 geg. )

In expressions (4) and (5), the depth H is substituted in
meters, while the parameter P1 is determined in degrees.

Another important factor related to the fracture forma-
tion is the zone of the most active bending of the rock layers
immediately ahead of the stoping face. From the point of view
of gas emission, these zones are the primary link in the release
and transfer of methane volumes into the longwall face wor-
king space. As can be seen from Fig. 2, the degree of bending
of roof lithotypes is different and is mainly determined by
three factors: the thickness of layers, their mechanical proper-
ties and the value of load on a particular lithotype.

Under the classical provisions of rock mechanics, a thic-
ker layer with increased deformation characteristics expe-
riences high rock pressure compared to other easily defor-
mable lithotypes. For example, a thick sandstone experiences
a higher load than the adjacent thin argillites and siltstones,
which is quite clearly reflected on the curve o_(see Fig. 2); the
same is also observed on the curve oz. At the same time, the
sandstone is usually a gas-saturated lithotype, and, therefore,
it is necessary for the outgassing well to cross this lithotype in
the zone of maximum bending in the area ahead of the lon-
gwall face.

Thus, the second requirement has been formulated for the
appropriate coordinates of the location of outgassing wells. To
implement this requirement, it is necessary to determine the
coordinates of the zone of formation of maximum bending
deformations. Naturally, the formation of these zones de-
pends on the texture and mechanical properties of the rocks
in the coal-overlaying formation; however, the influence of
the depth H of conducting stope operations is also predic-
ted, since with its growth, the zones of plastic deformation
of rocks expand, affecting both the value and the distance of
propagation of a significant degree of lithotype bending.

The variation of longwall face location depth within the
range of 200 m <H< 600 m provides the following results.
First, at relatively small H values, the location of the maxi-
mum bending zones of the most rigid lithotypes remains al-

------ réwnanie regresji

most unchanged, and mainly the bending deformations in-
crease. However, with the expansion of the plastic state areas
of the lithotypes, the bending deformations of the rock layers
increase more rapidly (as H increases) than horizontal stres-
ses ox. In this case, the second tendency occurs - the expan-
sion of the zone of weakening bending deformations along
the bedding planes of lithotypes. The indicated tendency has
a predominant direction away from the stoping face into the
still undermined rock mass.

Therefore, with an increase in the depth H of the longwall
face location, two tendencies are noted regarding the coor-
dinates of acting maximum bending deformations, which is
identical to intense fracturing:

o at relatively shallow depths (H < 300-350 m), the
distance ap (from the face plane) of the maxima ox
location increases rather slowly;

o when moving to deeper horizons (H >350 m), the
distance ap begins to increase more intensively in
proportion to H according to a non-linear depen-
dence.

An example of the determined patter is given in Fig. 4 for
a fixed height hp of gas-bearing sandstone occurrence relative
to the coal seam, as well as its constant thickness m. Usually,
h and m_ parameters influence on the link between ap and
H, but the function a (H) is very important from the point of
view of substantiating an expedient route for outgassing wells.

An example of determining the function aF(H) for a pre-
dominantly thin- and medium-bedded textures is given, whe-
re several gas-bearing layers of increased rigidity can be lo-
cated throughout the coal-overlaying formation height. This
texture variant is shown on the o_curve (see Fig. 2), where
two layers of increased rigidity are located in the main roof at
once — at a height of 14.6 m and 19.2 m from the seam bottom
to the upper layer surface. Note that concentrations of tensile
ox stresses also occur higher in the roof, but they have a li-
mited distribution and are located at a considerable distance.

For the selected two rigid layers, two patterns of the chan-
ge in the a parameter have been obtained, which is calculated
from the middle part of the width of acting maximum tensile
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o stresses. According to the two experimental dependences
(for different hp), two regression functions have been obta-
ined: .

— with }"Pl=14‘6 m aﬁ=l.9+1.lexp[%—l} m; (6)

—with h,,=192m ap=225|:1+exp[%flﬂ. m 7)

As for the peculiarities, it should be additionally noted the
more distant maxima o_location in the layers occurring above
the coal seam bottom. The value a indicates the expediency of
turning the outgassing well in such a way as to cross the gas-
-saturated lithotypes at some distance from the stoping face
and thereby, in part, perform something like preliminary out-
gassing. Moreover, the distance a_ increases along the height
of the mass and it is possible to cross both layers in the desired
zone with one inclined well.

The constructed spatial model is used to monitor the in-
fluence of the longwall face location depth H on the process
of coal-overlaying formation shear along the strike of the coal
seam (along the longwall face) that provides the required
number of sections in the vertical YZ planes along an arbitra-
ry X coordinate of the location of these sections.

When considering the process of the roof rock deforma-
tion into the mined-out area, the most influential (in relation
to gas emission) parameter has been substantiated - the co-
ordinates of the zones of curvature change of lithotypes ben-
ding along the strike, which are characterized (throughout the
coal-overlaying formation height) by the inclination angle (s
of the line connecting the indicated zones with the extending
coal seam. It is logical to predict that as the longwall face re-
treats, the angle Bs will change at a certain distance simulta-
neously with a decrease in the intensity of rock pressure mani-
festations. To confirm this prediction, YZ sections are cut at a
distance of 10 m, 20 m, 30 m and 40 m from the longwall face.
These prosedures are taken for the spatial curve oz for the va-
riant of predominantly thin- and medium-bedded textures at
two extreme depth values: H =200 m and H = 600 m. For each
section, the inclination angle Bs is specified relative to the coal
seam bedding plane and, based on the obtained indicators,
the graphs are plotted (Fig. 5). As can be seen, the tendencies
in the s parameter change from the Xl coordinate of the YZ
section location behind the longwall face remain unchanged:
an active increment in Bs occurs in areas of X1 < 20 m, and
then the value of s stabilizes at a certain level, and this occurs
regardless of the depth H of conducting stope operations.

Based on the revealed tendencies, the question arises: at
what distance behind the longwall face should the dependen-
ce Ps(H) be determined? In our opinion, the value of s should
be determined in the zone of the most active disturbances of
the coal-overlaying formation, that is, near the longwall face;
here there is an intense stratification and destruction of rocks,
many fractures and cavities with a corresponding increase in
gas emission occur. Therefore, it is consider appropriate to de-
termine the parameter s on an area of 10 m < X1 < 20 m and
choose its calculated value as an average.

According to this algorithm, the Bs angle values are calcu-
lated over the entire range of 200 m <H< 600 m. As an exam-
ple, Fig. 6 shows the corresponding graphs.

The Ps(H) function is close to linear one with a gradual
increase in the range of 65°< s < 71° for predominantly thin-

and medium-bedded textures and in the range of 58°< s <
66° for predominantly thick- and medium-bedded textures.
The influence of depth H is relatively small: in the range of
200 m <H< 600 m, the angle s increases by only 6° and 8° for
the corresponding textures of the coal-overlaying formation.
However, on the length of the outgassing well lw = 40-50 m,
these s variations correspond to a change in the location of
its deepened part up to 5-7 m, which can be an important
factor in terms of the most appropriate coordinates for the
location of wells with the maximum flow rate of methane gas.
Based on the above results of computational experiments, the
corresponding regression equations for calculating the angle
(s have been obtained:
— for thin- and medium-bedded textures

B =62+0015H, deg; ®)

— for thick- and medium-bedded textures

B =54+0.02H. deg. )

Thus, a number of dependences of the depth H and textu-
re on the shear parameters of the coal-overlaying formation
into the mined-out area has been obtained; they make it pos-
sible to choose appropriate parameters for the location of out-
gassing wells based on the influence of geomechanical factors.
In this way, it has been proven that effective outgassing is as-
sociated with disturbances in the mass texture, when it expe-
riences intense stratification and destruction in the process
of subsidence of the coal-overlaying formation. An analysis
of the peculiarities of deformation of weakly metamorphosed
Western Donbas rocks, given the increased advance velocities
of the stoping faces, makes it possible to formulate an idea of
the mechanism of texture transformations of stratified weak
rock mass in terms of the outgassing technology parameters
for an extraction site of a coal mine.

5. CONCLUSION

1. Quantitative patterns of the coal-overlaying forma-
tion shear parameters under the influence of geomechanical
factors have been determined using FEM. For this purpose,
the parameters of a spatial geomechanical model have been
substantiated, which contains zones of a stratified weakly
metamorphosed mass ahead and behind the longwall face
with a part of virgin coal-rock stratum from the side of the
adjacent extraction site. They contain the end longwall face
area with a powered support simulator, the extraction drift
and their conjugation. In accordance with generally recogni-
zed requirements, the spatial model dimensions, the texture
and mechanical properties of the lithotypes, the boundary
conditions of loading along all model planes at its boundaries
have been substantiated. The expediency of using an elastic-
-plastic physical model of the behavior of rock layers and the
deformation-strength characteristic of a powered support has
been proven.

2. Based on the results of computational experiments, a
significant influence of the longwall face location depth H and
the mass texture on the shear parameters of the coal-over-
laying formation has been proven:

— there is an increase in the inclination angle 1 of the
line of changing curvature sign for bending the lithotypes
to the rise of the seam - for predominantly thin- and me-
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dium-bedded textures in the range of 71.8-84.6° for predo-
minantly thick- and medium-bedded textures in the range of
65.6-83.4°%

— with an increase in H, two tendencies have been no-
ted relative to the coordinates of acting maximum bending
deformations of lithotypes (ahead of the longwall face),
which is identical to intense fracturing: at relatively shal-
low depths (H< 300-350m), the distance a, of the loca-
tion (from the face plane) of maximum horizontal stres-
ses increases rather slowly — up to 30-50%; when moving
to deeper horizons (H> 350 m), the distance ap begins to
increase intensively (up to 3.3-4.2 times) according to a
non-linear dependence;

- along the strike of the coal seam, there is a tendency of
increasing inclination angle Bs of the line of changing curva-
ture sign for bending the lithotypes when moving away from
the stoping face, and an almost linear influence of H adds an
increase in the value of Ps: up to 6° for predominantly thin-

and medium-bedded textures and up to 8° for predominantly
thick- and medium-bedded textures.

3. It is possible to use revealed patterns with the help of
a number of graphs of the corresponding dependences or re-
gression equations obtained from the data of computational
experiments. Thus, a quantitative relationship between the
coal-overlaying formation shear parameters and geomecha-
nical factors has been determined, which makes it possible
to choose appropriate schemes for the location of outgassing
wells.
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Uzasadnienie wzorcow wplywu czynnikéw geomechanicznych na parametry scinania formacji
nadktadu wegla, wymagajgcej odgazowania, z duzymi predkosciami posuwu scian postojowych

w Zachodnim Donbasie

W artykule rozwazane sq zagadnienia opracowania koncepcji mechanizmu wydobywania wegla ze z16z gazowych oraz dwéch skta-
dowych zaopatrzenia kraju w nosniki energii: wydobycie wegla i zagospodarowanie metanu z warstwy weglonosnej. Zagadnienia te
sqg nierozerwalnie zwigzane z eksploatacjg z16z przodkami sScianowymi o duzych postgpach. Badany jest rzeczywisty problem rozwig-
zania powyzszych sprzecznosci. Wzory wplywu czynnikow geomechanicznych na podstawie modelowania metodg elementow skon-
czonych (MES) parametrow scinania formacji nadktadkowych badane sq pod kqtem uzasadnienia schematow lokalizacyjnych dla
otworéw odgazowujgcych miejsca przy duzych predkosciach postepu przodkéw w Zachodnim Donbasie. Uzyskane wyniki ekspery-
mentow obliczeniowych sq poréwnywane z badaniami prowadzonymi przez specjalistow. Wnioski dotyczgce stopnia oddzialywania
czynnikow geomechanicznych i koniecznosci ich uwzglednienia sqg uzasadnione. Opracowano i uzasadniono trzy modele obliczeniowe
pod wzgledem ksztattu i wielkosci strefy obliczeniowej, tekstury gorotworu, wlasciwosci mechanicznych jego litotypu, warunkéw ob-
cigzenia na granicach modelu, charakterystyki zwigzku naprezeri i odksztatceri w elementy modelu oraz kryteria wyznaczania stanu
granicznego. Wykazano istotny wplyw glebokosci zalegania przodka oraz tekstury masy na parametry scinania formacji nadktadu.
Na podstawie danych z eksperymentow obliczeniowych otrzymano odpowiednie zaleznosci i rownania regresji. Przeprowadzone
badania pozwalajg na wybér odpowiednich schematow lokalizacji otworéw odgazowujgcych.

Stowa kluczowe: poktad wegla, sztolnia, przodek Scianowy, obudowa zmechanizowana, kopalnia
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Abstract
The present paper deals with the problem of developing an efficient technology for the enrichment of hematite ores. The aim of the
research is to investigate the process properties of thinly disseminated hematite ores of Ukraine, taking into account their mineralogical
characteristics, to develop flowsheets for the enrichment of hematite ores and to assess the efficiency of mineral separation during
enrichment by gravity, magnetic, and flotation methods.
The research was carried out on a sample of hematite ores from the Kryvyi Rih iron ore basin of Ukraine, which consisted of 9
mineralogical ore types, distinguished by the quantitative ratio of the main groups of ore and non-ore minerals. As a result of WLIMS
magnetic separation with a magnetic field induction of 0.07 T, an iron-containing concentrate with a mass fraction of 63.5% iron was
obtained from ore with a size of minus 0.074+0 mm, with a total iron recovery of 12.8%.
It was found that with an increase in the magnetic field induction from 0.2 to 0.8 T, the recovery of total iron in the WHIMS magnetic
product increased from 78.8 to 86.9%. The mass fraction of total iron in the WHIMS magnetic product was 57.9-59.8%. Losses of total
iron with the non-magnetic product ranged from 21.2 to 13.1% with a mass fraction of total iron of 32-27.8%. The mass fraction of
SiOz in the magnetic product was 11-13.8%.
Flotation research resulted in a hematite concentrate with a mass fraction of total iron of 64.05-65.95%, with iron recovery in the
concentrate of 60.3-70.68%. Based on the results of process tests, seven variants of flowcharts for the enrichment of hematite ores were
developed. The schemes were evaluated by the Hancock efficiency criterion, which ranged from 42.49-64.7%. The magnetic flotation
technology for the enrichment of hematite quartzite was recommended for implementation. This technology makes it possible to obtain
a commercial concentrate with a mass fraction of total iron of 37.02% from hematite ore with a mass fraction of total iron of 65.41%.

Keywords: hematite quartzite, technology, efficiency, magnetic separation, gravity, flotation

Introduction

Hematite ores take a significant share in potential iron
ore reserves and are the main iron ore raw material for the
prospective development of ferrous metallurgy in many co-
untries. They account for about 23% of the total volume of
ores being processed. Ukraine's hematite ferruginous quartzi-
te reserves are concentrated mainly in Kryvbas and amount to
12% of total iron ore reserves [1,2,3].

In today's mining environment, it is necessary to have
detailed information about the process properties of ores to
respond to the following questions: what kind of scheme and
efficiency is required for ore enrichment, and what sort of
commercial products will be obtained.

The key enrichment criterion for most industrial ore types
is the granulamentric parameters of minerals. Their estima-
tion makes it possible to determine the opening of minerals
in the process of ore crushing and grinding and, based on
the data obtained, to calculate the main indicators of en-
richment and further determine the type of ore in terms of
enrichment.

Hematite ores of different types differ in textural and
structural features and mineral composition, which necessi-
tates the use of different methods and technologies for their
enrichment. At the same time, a competitive hematite con-
centrate should contain at least 64.0-66.0% iron, which is
equivalent to magnetite concentrates with a mass fraction of
iron of 67.0-68.0% in terms of silica content [4].

The mineral composition of hematite ores comprises mar-
tite, hematite-martite, limonite-martite, hematite, martite-li-
monite, and limonite varieties of hematite ores. The total iron
content of these ores varies from 46 to 69 m.%. [5].

By textural features, they are broad-, medium-, thin-, and
vaguely layered. The structure of hematite quartzites is divi-
ded into fine, very fine, and fine-grained kinds. According
to physical properties, oxidized quartzites are classified as
strong, very strong, weak, and very weak [6,7].

Based on the size of ore inclusions, hematite quartzites
of the Kryvyi Rih iron ore basin are classified as thinly inc-
lusions, very thinly inclusions and dispersed inclusions and
are considered to be hard-to-dress raw materials [8]. The most
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Tab. 1. Ratio of combined hematite-quartzite species in the process sample for research

Tab. 1. Stosunek polaczonych gatunkéw hematytu i kwarcytu w probee procesowej do badan

Combined Mineralogical Varieties of The Content in the Composition
Hematite Quartzites of the General Process Sample,
Index Name mass %
1o Iron-iron-mica quartzites 2,18
20 Iron-mica martite quartzites 11,40
30 Marschlitic iron-mica martite quartzites 8,36
40 Martite quartzites 27,45
50 Martite quartzites marshallitized 24,60
60 Hettitized martite quartzites 10,31
7 Quartzites dispersedhematite-martite and martite-
o - ; - 6,64
dispersedhematite (suric)

80 Magnetite-bearing martite quartzites (weakly weathered) 4,50
90 Shale and ore-free quartzites 4,56

frequently used quartzites are those with very thin inclusions
of ore and non-ore minerals (0.01-0.07 mm), where the ore
minerals are exposed at a size of -0.05 mm. Hematite quar-
tzites of the Kryvyi Rih iron ore basin are divided into: "lean"
ores containing less than 40% iron, ores with an average iron
content of 40% to 50%, and "rich" ores with an iron content of
50% and above [9].

"Rich" ores and ores with medium iron content are en-
riched by selective screening or dry magnetic separation. The
commercial product is sinter ore with a mass fraction of iron
of 55-64%.

"Lean" ores are mainly mined together with magnetite qu-
artzites. Their associated production reaches 15-30% of the
total production of magnetite ores, which is about 22.5-45
million tons per year. These ores are characterized by a com-
plex and variable mineral and chemical composition and a
thinly disseminated structure from 0.001 to 0.1 mm. "Lean"
hematite quartzites of the Kryvyi Rih iron ore basin are clas-
sified as hard-to-dress ores due to the presence of a significant
amount of low-magnetic fine-grained and fine-grained iron
oxides and hydroxides. Among them there are the following
varieties: martite-iron-ore quartzites; iron-mica-martite qu-
artzites; iron-ore-martite marshallitized quartzites; martite
quartzites; martite marshallitized quartzites; martite goethi-
te quartzites; dispersed-hematite-martite quartzites; martite
magnetite-containing quartzites; shales and ore-free quartzi-
tes. [10,11,12].

The analysis of the world practice of hematite ore en-
richment shows that various methods and technologies can
be used for their processing. Hematite quartzite enrichment
can be carried out by gravity [13,14,15], magnetic [13,16-22],
flotation [23-27], combined; magnetic-gravity or magnetic-
flotation methods [28-31].

The methods depend on the textural and structural fe-
atures of the ore, dissemination of ore and non-ore mine-
rals, and the composition of waste rock. The combination
of methods ensures an increase in the efficiency of hemati-
te quartzite enrichment. The magnetic method of hematite
quartzite enrichment allows to obtain iron ore concentrate
with a total iron content of 59.9-63.5 mass % with the re-
covery of total iron in the concentrate of 68-75%; flotation
method - 62-65.6 mass % with the recovery of total iron in
the concentrate of 70.2-77.8%; gravity method - 66.9-68.3
mass%. The combined magnetic and gravity method - up to
67-68 mass % with the recovery of total iron in a concentra-
te of 66-67%; the combined magnetic and flotation method
- up to 67-68 mass %, with the recovery of total iron in a
concentrate of 70.1-75.6% [3].

The choice of a particular method is determined by the
efficiency of the process, material composition, capital and
operating costs.

The research is aimed at studying the processing proper-
ties of thinly disseminated hematite ores of Ukraine, taking
into account their mineralogical characteristics. Based on the
results obtained, to develop flowsheets for the enrichment of
"lean" hematite ores and to evaluate the efficiency of mineral
separation during enrichment by gravity, magnetic, and flo-
tation methods.

Materials

The study received 200 in-line samples of 9 mineralogical
varieties of hematite quartzites of the Kryvyi Rih iron ore ba-
sin, which in certain proportions made up the technological
sample for research (Table 1). The formed sample was then
submitted for process research in order to develop a technolo-
gy for the enrichment of hematite quartzite and to determine
the effectiveness of various methods and their combinations.

The quantitative ratio of the main groups of ore and non-
-ore minerals in the composition of the studied samples of
hematite ores of the Kryvyi Rih iron ore basin has allowed us
to focus on the main groups of minerals:

Martite, iron mica, goethite, lepidocrocite, and magnetite
are granular ore minerals.

Aggregates of dispersed hematite and dispersed goethite
are fine ore minerals.

Quartz, chalcedony, opal are minerals of the quartz group
[10, 12, 15].

Individuals and aggregates of weathered ferruginous si-
licates and carbonates, newly formed iron-free silicates and
carbonates make up the fourth type.

Martite is the main ore mineral in hematite ores. In the
process of weathering, the structure of ore layers is kept. [32-
33]. Figure 1 shows the nature of the change in the internal
structure of martite aggregates depending on the intensity of
primary magnetite replacement.

The martitization process gradually captured magnetite
crystals and aggregates in the direction from the peripheral
to their central zones. Figure 2 shows the direction of martite
replacement of magnetite from the initial stages (Figure 2, a)
to the formation of almost monomineral pseudomorphoses of
hematite on magnetite (Figure 2, c). The average size of marti-
te in the ores of the fifth ferrous horizon is 0.072 mm, and the
sixth ferrous horizon is 0.064 mm.

Iron mica is represented by small flaky inclusions in
the quartz matrix of non-metallic layers — the so-called
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Fig. 1. Changes in the internal structure of individuals and aggregates of magnetite (well-faceted octahedral and cubo-octahedral crystals) in the
process of its increasing (a > b) replacement by martite (aggregates of thin flaky crystals of ferrous mica). Scanning electron microscope
MREM-100. Magnification: a - 1500x; b — 2000x; ¢ — 1000x; d - 800x
Rys. 1. Zmiany struktury wewnetrznej osobnikow i agregatéw magnetytu (dobrze fasetowanych krysztaléw osmio$ciennych i sze$cienno-os-
mio$ciennych) w procesie jego narastajacej (a > b) wymiany przez martyt (agregaty cienkich platkowatych krysztatéw miki zelazistej). Skaningowy
mikroskop elektronowy MREM-100. Powiekszenie: a — 1500x; b — 2000x; ¢ — 1000x; d — 800x

Fig. 2. Structure of ore layers of hematite quartzite with different degrees of magnetite martitization: a — the initial stage of magnetite martitization
in a ribbon-like ore layer of magnetite quartzite; b — idiomorphic crystal of magnetite with the manifestation of its replacement by martite along
the cracks of octahedral separation; ¢ - monomineral banded aggregate of martite in the ore layer of martite quartzite. White — martite; light gray -
magnetite; dark gray — quartz; black — voids. Reflected light; never parallel; magnification: a - 32x; b, ¢ — 42x; d - 25x

Rys. 2. Struktura warstw rudnych kwarcytu hematytowego o réznym stopniu martyzacji magnetytu: a — poczatkowy etap martyzacji magnetytu
we wstegowej warstwie rudy kwarcytu magnetytu; b — idiomorficzny krysztat magnetytu z zastagpieniem go martytem wzdtuz peknie¢ separacji
oktaedrycznej; c - monomineralne pasmowane kruszywo martytu w warstwie rudy kwarcytu martytowego. Bialy — martyt; jasnoszary — magnetyt;
ciemnoszary - kwarc; czarny - puste przestrzenie. Odbite $wiatto; nieréwnolegle; powiekszenie: a — 32x; b, ¢ — 42x; d - 25x

"Emulsion iron mica" [32,33]. The size of its crystals ran-
ges from 0.001 to 0.05 mm in maximum dimension (Fi-
gure 3, a, b).

In the composition of ferruginous-martite and martite-
-ferruginous quartzites, tabular, lamellar and flaky crystals of
iron mica are present not only in the non-ore but also in the
ore layers. They are characterized by a much larger size - from
0.02 to 1.0 and more mm (Figure 3, d).

Dispersed hematite is represented by very small flaky cry-
stals ranging in size from 0.001 to 0.01 mm [32-36]. Disper-
sed hematite and kaolinite-dispersed hematite aggregates
form in hematite quartzites as smears, and rarely as indepen-
dent layers up to 10 mm thick.

Goethite is most abundant in the upper crustal horizons
of the weathered fifth-sixth ferruginous horizons. It develops
by metasomatic replacement and ore minerals or fills cracks
and voids, forming intersecting or harmonious veins with
rock layering, containing veins up to a hundredth of 5-6 cm
or more (Figure 4).

Magnetite in goethite-hematite quartzites is present in
small volumes (no more than 1-2 vol%) (Figure 5). The ave-
rage size of relict magnetite formations in hematite quartzites
of the fifth ferruginous horizon is 0.024 mm, and of the sixth
ferruginous horizon - 0.021 mm.

Quartz is the main non-ore mineral of hematite quartzi-
tes. It is the basic component of non-ore layers and is present

in ore layers in the amount of up to 30-40 vol.% with grain
size from 0.01 to 0.1 mm, sometimes up to 0.3 mm (Fig. 6).
Often, in non-ore layers of hematite quartzite, a subparallel
orientation of elongated quartz individuals is noted (Fig. 6, b).

In the non-metallic layers, quartz individuals often conta-
in thin (up to 0.01 mm) inclusions of iron mica, rarely marti-
te, and dispersed hematite.

The weathering crust of the studied deposit often con-
tains products of marshallitization of ferruginous quartzite
formed under the influence of alkaline hypergenic solutions
(Fig. 7).

The role of minor and accessory minerals is played by
about 20 other minerals and mineral types that are part of the
studied hematite ores.

Methods

Processing tests included studies by gravity, magnetic and
flotation methods. The studies were conducted in laboratory
conditions.

Gravity enrichment was carried out at a screw sluice at a
feed material size of 0.5-0.074 mm.

Magnetic separation of hematite ore was carried out in
two stages. First, WLIMS separation was performed on a
drum magnetic separator with a magnetic field induction of
0.07 T. The purpose of the WLIMS separation is to remove
strongly magnetic minerals from the hematite ore to protect
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Fig. 3. Composition and structure of non-metallic (a) and ore (b, ¢, ) layers of iron-mica-martite quartzite; a

- small flaky inclusions of iron mica

in quartz aggregates from non-metallic layers of ferruginous martite quartzite; b — large iron mica leists in the ore layer of martite-ferruginous
quartzite; porous oval crystal in the center is martite; ¢ — large tabular crystals of iron mica in an alpine iron-mica quartz vein from the ferruginous
martite-iron-mica quartzite ore bed; relict magnetite inclusions (light gray) are present in the martite aggregates surrounding the veins. White:
porous — martite, smoothly polished - iron mica; light gray — magnetite; dark gray — quartz; black - voids. Reflected light; never parallel;
magnification: a, b - 20x, ¢, d - 35x

Rys. 3. Sktad i struktura warstw niemetalicznych (a) i rudnych (b, ¢, ) kwarcytu zelazowo-mikowo-martytowego; a — drobne platkowate wtracenia
miki zelazowej w agregatach kwarcowych z niemetalicznych warstw zelazistego kwarcytu martytowego; b — duze miki zelazowe w warstwie rudy
kwarcytu martytowo-zelazistego; porowaty owalny krysztat w srodku to martyt; ¢ — duze tabelaryczne krysztaty miki zelazowej w alpejskiej zyle

kwarcowo-zelazowo-mikowej ze ztoza zelazistego martytowo-zelazowo-mikowego kwarcytu; w skupiskach martytu otaczajacych zyly obecne sg re-
liktowe inkluzje magnetytu (jasnoszare). Bialy: porowaty — martytowy, gladko wypolerowany — mika zelazowa; jasnoszary — magnetyt; ciemnoszary
- kwarc; czarny - puste przestrzenie. Odbite $wiatto; nieréwnolegle; powigkszenie: a, b - 20x, ¢, d - 35x

the magnetic system of the WLIMS separator from blocka-
ge. Subsequently, the non-magnetic WLIMS product was fed
to the WHIMS separation, which was carried out in a 259-
CE rotary type separator. The magnetic field induction at the
WHIMS separation varied from 0.2 to 0.8 T.

In order to obtain high-quality hematite concentrates, re-
verse cation flotation was studied in the current work. The
following reagents were used in the experiments: amines Lila-
flot-811M, Lilaflot-D817M and Lilaflot-D819MI as collectors,
dextrin as a selective flocculant and depressor of iron ore mi-
nerals, caustic soda as a medium regulator.

Research on the cationic flotation of quartz from a magne-
tic hematite product was carried out on a laboratory flotation
machine 237 Fl with removable chambers of 0.5, 1 and 3 liters.
To determine the optimal flotation mode, the “Latin square”
design method was used during the studies. After determining
the optimal conditions and flotation scheme, studies were con-
ducted on the principle of a continuous process to specify the
developed process mode, to find out the effect of circulation of
industrial products on the enrichment indicators and to deter-
mine the points of their feeding into the process.

Hancock's efficiency criterion was chosen as the efficiency
criterion for the hematite quartzite enrichment technology:

£
E = ﬁ = 100% (1)
where
¢ — the concentrate recovery, %;
Y, - concentrate yield, %;
a - iron content in the final product, %;
a - iron content in the final product, %;

The estimates of the enrichment results were monitored by
chemical analysis and mineralogical studies. Quality control
of separation products is performed by measuring the mass
fraction of iron by chemical methods. The process experiments
were carried out in accordance with the State Standards of
Ukraine DSTU 3195-95, 3196-95, 3198-95, 3207-95, 3210-95;
DSTU ISO 3082: 200, MOD; DSTU ISO 10836: 200, MOD).

Results and discussion

The issue of ore preparation is critical for hematite qu-
artzites of the Kryvyi Rih iron ore basin due to the mineral
composition.

The main direction of further advancement of hematite
quartzite enrichment is the development of ore preparation
schemes that ensure the separation of mineral grains with mi-
nimal formation of fine grains of 0.01-0.016 mm using new
grinding processes. In our previous studies, we recommen-
ded the use of HPGR crushers - high-pressure roll presses.
In these crushers, material crushing occurs in a layer of ore
lumps that crush each other. Such crushing allows the grains
to be opened without re-grinding and produces material with
a particle size of 1.2 mm. This makes it possible, in the first
stage of magnetic separation, to dump waste rock in the amo-
unt of 49.22% [37-38].

The use of dry magnetic pretreatment in hematite ore en-
richment schemes solves an important issue of stabilizing the
quality of crushed ore, reducing the ore grinding front by at
least 40% of the initial one, and, as a result, reducing opera-
ting and capital costs by more than 30% [4,39-40].

This paper considers a different problem. Namely, the de-
velopment of an effective technology for enrichment of "lean
(poor)" thinly fractured hematite ores of the Kryvyi Rih iron
ore basin of Ukraine.

Due to the fact that the hematite ores under study contain
jaspillites, chlorite, dispersed hematite-chlorite schists and lo-
w-ore quartz layers, which are very challenging to process, the
feasibility of using gravity enrichment, namely screw separation,
in the processing technology of hematite quartzites was studied.

Ore with a size of -0.5+0.07 mm was sent to the screw
separation. As a result, three products were obtained: concen-
trate, industrial product and light fraction (Table 2).

As can be seen from Table 2, the enrichment of the feed
ore with a particle size of -0.5+0.07 mm at the screw sluice
produced a high quality concentrate: The mass fraction of to-
tal iron in the hematite concentrate was 63.7%. However, the
concentrate yield is low and amounts to 6.22%. The recovery
of total iron in the concentrate was 8.57%.
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Fig. 4. Dissecting veins of goethite in non-ore layers of iron mica-martite (a) and martite (b) quartzites; a — transmitted light; never intersecting;
magnification 35x; light — quartz, dark gray — goethite; black - iron mica; b - reflected light; never parallel; magnification 22x; light gray — goethite;
dark gray - quartz; black - voids

Rys. 4. Preparowanie zyl getytu w nierudnych warstwach kwarcytéw mikowo-martytowych (a) i martytowych (b) a - swiatto przechodzace;
nieréwnolegle; powiekszenie 35x; jasny — kwarc, ciemnoszary — getyt; czarny — mika zelazna; b — $wiatto odbite; nieréwnolegle; powigkszenie 22x;
jasnoszary — getyt; ciemnoszary — kwarc; czarny — puste przestrzenie

Fig. 5. Relict inclusions of magnetite (light gray) in aggregates of newly formed martite (white) from ore layers of magnetite-martite quartzite.
Reflected light; never parallel; magnification 37x. Dark gray — quartz; black - voids

Rys. 5. Reliktowe wtracenia magnetytu (jasnoszare) w agregatach nowo powstalego martytu (bialego) z warstw rudnych kwarcytu
magnetytowo-martytowego. Odbite $wiatto; nieréwnolegle; powiekszenie 37x. Ciemnoszary — kwarc; czarny — puste przestrzenie

The industrial product and the light fraction of gravity
concentration, which were formed during the separation of
material with a particle size of -0.5+0.07 mm, were further
sent for grinding to a particle size of 80% of the class minus
0.05 mm and then for flotation.

At the next stage of research, magnetic beneficiation of
ore and its products was performed in a magnetic field with
an induction of 0.07 T and 0.2-0.8 T.

Before magnetic beneficiation, the ore was crushed to
different sizes; 0.25-0 mm, 0.2-0 mm, 0.15-0 mm, 0.074-0
mm, followed by beneficiation in a magnetic separator with
a magnetic field induction of 0.07 T and 0.2-0.8 T. Magnetic
separation of the crushed ore in a magnetic separator with
a magnetic field induction of 0.07 T (WLIMS) was perfor-
med to protect the magnetic system of separators with a
magnetic field induction of 0.2-0.8 T (WHIMS) from stron-
gly magnetic minerals. As a result of WLIMS separation,
two products were obtained: magnetic (concentrate) and
non-magnetic industrial product - the starting product for
WHIMS separation. The results of the experiments are shown
in Fig. 8.

The analysis of the separation parameters of the WLIMS
separation products revealed the possibility of extracting iron-
-containing concentrate with a mass fraction of 63.5% from
ore with a particle size of minus 0.074+0 mm. The recovery of
total iron in the concentrate amounted to 12.8%. Compared
to gravity concentration, this figure is 4.23% higher.

Thus, in the technological scheme, WLIMS magnetic
separation performs not only the protective function of the
WNIMS separator magnetic system, but also allows to obtain

commercial products. Unfortunately, the products are charac-
terized by low quality. The mass fraction of SiO, in this con-
centrate is 23.7%. This product is mainly represented by ma-
gnetite and maghemite, their growths with quartz and flocs.

WHIMS magnetic enrichment of samples of non-magne-
tic material of the WLIMS separator was performed on a ro-
tary separator of the type 259-CE in one step with a magnetic
field induction of 0.2-0.8 T. The grinding size of the samples
was 90% class minus 0.05 mm (maximum grain size 0.074
mm). The results of the experiments are shown in Table 3.

The analysis of the results shows that with an increase
in magnetic field induction from 0.2 to 0.8 T, the recovery
of total iron in the magnetic product increases from 78.8 to
86.9%. At the same time, the mass fraction of total iron in
the concentrate (magnetic product) is 57.9-59.8 %. Losses of
total iron with the non-magnetic product ranged from 21.2
to 13.1% with a mass fraction of total iron of 32-27.8%. The
mass fraction of SiO; in the magnetic product was 11-13.8%.
Such a product cannot be considered a concentrate and there-
fore was further sent for flotation processing.

Flotation enrichment

To obtain high-quality hematite concentrates, we studied
reverse cation flotation. The following reagents were used in
the experiments: Lilaflot-811M, Lilaflot-D817M and Lilaflo-
t-D819MI amines as collectors, dextrin as a selective floc-
culant and depressor of iron ore minerals, caustic soda as a
medium regulator and calcium chloride as a silica activator.

The results of the tests on the selection of the collector
reagent are shown in Fig. 9. Further studies were carried out
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Fig. 6. Morphology of quartz individuals and aggregates from non-ore layers of iron mica-martite (a) and martite (b) quartzites. White and gray -
quartz; black — martite and iron mica. Transmitted light; never intersected; 30x magnification

Rys. 6. Morfologia pojedynczych ziaren i agregatow kwarcu z nierudnych warstw kwarcytu miki-martytu zelaza (a) i martytu (b). Biaty i szary -
kwarc; czarny - mika martytowa i zelazowa. Swiatlo przechodzace; nieprzecinajace sie; 30-krotne powiekszenie

Fig. 7. Structure of marshalized quartz aggregates from non-ore layers of martite (a) and goethite-martite (b) quartzite. Along the weakened contact
zones of quartz individuals, it was partially replaced by a near-crystalline goethite aggregate (b). Reflected (a) and transmitted (b) light; never
parallel; magnification: a — 40x; b - 30x.a: white — iron mica; dark gray — quartz; black — voids; b: white — quartz; dark gray — dispersed goethite;
black - goethite
Rys. 7. Struktura zorganizowanych agregatow kwarcowych z nierudnych warstw martytu (a) i getytu-martytu (b) kwarcytu. Wzdtuz ostabionych
stref kontaktowych jednostek kwarcu zostat on cze$ciowo zastapiony przez prawie krystaliczne kruszywo getytu (b). Swiatto odbite (a) i przecho-
dzgce (b); nierownolegle; powiekszenie: a - 40x; b - 30x. a: biata — mika Zelazowa; ciemnoszary — kwarc; czarny - puste przestrzenie; b: bialy —
kwarc; ciemnoszary — getyt rozproszony; czarny — getyt

using Lilaflot-D817M 260 g/t, which has a higher selectivity
for SiO2 and iron-containing particles.

The optimal consumption of the depressant reagent
Dextrine was tested at two dosages of 1250 g/t of dextrin and
250 g/t with the same amount of Lilaflot-D819MI. The results
of the two tests are presented in the form of an iron recovery
graph in Fig.10.-11.

It was determined that the recovery of total iron in the
concentrate is lower when tested with a depressor flow rate of
250 g/t compared to the flow rate of dextrin 1250 g/t (Fig. 10).
Thus, with a mass fraction of total iron in the concentrate of
65.8%, the iron recovery into the concentrate at a dextrin flow
rate of 1250 g/t was 78%, and at a flow rate of 250 g/t — 73%.

Evaluation and analysis of the results of the kinetics of
flotation separation of iron-containing minerals and quartz
(Fig. 11) showed that an increase in the mass fraction of total
iron in the concentrate from 55 to 65% is possible only with
an increase in flotation time from 8 minutes to 20 minutes
and above. At the same time, with a decrease in dextrin con-
sumption from 1250 g/t to 250 g/t, the mass fraction of total
iron in the concentrate increases by an average of 3-4%.

In flotation with cationic collectors, the pH of the me-
dium is of great importance. Therefore, we conducted studies
to determine the optimal pH of the suspension during flota-
tion. The studies were carried out at two values of pH 11 and
pH 9.5 (Figs. 12, 13).

As can be seen from the results shown in Fig. 12, the ef-
ficiency of separation of iron-containing minerals and quartz

improves with increasing pH. Thus, when the mass fraction of
total iron in the concentrate is above 65%, the iron recovery in
the concentrate is higher by 5% at pH 11 compared to pH 9.5.

The analysis of the results of reverse flotation kinetics
(Fig. 13) allowed us to establish that the effect of pH on the
quality of the concentrate is not eliminated when the flotation
time is increased from 10 minutes to 20 minutes and above

As a result of the analysis of the flotation study results, the
optimal reagent mode for reverse cationic flotation of quar-
tz to produce hematite concentrate was determined: caustic
soda - 1000 g/t, Dextrine - 250 g/t, Lilaflot D817 M - 260 g/t.
This mode was used as the basis for a control test for flotation
study of the hematite ore sample.

The study resulted in a hematite concentrate with a mass
fraction of total iron of 64.05-65.95%, with iron recovery in
the concentrate of 60.3-70.68%. The maximum achieved va-
lue of iron recovery was 70.68% with a mass fraction of total
iron of 65.95%.

It has been established that depending on the feed mate-
rial for flotation, the flowsheet for obtaining hematite concen-
trate changes.

Based on the data of the process experiments carried out
in the laboratory, we have developed 7 variants of schemes
(Table 4) using combined magnetic-gravity-flotation techno-
logies.

According to the developed technologies, it is possible to
obtain a hematite concentrate with a mass fraction of total
iron of 64.14-65.95%, with a yield of 27.13-40.27%. Total
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Tab. 2. Results of hematite ore enrichment using a screw separator

Tab. 2. Wyniki wzbogacania rudy hematytu za pomoca separatora slimakowego

. Mass fraction Recovery of
0
Name of the sample Name Yield % of total iron, % total iron, %
concentrate 6,22 63,7 8,57
Hemitite ore, size of inductrial product 31,76 58,33 40,07
-0,5+0,07 mm light fraction 62,02 38,3 51,37
feed 100,00 46,24 100,00

2 o,
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g = fraction of Fe tofal in
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Fig. 8. Results of enrichment of hematite ore of different sizes

Rys. 8. Wyniki wzbogacania rudy hematytu o réznej wielko$ci

Tab. 3. Results of WHIMS magnetic separation of non-magnetic product WLIMS of hematite ore

Tab. 3. Wyniki separacji magnetycznej WHIMS produktu niemagnetycznego WLIMS rudy hematytu

Magnetic field . o Mass fraction, % Recovery, %
induction, T Product name | Vield, % Fe Si0, Fe Si02
0,2 Feed 100 49,8 24,5 100 100
Magnetic product 67,0 58,6 11,0 78,8 30,1
Non-magnetic
product 33,0 32,0 51,9 21,2 69,9
0,3 Feed 100 50,3 24,5 100 100
Magnetic product 68,5 59,7 11,4 81,3 31,9
Non-magnetic 31,5 29,9 53,0 18,7 68,1
product
0,5 Feed 100 50,8 24,5 100 100
Magnetic product 72,9 59,8 11,0 85,8 32,7
Non-magnetic 27,1 26,6 60,8 14,2 67,3
product
0,8 Feed 100 50,7 24,5 100 100
Magnetic product 76,1 57,9 13,8 86,9 42,9
Non-magnetic
product 23,9 27,8 58,5 13,1 57,1

iron recovery of the concentrate ranges from 47.15 to 70.68%,
depending on the combination of enrichment methods and
grinding conditions of industrial products

The main criterion for the efficiency of hematite quartzite
enrichment technology was the Hennock efficiency criterion,
which ranged from 42.49-64.7%. According to the efficiency
criterion, all scheme variants can be divided into three gro-
ups: efficient, ineflicient, and ineffective.

Group I - schemes of variants 2.4, which obtained the
highest concentrate values in terms of mass fraction of iron
63.77-64.7% and recovery 70.23-70.3%;

Group II - schemes of variants 1,6,7, which produce
a concentrate with a mass fraction of iron in the range of
64.14-65.06% and recovery of 64.09-65.11%; efficiency cri-
terion 55.9-58.49%.

Group III - schemes of variants 3.5, which produce a con-
centrate with a mass fraction of iron in the range of 64.34-
65.95% and recovery of 47.15-58.30%. The efficiency crite-
rion is 42.49-54.27 %.

Conclusions

1. The study was carried out on a sample of hematite ores
from the Kryvyi Rih iron ore basin of Ukraine, which con-
sisted of 9 mineralogical ore varieties, distinguished by the

quantitative ratio of the basic groups of ore and non-ore mi-
nerals.

2. As a result of enrichment of the feed ore with a grain
size of -0.5+0.07 mm, a high quality concentrate was obta-
ined at the screw sluices. The mass fraction of total iron in
the hematite concentrate was 63.7%. The concentrate yield
was 6.22%. The recovery of total iron in the concentrate was
8.57%.

3. As aresult of WLIMS and WHIMS magnetic separation
with a magnetic field induction of 0.07 T, an iron-containing
concentrate with a mass fraction of 63.5% iron was obtained
from ore with a size of minus 0.074+0 mm, with a total iron
recovery of 12.8%.

4. It was determined that with an increase in the magnetic
field induction from 0.2 to 0.8 T, the recovery of total iron
in the magnetic product of WHIMS increases from 78.8 to
86.9 %. The mass fraction of total iron in the WHIMS ma-
gnetic product was 57.9-59.8%. Losses of total iron with the
non-magnetic product ranged from 21.2 to 13.1% with a mass
fraction of total iron of 32-27.8%. The mass fraction of SiO2
in the magnetic product was 11-13.8%.

5. Based on the results of flotation studies, the optimal
reagent mode of reverse cationic flotation of quartz to obtain
a hematite concentrate was determined: caustic soda — 1000
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Fig. 9. Selectivity indicators of Lilaflot reagent
Rys. 9. Wskazniki selektywno$ci odczynnika Lilaflot
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Fig. 10. Dependence of total iron recovery on the mass fraction of total iron in the chamber flotation product at different depressor flow rates

Rys. 10. Zalezno$¢ catkowitego odzysku zelaza od udzialu masowego zelaza ogélnego w produkcie flotacji komorowej przy réznych predkosciach
przeplywu w depresorze
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Fig. 11. Dependence of the mass fraction of total iron in the concentrate on the flotation time at different depressor flow rates

Rys. 11. Zaleznos¢ udziatu masowego zelaza ogolnego w koncentracie od czasu flotacji przy réznych predkoéciach przeptywu przez depresor
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Fig. 12. Dependence of total iron recovery on the mass fraction of total iron in the flotation chamber product at different pH values

Rys. 12. Zaleznos¢ catkowitego odzysku Zelaza od udzialu masowego zelaza ogolnego w produkcie komory flotacyjnej przy roznych wartosciach pH
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Fig. 13. Dependence of the mass fraction of total iron in the concentrate on the flotation time at different pH values

Rys. 13. Zalezno$¢ udzialu masowego zelaza ogélnego w koncentracie od czasu flotacji przy réznych warto$ciach pH
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Tab. 4. Indicators of hematite ore enrichment by different flowsheets

Tab. 4. Wskazniki wzbogacania rudy hematytu wedtug réznych schematéw

- -
5 Product Yield, Mass fraction of total iron, Igzzi’::’yn Hancock efficiency
= name % % % criterion
>
concentrate 34,77 65,06 61,11
1* | waste 65,23 22,07 38,89 55,90
feed 100 37,02 100,0
concentrate 40,27 64,64 70,3
2" | waste 59,73 18,4 29,7 63,77
feed 100 37,02 100
concentrate 32,72 65,95 58,3
3" | waste 67,28 22,95 41,7 54,27
feed 100 37,02 100
concentrate 39,75 65,41 70,23
4" | waste 60,25 18,29 29,77 64,70
feed 100 37,02 100,00
concentrate 27,13 64,34 47,15
5% | waste 72,87 26,85 52,85 42,49
feed 100 37,02 100
concentrate 37,55 64,19 65,11
6" | waste 62,45 20,68 34,89 58,49
feed 100 37,02 100,0
concentrate 36,99 64,14 64,09
7" | waste 63,01 21,1 35,91 57,52
feed 100 37,02 100,00

Note: *1-7 variants of flowcharts and their description

1 - 100% feed ore is crushed in 2 stages and sent to WLIMS and WHIMS magnetic separation, reverse cation flotation of hematite

in one stage

2 - 100% feed ore is crushed in stage 2 and sent to WLIMS and WHIMS magnetic separation, reverse cationic flotation of hema-
tite in two stages with additional grinding of the froth product

3 - ore is preliminarily enriched by dry magnetic separation (DMS), magnetic industrial product of DMS is crushed in two stages
to 0.5 and 0.074 mm and sent to WLIMS and WHIMS magnetic separation, reverse cation flotation of hematite in one stage

4 - ore is preliminarily enriched by dry magnetic separation (SMS), magnetic industrial product of SMS is crushed in two stages
to 0.5 and 0.074 mm and sent to WLIMS and WHIMS magnetic separation, reverse cation flotation of hematite in two stages with
additional grinding of the froth product

5 — ore is preliminarily enriched by dry magnetic separation (DMS), the magnetic product of DMS is crushed to 0.5 mm and

fed for classification by grain size of 0.074 mm The -0.5+0.074 mm fraction is fed to gravity, and the -0.074 mm fraction is fed to
WLIMS and WHIMS magnetic separation. Gravity and magnetic separation products are sent to hematite flotation in one stage
6 — ore is preliminarily enriched by dry magnetic separation (DM), the magnetic product of DM is crushed to 0.5 mm and fed

to the classification by grain size of 0.074 mm The -0.5+0.074 mm fraction is fed to gravity, and the -0.074 mm fraction is fed to
WLIMS and WHIMS magnetic separation. Gravity and magnetic separation products are sent to hematite flotation in two stages
with froth grinding

7 - 100% feed ore is crushed in stage 2 and sent to hematite flotation. The scheme consists of the main and control flotations,

grinding of the froth product and its re-cleaning.

g/t, calcium chloride (5%) - 200 g/t, Dextrine — 1250 g/t, Li-
laflot D817 M - 260 g/t. During flotation studies, a hematite
concentrate was obtained with a mass fraction of total iron of
64.05-65.95%, with an iron recovery of 60.3-70.68%.

6. On the basis of the results of process tests, seven va-
riants of flowsharts for hematite ore enrichment were develo-
ped. The main criterion for the efficiency of hematite quartzite
enrichment technology was the Hancock efficiency criterion,
which ranged from 42.49-64.7%.

7. According to the efficiency criterion, all flowshart sce-
narios can be divided into three groups: efficient, inefficient
and ineffective. Effective technologies for the enrichment of
hematite quartzite (process efficiency criterion 63.77-64.7%)

include technologies using a combination of magnetic flota-
tion separation of ore and products of different sizes.

8. It is recommended to implement the enrichment tech-
nology using dry magnetic separation, grinding of prelimina-
ry enrichment products in two stages to 0.5 and 0.074 mm,
magnetic separation WLIMS and WHIMS with magnetic
field induction of 0.07 T and 0.8 T, cationic flotation of quartz
from magnetic products. This technology makes it possible to
obtain a commercial concentrate with a mass fraction of iron
of 37.02% from hematite ore with a total mass fraction of iron
of 65.41%. The concentrate yield was 39.75%, with a total iron
recovery of 70.23%.
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Ocena skutecznosci technologii wzbogacania kwarcytu hematytowego
W artykule podjeto problem opracowania wydajnej technologii wzbogacania rud hematytu. Celem bada# jest zbadanie wlasciwosci
procesowych stabo rozsianych rud hematytu Ukrainy, z uwzglednieniem ich wlasciwosci mineralogicznych, opracowanie schematéw
wzbogacania rud hematytu oraz ocena skutecznosci separacji mineratow podczas wzbogacania grawitacyjnego, magnetycznego i me-
tody flotacji.
Badania przeprowadzono na prébee rud hematytu z krzyworoskiego zaglebia rud zelaza na Ukrainie, ktéra sktadata si¢ z 9 minera-
logicznych typéw rud, wyrézniajgcych sie stosunkiem ilosciowym gltéwnych grup mineratéw kruszcowych i nierudnych.
W wyniku separacji magnetycznej WLIMS przy indukcji pola magnetycznego 0,07 T otrzymano koncentrat zawierajgcy zelazo
o udziale masowym zelaza 63,5% z rudy o wielkosci minus 0,074+0 mm, przy catkowitym uzysku zelaza 12,8%.
Stwierdzono, ze wraz ze wzrostem indukcji pola magnetycznego od 0,2 T do 0,8 T, uzysk zelaza ogélnego w produkcie magnetycznym
WNIMS wzrést z 78,8% do 86,9%. Udziat masowy catkowitego zelaza w produkcie magnetycznym WIMS wynosit 57,9-59,8%.
Straty zelaza ogdlnego z produktem niemagnetycznym wahaty sie od 21,2% do 13,1% przy udziale masowym zelaza catkowitego
32-27,8%. Udzial masowy SiO2 w produkcie magnetycznym wynosit 11-13,8%.
W wyniku badat flotacyjnych otrzymano koncentrat hematytu o udziale masowym zelaza ogélnego 64,05-65,95%, z odzyskiem
zelaza w koncentracie 60,3-70,68%. Na podstawie wynikéw bada# procesowych opracowano siedem wariantéw schematéw wzbo-
gacania rud hematytu. Schematy oceniono wedtug kryterium sprawnosci Hancocka, ktore miescito sie w przedziale 42,49-64,7%.
Zarekomendowano do wdrozenia technologie flotacji magnetycznej do wzbogacania kwarcytu hematytowego. Technologia ta umoz-
liwia otrzymanie koncentratu handlowego o udziale masowym Zelaza ogdlnego 37,02% z rudy hematytu o udziale masowym zelaza
o0golnego 65,41%.

Stowa kluczowe: kwarcyt hematytowy, technologia, wydajnos¢, separacja magnetyczna, grawitacja, flotacja
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Abstract

Shelters are used to protect miners from exposure to harmful gases and for the work of rescuers. Such shelters are built in a niche
adjacent to the mine working. The purpose of this work is a numerical study of the stress state of a coal-rock massif with a mine
working and a shelter, their stability in various mining and geological conditions and with various supporting schemes.

Numerical simulation of the stress state of a coal-rock massif with a mine working and a shelter was performed; their stability was
studied in various mining and geological conditions and with various supporting schemes. It is shown that, over time, near-contour
rocks are unloaded from rock pressure, and an area of increased difference of the stress tensor compo-nents expands around the mine
working and the shelter. This leads to cracks formation of varying degrees of intensity. When the mine working with the shelter is
driven at a shallow depth in hard rocks, the basic scheme, which consists mainly of metal frames and a reinforced concrete barrier, is
sufficient for their supporting. If the host rocks are weaker, the stability of the mine working and the shelter is broken and it is necessary
to strengthen their supporting with rock bolts. In the bolted area, the rocks are in triaxial compression conditions, a rock-bolts arch is
formed above the mine working and the shelter, which pre-vents the displacement of the roof rocks into the mine working and increases
its stability. With an increase in the depth of min-ing operations, the stability of the mine working decreases; the inelastic deformation
zone in the mine walls grows; the load on the support increases. For the rock-bolts arch formed in the mine roof, supports are required
in the walls of the mine working and the shelter. For this purpose, side rock bolts are installed. The use of an appropriate supporting
scheme leads to a de-crease of the area of inelastic deformation zone by 2.5 times and the area of the zone unloaded from rock pressure
by 2.6 times. Thus, such schemes for supporting the mine working and the shelter are selected, which ensure their stability in the con-

sidered mining and geological conditions.

Keywords: mine workings stability, mining safety, numerical simulation, rock deformation, shelters, supporting of mine workings

1. Introduction

Coal mining is of paramount importance during the
conduct of warfare, when the demand for energy carriers
is increased and there is a constant threat to the country's
energy infrastructure. Most mines in Ukraine develop gas-
-bearing coal seams, and host rocks also contain methane. In
order to meet air sanitary standards in the mine workings,
their ventilation and degassing of the coal-rock massif are
used. Emergency power cuts lead to the shutdown of many
technological processes, in particular, ventilation, degassing,
mine hoisting. Under such conditions, methane accumula-
tions and explosions of the methane-air mixture represent
a significant danger to miners. Shelters are used to protect
miners from lack of oxygen and exposure to harmful gases
[1, 2]. Shelters are also necessary for the work of rescuers
who must explore and take the victims out of the emergency
area. Such shelters are built in a niche adjacent to the mine
working [3, 4].

To ensure non-repair operation of the mine working and
the shelter for a long time, as well as the tightness of the shel-
ter, it is necessary to choose their supporting correctly [5, 6].
Therefore, the purpose of this work is a numerical study of
the stress state of a coal-rock massif with a mine working and
a shelter, their stability in various mining and geological con-
ditions and with various supporting schemes.

2. Problem definition

Fig. 1 shows a typical design of a shelter adjacent to a mine
working that is driven through a coal seam. Both the mine
working and the shelter are supported with frames, the astel
of the walls and the roof is reinforced concrete, the shelter is
separated from the mine working by a concrete barrier 200
mm thick. The floor of the shelter is located 700 mm above the
floor of the mine working.

Several variants for mining and geological conditions
were considered in this work: the depth of the mine wor-
king construction is 400 m and 800 m, the host rock is hard
sandstone and weak argillite. For these conditions, the ef-
fectiveness of the use of three supporting schemes was
investigated:

. the 1st supporting scheme, basic (fig. 1);

o the 2nd supporting scheme, basic scheme + 7 steel
rock bolts 2.4 m long with polymer fastening in the
borehole in the mine roof + 2 of the same rock bolts
in the shelter roof;

o the 3rd supporting scheme, basic scheme + 7 steel
rock bolts 2.4 m long with polymer fastening in the
borehole in the mine roof + 2 of the same rock bolts
in the shelter roof + 2 plastic bolts 1.5 m long in the
coal seam in the right wall of the mine working and
in the left wall of the shelter.
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Rys. 1. Typowy projekt schronu

Tab. 1. The properties of rocks and materials

Tab. 1. Wiasciwosci skat i materiatow

Ultimate Modulus of . f - icti

Rocks and - Poisson's Cohesion, C, Friction

materials s:cl:e:lg;h elasgt‘:’l;y, Er ratio, V MPa angle, (0, deg
Sandstone 42 13 0.36 11.2 34.0
Argillite 20 11 0.32 5.8 30.0
Coal 15 5 0.26 4.5 28.5
Steel 650 200 0.25 - -
Concrete 40 20 0.2 11.5 30.0
Reinforced concrete 50 24 0.2 13.9 32.0
Backfilling 2 1.2 0.18 0.7 20.0

Fig. 2. The central fragment of the finite element mesh

Rys. 2. Centralny fragment siatki elementéw skonczonych

The properties of rocks and materials support that were
used in the calculation are given in Tab. 1.

3. Methods
The process of rocks deformation is described by such
equations [7, 8]:

Cu;
C, s =0, +X,(1)+R().
where ¢, - the damping coefficient, kg/(m*s); u, - displace-
ments, m; t — time, s; 0y~ derivatives of the stress tensor com-
ponents along x, y, Pa/m; X(t) - projections of the external
forces acting on the volume unit of a solid body, N/m”>.

The initial and boundary conditions for this task set are:

Tl = yH: =

Ol = AVH:

Uelg =0 |

u nl=0; u,

x

=0,

™

where A - the side thrust coefficient; H — the mining depth, m;
1 - vertical boundaries of the outer contour; Q2 — horizontal
boundaries of the outer contour.

The problem is solved in an elastic-plastic formulation by
the finite element method [9-11]. For the mathematical de-
scription of the process of rocks changeover into a disturbed

state, the Mohr-Coulomb failure theory is applied [12, 13].
The rock bolts are simulated by the rod finite elements [14-
16]. The central fragment of the finite element mesh with the
mine working and the shelter, which are supported according
to the 3rd scheme, is shown in Fig. 2.

Such geomechanical parameters as Q* characterizing the
difference of the stress tensor components and P* characteri-
zing a probable rock failure mode are applied to evaluate the
stress state of rock [17]:

s O,—0; .

= P=
o TH

55
yH

where 01, 03 - maximum and minimum components of the
principal stress tensor, Pa; y — averaged weight of the overly-
ing rocks, N/m?.

4. Study of the stability of a mine working and a shelter,
and their supporting in various mining and geological con-
ditions

First, it was investigated whether the basic support shown
in Fig. 1 ensures the stability of the mine working and the
shelter at a relatively shallow depth of 400 m, if the host rock
is sandstone or argillite. Figure 3 demonstrates the results of
calculating of Q* parameter values and zones of inelastic de-
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Fig. 4. Changes in the values of geomechanical parameters in the mine roof along the vertical axis passing through the center of the mine working at

different points in time; the host rock is argillite; the

1st supporting scheme: a) Q* parameter; b) P* parameter

Rys. 4. Zmiany wartosci parametréw geomechanicznych stropu kopalni wzdtuz pionowej osi przechodzacej przez srodek kopalni pracujacej w
réznych punktach czasowych; skala macierzysta jest argilit; pierwszy schemat wspomagajacy: a) parametr Q*; b) parametr P*

formations, which are shown in red, in the rocks and support
at various points in time.

Mine working drivage leads to a redistribution of the
stress field in the host rock (Fig. 3). Over time, the zone of
increased difference of the stress tensor components (Q* pa-
rameter) expands around the mine working and the shelter.
During one day, the zone, where Q* > 0.4, extends deep into
the mine roof by 1.3 m and in 20 days it reaches 4.0 m (Fig.
4a). An increase of Q* parameter values leads to cracks for-
mation with different degrees of intensity. If the values of this
parameter decrease, the mine working becomes more stable.
Q* parameter takes on large values in the mine roof, in the
coal seam near the exposed surface and in the roof of the shel-
ter, above its left wall (Fig. 3). P* parameter values, on the
contrary, decrease with time because the near-contour rocks
are gradually unloaded from rock pressure (Fig. 4b). On the
mine working contour P* parameter values are equal to zero.

Zones of inelastic deformations arise if the ultimate
strength of rock is exceeded and its destruction is possible
[18]. In this case, we will assume that the mine working is
unstable. It can be seen how the zone of inelastic deforma-
tions grows with time in the mine roof, composed of argilli-
te, and the mine working loses its stability. In both cases, the
weaker coal seam is fractured in the walls of the mine wor-
king and the shelter. However, it can be seen that the zone of
inelastic deformations does not occur in the mine roof if it is
composed of sandstone. Durable sandstone withstands such
a load without fracture; the mine roof does not lose stability.
The concrete barrier, which is part of the support structure
located between the mine working and the shelter, deforms
elastically under these conditions and performs its function
of supporting the rock arch.

Therefore, in the case when the mine working with the
shelter is driven at a shallow depth, in hard rocks, the basic
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Fig. 6. Changes in the values of geomechanical parameters in the mine roof along the vertical axis passing through the center of the mine working at
different points in time; the host rock is argillite; the 2nd supporting scheme: a) Q* parameter; b) P* parame-ter

Rys. 6. Zmiany wartosci parametréw geomechanicznych stropu kopalni wzdluz pionowej osi, przechodzacej przez srodek kopalni pracujacej w
réznych punktach czasowych; skala macierzysta jest argilit; drugi schemat wspomagajacy: a) parametr Q*; b) parametr P*

scheme is sufficient for their supporting. If the host rocks are
weaker, it is necessary to strengthen the supporting of the
mine working and the shelter.

Next, calculations are performed for the following con-
ditions: H = 400 m; host rock is argillite; the 2nd supporting
scheme is used. Figure 5 shows the calculation results.

If rock bolts are installed in the roof of the mine working
and the shelter, the distribution of Q* parameter values chan-
ges. The difference of the stress tensor components is signifi-
cantly reduced, the area of undisturbed rock zones where Q*
< 0.4 increases. Areas where Q* > 0.8 are closely adjacent to
the surface of the mine roof. The zone of inelastic deforma-
tions in the near-contour rocks of the mine roof practically
disappears (Fig. 5, on the left side).

When the free surface is exposed during the mining exca-
vation, the minimum component of the principal stress tensor
decreases, which is shown by the P* parameter. An increase of
the P* parameter value in a certain area of the rock massif will
bring the state of this area closer to equal-component com-

pression, and the probability of its fracture will decrease. Fi-
gure 5 (on the right side) shows that the rocks of the floor and
walls of the mine working and the shelter are unloaded from
rock pressure, here P* < 0.4. While above the working, in the
bolted area, a zone was formed, where P* > 0.8.

Let us compare the graphs of geomechanical parameters
in the cases of basic supporting and basic supporting with the
addition of roof bolting, Fig. 4 and Fig. 6.

The length of the rock bolt is 2.4 m and the depth of its
influence in the mine roof corresponds to this value. At a
distance of 0-2.4 m, when installing rock bolts, Q* parameter
values decrease by an average of 1.8 times, maximum by 3.1
times in the initial period of time at a depth of 1 m from the
mine working contour (Fig. 6a). P* parameter values increase
by an average of 1.9 times, with a maximum of 4.0 times in the
near-contour zone.

Thus, in the bolted area, the rocks are in triaxial compres-
sion conditions with increased values of the minimum prin-
cipal stress component [19]. Consequently, a rockbolts arch
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is formed above the mine working and the shelter, where the
rocks are preserved in a natural, undisturbed state, and the
rock bolts effectively interact with each other, preventing the
displacement of the near-contour rocks into the mine wor-
king and increasing its stability [20].

With an increase in the depth of mining operations from
400 m to 800 m, the initial stress state of the rocks deterio-
rates and the mine working stability decreases, Fig. 7. It can
be seen that distributions of the Q* parameter values for the
same conditions at a depth of 400 m (Fig. 5¢) and 800 m (Fig.
7b) are the same, since the Q* parameter is a relative value
and does not depend on the depth H.

The area of the inelastic deformation zone increases by 68%
around the mine working with basic supporting scheme and
by 58% around the mine working with supporting according
to the 2nd scheme. With increasing depth, the support struc-
ture located between the mine working and the shelter begins
to experience limiting stresses. However, the durable reinfor-
ced concrete barrier, which is the main element of this struc-
ture, withstands high stresses and does not fracture. With the
transition to a greater depth, the load on the anchor lining also

increases. With increasing depth, the load on the roof bolting
also increases. For the rock-bolts arch formed in the mine roof,
supports are required in the walls of the mine working and the
shelter. For this purpose, in the 3rd supporting scheme, it is
provided to install side rock bolts in the coal seam.

Fig. 8 shows that with the installation of side rock bolts,
the zone of inelastic deformations in the coal seam is signi-
ficantly reduced; Q* parameter values decrease; P* parame-
ter values in the bolted area in the walls of the mine working
and the shelter increase to a value characterizing undisturbed
rocks not unloaded from rock pressure. The coal seam is not
fractured in the near-contour zone when using the 3rd sup-
porting scheme. Thus, rockbolts supports for the rock-bolts
arch, which is located in the mine roof, are formed in the walls
of the mine working and the shelter.

It is possible to evaluate the change in the zone of inelastic
deformations and the zone unloaded from rock pressure, the
growth of which negatively affects the stability of mine wor-
kings, using the graphs shown in Fig. 9.

The inelastic deformation zone increases in size with time
(Fig. 9a) and its growth is much slower if the 2nd or 3rd sup-
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shelter, depending on the applied supporting scheme; the host rock is argillite; H = 800 m

Rys. 9. Zmiana czasowa obszaru: a) strefy odksztalcen niesprezystych; b) strefa, w ktorej P* < 0,4 w stropie i scianach wyrobiska i schronu w za-
leznosci od zastosowanego systemu wsparcia; skala macierzysta jest argilit; H = 800 m

porting scheme is used [21, 22]. Installation of rockbolts in
the roof and walls of the mine working and the shelter reduces
the area of the non-elastic deformation zone by 2.5 times.

The zone unloaded from rock pressure in the roof and
walls practically does not change in size starting from the 6th
day after the installation of the supporting, Fig. 9b. If the 3rd
supporting scheme is applied, then the area of the zone where
P* < 0.4 is reduced by 2.6 times.

5. Conclusions

Numerical simulation of the stress state of a coal-rock
massif with a mine working and a shelter was performed;
their stability was studied in various mining and geological
conditions and with various supporting schemes.

It is shown that, over time, near-contour rocks are un-
loaded from rock pressure, and an area of increased differen-
ce of the stress tensor components expands around the mine
working and the shelter. This leads to cracks formation with
different degrees of intensity. When the mine working with
the shelter is driven at a shallow depth in hard rocks, the basic
scheme, which consists mainly of metal frames and a reinfor-

ced concrete barrier, is sufficient for their supporting. If the
host rocks are weaker, the stability of the mine working and
the shelter is broken and it is necessary to strengthen their
supporting with rock bolts. In the bolted area, the rocks are in
triaxial compression conditions, a rock-bolts arch is formed
above the mine working and the shelter, which prevents the
displacement of the roof rocks into the mine working and in-
creases its stability.

With an increase in the depth of mining operations, the
stability of the mine working decreases; the inelastic defor-
mation zone in the mine walls grows; the load on the support
increases. For the rock-bolts arch formed in the mine roof,
supports are required in the walls of the mine working and
the shelter. For this purpose, side rock bolts are installed. The
use of an appropriate supporting scheme leads to a decrease
in the area of the inelastic deformation zone by 2.5 times and
the area of the zone unloaded from rock pressure by 2.6 times.

Thus, such schemes for supporting the mine working and
the shelter are selected, which ensure their stability in the
considered mining and geological conditions.
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Wspomaganie kopalni pracujgcej ze schronem w réznych warunkach gérniczych
i geologicznych

Schrony stuzg do ochrony gérnikéw przed narazeniem na szkodliwe gazy oraz do pracy ratownikéw. Schrony takie budowane sg
w niszy przylegajgcej do wyrobiska kopalnianego. Celem pracy jest numeryczne badanie stanu naprezer masywu weglowo-skalnego
z wyrobiskiem i ostong, jego statecznosci w roznych warunkach gérniczo-geologicznych i przy réznych uktadach obudowy.
Wykonano symulacje numeryczng stanu naprezefn masywu weglowo-skalnego z wyrobiskiem i schronem. Badano ich stabilnos¢
w réznych warunkach gérniczych i geologicznych oraz przy réznych schematach podparcia. Pokazano, ze w miare uptywu czasu
skaty przykonturowe odcigzajg si¢ od naporu skat, a wokét wyrobiska i schronu rozszerza si¢ obszar zwigkszonej roznicy sktadowych
tensora naprezen. Prowadzi to do powstawania peknigé o réznym stopniu intensywnosci. Gdy kopalnia wspétpracujgea ze schronem
jest prowadzona na plytkiej glebokosci w twardych skatach, do ich podparcia wystarcza podstawowy schemat, sktadajgcy si¢ gléwnie
z metalowych ram i bariery zelbetowej. Jezeli skaty macierzyste sq stabsze, stabilnos¢ wyrobiska kopalnianego i ostony jest zerwana
i konieczne jest wzmocnienie ich podparcia kotwami skalnymi. W rejonie kotwionym skaly znajdujg si¢ w stanie tréjosiowego Sciska-
nia, nad wyrobiskiem i schronem tworzy si¢ tuk kotwowy, co zapobiega przemieszczaniu sig skat stropowych do wyrobiska i zwigk-
sza jego statecznos¢. Wraz ze wzrostem glebokosci eksploatacji zmniejsza sig stabilnos¢ wyrobiska gorniczego, powigksza sig strefa
odksztalcen niesprezystych w Scianach kopalni, obcigzenie podpory wzrasta. Dla tuku kotwiowego formowanego w stropie kopalni
wymagane sqg podpory w Scianach wyrobiska i schronu. W tym celu montowane sq boczne kotwy skalne. Zastosowanie odpowied-
niego schematu podparcia prowadzi do 2,5-krotnego zmniejszenia powierzchni strefy odksztalceri niesprezystych oraz 2,6-krotnej
powierzchni strefy odcigzonej od parcia skal. W zwigzku z tym dobierane sq takie schematy obudowy wyrobiska i ostony, ktére
zapewniajq ich stabilnos¢ w rozwazanych warunkach gorniczo-geologicznych.

Stowa kluczowe: statecznosé wyrobisk gérniczych, bezpieczeristwo gornicze, symulacje numeryczne, deformacje skat, ostony, obudowy wy-
robisk gorniczych
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Abstract

On the basis of numerical calculations of the problem of the explosion of cylindrical charges of explosive substances in soils, the
dependences of maximum pressure, maximum and residual deformations for various types of explosive substances on time and
distance are obtained. It is established that the lowest peak pressure with the longest duration of the explosive pulse is observed for
charges based on foamed types of explosives, both conventional and treated with ultrasonic radiation. The maximum pressure of these
types of explosives is 20-49% less, and the duration of the explosive impulse is in 3-3.5 times longer than compared to the standard
low-density explosive - igdanite. The low value of the peak detonation pressure, achieved by reducing the density of explosives, reduces
the volume concentration of the energy of the charges, which, in turn, increases the efficiency of the explosive transformation energy
in the far zone. The growth time of the explosive impulse of charges based on foamed explosives, both conventional and treated with
ultrasonic radiation, is in 2.47 times greater than for igdanite. It is found that in the near zone during the explosion of an igdanite
charge, significantly higher values of hydrostatic pressure and maximum volumetric deformation are achieved than in the case of a
foamed explosive explosion, which is a consequence of higher detonation characteristics of igdanite: density, pressure at the Jouget
point, detonation rate. The time to reach the maximum pressure and deformation during an igdanite explosion is much shorter,
because the detonation rate of igdanite is higher than that of foamed explosives. The parameters of shock waves during explosions of
charges of new mixed explosives in the middle zone can be compared with the same parameters from traditional industrial explosives,
such as igdanite, and in the far zone of the explosion, they exceed them. The difference in the maximum volumetric deformations
in igdanite explosions is 7-15% compared to the explosions of foamed explosive and foamed explosive treated with ultrasound,
respectively. When detonating a sonicated foamed explosive, the residual deformation is 9-10% greater than when detonating a non-
sonicated foamed explosive charge.

Keywords: mixed explosives, subsidence soils, mathematical simulation

1. Introduction

The main methods of management of the parameters of
the explosive impulse are to control the contact impact of ex-
plosive charges on the surrounding array, the order of detona-
tion of the charges. The nature of such influence is defined by:
a) properties of explosives materials, chemical composition,
concentration; b) density, dispersion and geometric parame-
ters of the charge; ¢) nature of initiation; d) other structural
features of the charge; e) mechanical properties of the array in
the contact zone; €) the order of detonation.

The variety of practical applications of explosives, explo-
sive structures and properties of massifs disturbed by an ex-
plosion objectively create prerequisites for the most rational
use of explosion energy for various purposes in construction
and mining in general under certain conditions.

One of the unsolved problems is the stabilization of deto-
nation in non-cartridge charges of considerable length. There
is a number of reasons for non-stationary explosive distur-
bance and attenuation of the detonation process, among
which the most significant are: a) non-uniformity of the
components of explosive substances and the properties of
heterogeneous (multiphase) mediums; b) discharge action of
the charge boundary; c) non-water resistance (soaking), due
to the hydrophobicity of the main component, saltpeter; e)
changing the parameters of the explosive transformation at
the contact of different explosive substances.

There are other problems associated with the action of
the explosion in the external environment. If a full explosive
decomposition of the charge occurs, then the necessary am-
plitude of the explosive pulse, emitted into the medium, is at
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Tab. 1. The main physical and mechanical characteristics of loess soil

Tab. 1. Gléwne wlasciwosci fizyczne i mechaniczne gleby lessowej
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Tab. 2. The component composition of low-density explosives and igdanite [2]

Tab. 2. Sktad materiatéw wybuchowych matej gestosci i igdanitu [2]

N2|Explosives component| Igdanite |Low-density explosives
Ammonium nitrate 94,5 90
Diesel fuel 5,5 -

Sulfonal - powder

DIW[(N [~

Aluminum powder

a distance of up to 10 radii of the charge or more. At the same
time, the sharp nature of the pulse leads to an extremely fast
dissipation of the wave energy, while the impact of the charge
in space is rather uneven. This is characteristic of most indus-
trial explosives with a stationary detonation rate of more than
3.5-4 km/s.

Therefore, the urgent problem is to change the parameters
of the pulse to reduce unnecessary energy losses in the ex-
plosive zone as much as possible and increasing the radius of
propagation by the action of one charge.

No less important is the problem of the optimal location
of the wells in the massif, which allows choosing the decel-
eration parameters that provide the necessary blasting mode
to achieve the maximum effect of using the energy of the ex-
plosion.

In addition, an important factor under the conditions
of real soil massifs is the heterogeneity of their geological
structure and physical and mechanical characteristics. This
heterogeneity is especially evident in the upper layers of soil
sediments, where the original layered structure of the mas-
sif, related to its geological origin, is often observed. How-
ever, if the object of engineering activity is a loess subsid-
ence massif, its composition is more uniform in depth with
a uniform increase in density or a decrease in porosity in
the natural setting. The situation changes in connection with
the application of any technology of compaction of such an
array. It involves pre-soaking it to destroy sufficiently strong
natural bonds between blocks and aggregates composed of
grant particles and interconnected by salt films that can dis-
solve under the influence of excessive moisture. Since this
moisture is practically incompressible, it is forced to move
relative to the soil skeleton under the action of stresses on
and outside the force front. The rate of movement of soil
particles and moisture is directly proportional to the rate
of first shock and then blast waves. In turn, the rate of the
shock wave is directly proportional to the rate of the deto-
nation front in the charge, that is, to the energy of the ex-
plosive substance in the charge. Thus, the known inertia of
the medium in the dynamic process of the development of

deformations is strengthened due to the mutual movement
of the components that makes up the soil, since the influence
of the viscous component on the process of the development
of volumetric deformations increases.

2. Mathematical simulation of the explosive impact on the
soil mass with the use of low-density explosives

It is known from soil dynamics [1] that an inertial multi-
component soil medium with relatively weak structural con-
nections requires a slower increase and decrease of the load
during the passage of the stress wave for the full development
of the deformation process in the dynamic mode. This places
appropriate requirements on the parameters of the explosive
impulse, which provides a sufficient load that lasts longer in
time. The problem can be solved only by using explosives with
the lowest possible detonation rate.

The solution to this issue can be implemented in the fol-
lowing ways:

1. Improvement of the chemical composition of explo-
sives. Since almost all the main components of low-explo-
sive explosives are currently known, the improvement of the
component composition, depending on the specific goals, is
carried out by introducing hydrophobic, catalytic, inert, qua-
si-inert (low-calorie) and other additives.

2. Treatment of the structure of explosives or the main
component (saltpeter) in order to increase chemical ac-
tivity, which is complicated by the small area of chemical
contact in coarsely dispersed explosives. The aim is to in-
crease the surface area and partial ionization. It can be
achieved due to mechanical (including ultrasonic) process-
ing, by irradiation with electromagnetic waves and charged
particles.

At the current stage of development of means of mecha-
nization of charging works, two ways of improving the char-
acteristics of the pulse are of practical interest, namely: using
thin outer shells made of inert material; with the use of inter-
mediate fighters in long wells, which well perceive the impulse
from the main weak explosives.
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Tab. 3. Dynamic characteristics of mixed explosives [2]

Tab. 3. Charakterystyki dynamiczne mieszanek wybuchowych [2]

Unit of Explosive
° - -
No Characteristics measurement | Igdanite Foan_1 Ultrasonically prot.:essed
explosive foamed explosive
1 |Density of explosives, po g/sm? 0,85 0,6 0,5
2 |Detonation rate: D, open charge 10°m/s 3450 1500 1500
3 [Heat of explosion Q kcal/kg 870 1500 1500
2 |Brisance of explosives 103m 15-20 9-11 9-11
4 |Time of pressure rise in the pulse 10°%s 30 43 48
5 |Pressure on the wave front 10°Pa 2,0 0.95 0,85
6 |Rate of pressure increase 10™*Pa/s 0,5-0,8 0.22 0,18
7 |Polytropy index, N 4.41 2.24 2.12
8 |Isentrope indicator, ¥ 0,264 0,235 0,212
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Fig. 1. Dependencies of average hydrostatic pressure and volume deformation of loess soil on time at the boundary with the explosive cavity during
the explosion: 1 - igdanite, 2 - foamed explosives; 3 — foamed explosives, processed by ultrasound

Rys. 1. Zaleznosci sredniego ci$nienia hydrostatycznego i deformacji objetosci gleby lessowej na granicy z wneka wybuchowa w czasie wybuchu:
1 - igdanit, 2 - spienione materiaty wybuchowe; 3 - spienione materiaty wybuchowe przetwarzane ultradzwiekami

In solving other problems, the determining factor is the
mechanical properties of the surrounding mass: impedance,
compressive strength, dilatancy, conditions of fragility, an-
isotropy, and heterogeneity.

In order to control the explosive impulse process, it is nec-
essary to establish the following interrelationships: charging
parameters, properties of the soil mass in the contact zone,
and the initial parameters of the explosive impulse acting on
the medium; mechanical properties of the array and wave pa-
rameters in the external medium; parameters of the external
load on the soil massif.

On the basis of numerical experiments and theoretical
research conducted in the last decade, it is established that
in a number of typical conditions of detonation of explosive
charges, the flow regime of the explosive transformation reac-
tion is close to stationary, that is, the rate of propagation of the
shock wave is close to constant.

The simplest quasi-stationary mode of detonation of a
cylindrical charge is detonation with axial initiation, which
generates a cylindrical wave.

An increase in the volume concentration of the energy
charge due to an increase in the density of explosives leads
to an increase in the peak pressure of detonation, which in
some cases reduces the efficiency of the energy of the explo-
sive transformation due to a greater loss in the near zone of
the explosion.

At research of the parameters of the explosive impulse for
compaction of the territory of subsidence soils due to surface or
horizontal cylindrical charges of explosives the limitation of ex-
plosive action of charges of explosives is required. This can be
achieved by using low-density foamed explosive mixtures [2-3].

The analysis of previous studies when solving the problem
of finding the radius zone of the base sealing around the well
[4-6] with low-density foamed compositions demonstrates
that it is necessary to determine the pressure at their contact
"detonation products — medium". Based on numerous experi-
mental data, the researchers believe that the efficiency of com-
paction of subsiding foundations when using an explosion is
defined not only by the maximum pressure at the front of the
detonation wave, but also by the duration of the explosive
pulse. This occurs in the increase of the general form of the
explosion at large distances from the charge, and, accordingly,
in the improvement of the compaction of the grounded array
at a considerable distance.

In this regard, it is necessary to study the relationship
between the effectiveness of explosives (igdanite) and the
foamed explosive composition, both conventionally and after
treatment with ultrasonic irradiation, for the compaction of
subsiding water-saturated soils with the maximum pressure,
duration and shape of the explosive impulse that occurs at the
boundary "products of detonation - medium".

Let’s perform a numerical simulation of the camouflage
effect of explosions of cylindrical charges of standard and new
mixed explosives. Let a cylindrical explosive charge of infinite
length and radius is placed in the soil space at a distance from
the surface . Let the charge detonates instantly and the same
average pressure is established throughout its volume , and
the density of the explosion products is equal to the initial
density of the explosive substance. The movement of soil ex-
plosion products is described by the laws of conservation of
momentum, mass and internal energy, which for the explo-
sion of a cylindrical charge have the form [7-8]:
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Fig. 2. Dependences of the average hydrostatic pressure (a) and volumetric deformation (b) of the medium on time in loam No. 1 and No. 2 ata
relative distance r =5,5 ro at explosions of charges of various explosive substances: 1 - igdanite, 2 — foamed explosive; 3 - foamed explosive processed
by ultrasound

Rys. 2. Zaleznosci sredniego ci$nienia hydrostatycznego (a) i odksztalcenia objetosciowego (b) w czasie w o$rodku ilastym nr 1 i nr 2 przy wzglednej
odleglosci r =5,5 ro przy wybuchach fadunkéw réznych substancji wybuchowych: 1 - igdanit, 2 - spieniony material wybuchowy; 3 - spieniony
material wybuchowy przetwarzany ultradzwiekami
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Fig. 3. Compression diagrams at loading and unloading in loam No. 1 and No. 2 at a relative distance r =5,5 r0 at explosions of charges of various
explosive substances: 1 — igdanite, 2 — foamed explosive; 3 — foamed explosive processed by ultrasound

Rys. 3. Wykresy $ciskania przy zatadunku i roztadunku w itach nr 1 i nr 2 na odleglo$¢ wzgledna r = 5,5 r0 przy wybuchach tadunkéw réznych sub-
stancji wybuchowych: 1 - igdanit, 2 — spieniony material wybuchowy; 3 - spieniony material wybuchowy przetwarzany ultradzwigkami
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Where po, p - initial and current density; u, w - rate tensor
components; t — time; P —average hydrostatic pressure; r, 0, z -
cylindrical coordinates; 0, Si,(rr, 00, zz) - tensor and deviator
components of the stress tensor; V = V/Vo, V, Vo - relative,
current and initial specific volumes. For detonation products
S.=0. The relations are performed for the components of the
strain rate tensor:

U

r ()
ér

£ =

v
; ()

The expansion of the explosion products occurs according
to the binomial is entropy, i.e
P=dp™+Bp"? (8)

The constant values A, B, no, yoin ratio (8) are calculated
unambiguously based on the known characteristics of explo-
sives [9].

The soil is simulated as a solid porous multicomponent
medium with a variable coefficient of bulk viscosity n(e) . The

equations of loading and unloading of this medium have the
form [10]:

E= P.,s'fM P.g).
o(P.5)P oPs) w(P.g)

©)]

The functions included in equation (9) for loading and
unloading are determined according to [12], where & — volu-
metric deformation.

The condition of soil plasticity is the Mises-Botkin condition.

The initial conditions for this task are:

U=0.P=P

e P =Pgpatl =r=rm,
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Fig. 4. Dependences of the average hydrostatic pressure (a) and volume deformation (b) on time in loam No.1 at a relative distance = 25.3:
1 - igdanite, 2 - foamed explosives; 3 - foamed explosive processed by ultrasound

Rys. 4. Zaleznosci $redniego ci$nienia hydrostatycznego (a) i odksztalcenia objetosciowego (b) od czasu w glinie nr 1 w odleglosci wzglednej = 25,3:
1 - igdanit, 2 — spienione materiaty wybuchowe; 3 - spieniony material wybuchowy przetwarzany ultradzwigkami

P=g =0,=0.=0, p=pyatr>n. (10)
where p, - initial density of the explosive.

The limiting conditions are:

1) the condition of continuity of rate and stresses at the
boundary between the explosion product and the soil;

2) the condition of "no flow", i.e., the rate on the axis of
the charge is zero.

To approximate the system of differential equations (1)-
(10), the finite difference method applying the finite difference
scheme of the "cross" type [10, 11] of the second order accu-
racy in spatial and temporal coordinates is used. A moving
grid that automatically expands as the shock wave propagates
is used at the solution. As an additional term to the average
hydrostatic pressure in the differential equation of motion, a
linear-quadratic artificial viscosity qis introduced, which al-
lows conducting through-flow calculations, both on smooth
and discontinuous flows.

Calculations are made for loess loams with the following
physical and mechanical characteristics (Table 1).

Angle of internal friction (¢, degrees) — 19, specific ad-
hesion (c, MPa) - 0.043, modulus of deformation (E, MPa) —
6.48 in the natural state and 2.41 in the water-saturated state,
Poisson’s ratio (u) - 0,35.

An explosion of a charge with a radius r0= 0,09m is con-
sidered.

The component composition of low-density explosives and
igdaniteis presented in Table 2, and their dynamic characteris-
tics are in Table 3 (calculated according to the method [2-3].

Figure 1 presents the dependences of the average hydro-
static pressure and volumetric deformation of loam at the
boundary with an explosive cavity during the explosion of ig-
danite (1) and foamed explosive (2).

It is demonstrated at the figure that at the border with
the cavity during the explosion of the igdanite charge, signifi-
cantly higher values of hydrostatic pressure and maximum
volume deformation are achieved than during the explosion
of the foamed explosives. It can be explained by the higher
detonation characteristics of igdanite: density, pressure at the
Juguet point. The time to reach the maximum pressure and
deformation during an igdanite explosion is much shorter,

because the detonation rate of igdanite is higher than that of
foamed explosives.

Figure 2 demonstrates the dependences of the average hy-
drostatic pressure (a) and volume strain (b) in loams No. 1
and No. 2 at a relative distance r =5,5 ro.

Analysis of these figures demonstrates that the nature of
the dependence of pressure and maximum volumetric strain
at the corresponding distance from time is the same as at the
boundary with the explosive cavity: the greater the values of
the detonation characteristics of explosives, the higher the
values of pressure and volumetric strain.

From the comparison of the dependences for soils No.
1 and No. 2, it can be concluded that at the same distance
from the explosive cavity in the first loam, lower pressures
are achieved, but larger volume deformations. It is explained
by the fact that the first soil has a lower density and higher
volumetric porosity, therefore it is more contactable, and this
in turn leads to larger deformations even at lower values of
hydrostatic pressure. An increase in the porosity of the soil
mass leads to a faster transformation of the shock wave into a
continuous compression wave.

The same regularities are presented in Figure 3, which
demonstrates compression diagrams during loading and un-
loading in loams No. 1 and No. 2. The explosion of the igdan-
ite charge achieves significantly higher values of hydrostatic
pressure and maximum volumetric strain than the explosion
of foamed explosive and foamed explosive processed by ul-
trasound.

However it should be noted that the largest residual de-
formation is achieved in the case of explosions of foamed ex-
plosives compared to the explosion of igdanite. In addition, in
the case of the explosion of the foamed explosive processed by
ultrasound, the residual deformation is 9-10% greater than in
the case of the explosion of the charge of the foamed explo-
sives, not processed by ultrasound. This is due to the fact that
the time of rise and fall of the pressure pulse of foamed ex-
plosives is on 13...18 mks longer than that of igdanite, which
leads to a more complete transfer of energy from the explo-
sion products to the soil.

Figure 4 shows the dependence of the average hydrostatic
pressure and volume strain on time in loam No. 1 at a relative
distance of 25.3. From the analysis of the figure, it is demon-
strated that with distance from the center of the explosion,
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the difference in pressure maxima decreases and amounts to
16...21%, and the difference in initial pressures is 110...120%.
This is because although igdanite has a higher density and
initial pressure, foamed explosives have a higher heat of ex-
plosion.

In addition, the index of polytropy in igdanite is also
higher, and this leads to a faster attenuation of the shock wave.

It can be noted that at this distance, not only the residual,
but also the maximum volumetric deformations are greater in
the case of foamed explosive explosions than in the case of an
igdanite explosion. The difference in the maximum volume
deformations during explosions of igdanite is 7...15% com-
pared to explosions of ultrasonically foamed and ultrasonical-
ly processed, respectively.

It is interesting to note the result obtained by numerical
calculations, which consists in the fact that at distances great-
er than 40, the greatest pressure and volume deformations are
achieved during explosions of foamed explosives.

This allows us to make a conclusion about the advantages
of using foamed explosives for the compaction of subsiding
soils in comparison with traditional ones, because when they
are used, thanks to a more complete transfer of the energy of
the explosion to the soil mass, more uniform deformations
are achieved over the entire interval from the source of the
explosion to significant distances from it.

3. Conclusion

1. An inertial multicomponent soil medium with relative-
ly weak structural connections requires a slower increase and
decrease of the load during the passage of the stress wave for
the full development of the deformation process in the dy-
namic mode. This leads to the appropriate requirements to
the parameters of the explosive impulse, which provides a suf-
ficient load that lasts longer in time. The greatest efficiency in
the compaction of subsiding soils can be achieved when using
a foamed explosive due to the action of the explosion at a con-
siderable distance from the charge, and accordingly, uniform
and better compaction to the required depth.

2. A mathematical formulation of the problem is made
and an algorithm for calculating shock wave parameters in

detonation products and soils during explosions of cylindrical
charges of various industrial explosives is developed.

3. The dependences of the maximum pressure on the
front of the detonation wave for different types of explosives
on time and distance are obtained, which indicates that the
lowest peak pressure at the longest duration of the explosive
pulse is observed for charges based on foamed types of explo-
sives, both conventional and processed ultrasonic radiation.
The maximum pressure of these types of explosives is 20-49%
less, and the duration of the explosive impulse is in 3-3.5
times longer compared to the standard low-density explo-
sive - igdanite. The low value of the peak detonation pressure,
achieved by reducing the density of explosives, reduces the
volume concentration of the energy of the charges, which, in
turn, increases the efficiency of the explosive transformation
energy in the far zone.

4. The growth time of the explosive impulse of charges
based on foamed explosives, both conventional and processed
by ultrasonic radiation, is in 2.47 times greater than for ig-
danite.

5. It is established that in the near zone during the ex-
plosion of an igdanite charge, significantly higher values of
hydrostatic pressure and maximum volume deformation are
achieved than during the explosion of a foamed explosive.
This is explained by the higher detonation characteristics of
igdanite: density, pressure at the Juguet point. The time to
reach the maximum pressure and deformation during an ig-
danite explosion is much shorter, because the detonation rate
of igdanite is higher than that of foamed explosives.

6. Parameters of shock waves during explosions of charges
of new mixed explosives in the middle zone can be compared
with the same parameters from traditional industrial explo-
sives, such as igdanite, and in the far zone of the explosion,
they exceed them. The difference in the maximum volumetric
deformations in igdanite explosions is 7-15% compared to
the explosions of foamed explosive and foamed explosive pro-
cessed by ultrasound, respectively. When detonating a son-
icated foamed explosive, the residual deformation is 9-10%
greater than when detonating a non-sonicated foamed explo-
sive charge.
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Zarzgdzanie parametrami oddziatywania materiatu wybuchowego na mase gleby w wyniku

uzycia materiatéw wybuchowych matej gestosci

Na podstawie obliczert numerycznych problemu wybuchu cylindrycznych fadunkéw substancji wybuchowych w glebach uzyskuje
sie zaleznosci maksymalnego cisnienia, odksztatcerr maksymalnych i szczgtkowych dla réznych rodzajow substancji wybuchowych
w czasie i odleglosci. Stwierdzono, ze najnizsze cisnienie szczytowe przy najdtuzszym czasie trwania impulsu wybuchowego obser-
wuje si¢ dla tadunkow opartych na materiatach wybuchowych spienionych, zaréwno konwencjonalnych, jak i poddanych dziataniu
promieniowania ultradZwigkowego. Maksymalne cisnienie tego typu materiatow wybuchowych jest o 20-49% mniejsze, a czas trwa-
nia impulsu wybuchowego jest 3-3,5 razy dtuzszy niz w przypadku standardowego materiatu wybuchowego matej gestosci - igdanitu.
Niska wartos¢ szczytowego cisnienia detonacji, osiggnieta poprzez zmniejszenie gestosci MW, zmniejsza koncentracje objetosciowg
energii tadunkéw, co z kolei zwigksza efektywnos¢ energii przemiany MW w strefie dalekiej. Czas narastania impulsu wybuchowego
tadunkow na bazie spienionych materiatéw wybuchowych, zaréwno konwencjonalnych, jak i poddanych dziataniu promieniowania
ultradzwiekowego, jest 2,47 razy wigkszy niz dla igdanitu. Stwierdzono, ze w strefie bliskiej podczas wybuchu tadunku igdanitu osig-
gane sq znacznie wyzsze wartosci cisnienia hydrostatycznego i maksymalnego odksztafcenia objetosciowego niz w przypadku wybu-
chu spienionego materiatu wybuchowego, co jest konsekwencjg wyzszych charakterystyk detonacyjnych igdanitu: gestosci, cisnienia
w punkcie Jougeta, szybkosci detonacji. Czas do osiggniecia maksymalnego cisnienia i odksztalcenia podczas wybuchu igdanitu jest
znacznie krotszy, poniewaz szybkos¢ detonacji igdanitu jest wieksza niz w przypadku spienionych materiatéow wybuchowych. Para-
metry fal uderzeniowych podczas wybuchow tadunkow nowych mieszanek MW w srodkowej strefie mozna poréwnac z parametrami
tradycyjnych przemystowych MW, takich jak igdanit, a w dalszej strefie wybuchu przewyzszajq je. Réznica w maksymalnych od-
ksztatceniach objetosciowych w wybuchach igdanitu wynosi 7-15% w poréwnaniu odpowiednio do wybuchéw spienionego materiatu
wybuchowego i spienionego materiatu wybuchowego poddanego dziataniu ultradZwigkow. Podczas detonacji spienionego tadunku
wybuchowego poddanego dziataniu dzwieku, deformacja szczgtkowa jest 0 9-10% wigksza niz podczas detonacji spienionego tadun-
ku wybuchowego nie poddanego dziataniu dzwieku

Stowa kluczowe: mieszanki wybuchowe, gleby osiadajgce, symulacje matematyczne

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society 59




60

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society



Technological Solutions for Increasing the
Efficiency of Beneficiation Processes at the Mining
of Titanium-Zirconium Deposits

Oleksii LOZHNIKOV", Borys SOBKO?, Artem PAVLYCHENKO®

Y DUT Dnipro University of Technology, Institute of Nature Management, Department of Surface Mining, Dmytro Yavornytsky ave. 19,
Dnipro, Ukraine; ORCID http://orcid.org/0000-0003-1231-0295; email: oleksiilozhnikov@gmail.com

2 DUT Dnipro University of Technology, Institute of Nature Management, Department of Surface Mining, Dmytro Yavornytsky ave. 19,
Dnipro, Ukraine; ORCID http://orcid.org/0000-0001-9533-5126

% DUT Dnipro University of Technology, Institute of Nature Management, Department of Ecology and Technology of Environmental
Protection, Dmytro Yavornytsky ave. 19, Dnipro, Ukraine; ORCID https://orcid.org/0000-0003-4652-9180

http://doi.org/10.29227/IM-2023-01-07
Submission date: 08-02-2023 | Review date: 29-02-2023

Abstract
The article is devoted to the issue of effective use of associated minerals at the development of titanium-zirconium ore deposits. Since
deposits of sedimentary titanium-zirconium ores have large areas, hundreds of million tons of mining mass are transformed into
man-caused formations during their exploitation. Of the entire volume of mining mass, only 1% after beneficiation is used for the
production of metal titanium, the rest of the mining rocks are stored in dumps and tailings. The use of resource-saving technological
solutions at the development of these deposits allows obtaining loam, clay and sand as accompanying minerals. They can be used for
the manufacture of brick products, molding and construction sand, sub-base layers in construction works and cosmetic materials.
A significant part of sand and clay rocks in titanium-zirconium deposits is in a mixed state and cannot be effectively used without
additional a technological solution, that is why it is placed in bulk tailings storage facilities. The article provides the rationale solutions
for resource-saving technological that allow during the process of titanium-zirconium ores beneficiation to separate clay rocks from
sand within the pit, which allows to obtain additional volumes of titanium-zirconium components and associated minerals for the

building industry and reduce the land area required for the location of tailings storage facilities.

Keywords: surface mining, titanium and zirconium deposits, mining technology, ore beneficiation, accompany minerals

1. Introduction

The development of new and existing titanium-zirconium
deposits of Ukraine is of strategic importance for the devel-
opment of the economy, as it allows providing the needs of
many sectors of the economy with scarce raw materials. Up
to 10% of the world's reserves of titanium-zirconium ores
are concentrated in the depths of Ukraine, which makes it
an influential player on the world market. The importance of
titanium-zirconium ores is extremely important for high-pre-
cision branches of the economy, since they have a wide range
of applications in aircraft construction, in the production of
rockets, electronics, high-precision devices, medical equip-
ment, etc. Every year, the extraction of titanium-zirconium
ores provides Ukraine with revenues to the economy in the
amount of 3-4 billion Euros, which allows for high tax reve-
nues and ensures the sustainable development of the econom-
ic and social sphere [1].

In addition to the significant economic effect of the devel-
opment of placer titanium-zirconium mineral deposits, there
is a certain list of problematic issues. First of all, this is the
need to set aside significant land areas for the exploitation of
pits, as well as the location of dumps and tailings storage fa-
cilities [2]. The main feature of the development of this type
deposits is the insignificant content of useful minerals in the
ore layer (an average of 8% by mass), which requires signif-
icant costs for the movement of ore pulp and the storage of
beneficiation waste in external tailings. Since the productivity
of this group pits is 3-5 million cubic meters per year, the

accumulation of landfill waste occurs on a significant scale.
This leads to the fact that the volumes of their accumulation
lead to a critical level of filling of tailings storage facilities. For
example, the total area of Vilnohirsky MMP tailings is 770
hectares, in which more than 250 million m® of solid waste
from beneficiation production was placed during the years of
enterprise operation [3].

The second problem that has emerged acutely for the ti-
tanium industry of Ukraine today is the depletion of large
deposits of minerals with relatively simple hydrogeological
conditions of occurrence, which requires involvement in
the development of new deposits with complex mining and
geological problems. For the organization of sustainable ex-
traction, technological and organizational tasks related to
significant volumes of water inflow must be solved. The devel-
opment of new deposits is also accompanied by the formation
of a significant amount of production waste, which requires
large areas for the location of tailings storage facilities. For ex-
ample, during the operation of the new pit of the Motronivsky
MPP, the share of useful minerals in the ore is 5%, and in the
volume of the mining mass — about 1%. During the opera-
tion of this pit using the old technology, the total volume of
production waste will be 830 million m* with the volume of
titanium-zirconium minerals - 7.5 million m®.

2. Analyzes of conducted researches
Increasing the level of resource conservation at the devel-
opment of titanium deposits is possible due to the separation
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Fig. 1. The existing technological scheme for the development and beneficiation of titanium-zirconium ores at the Vilnohirsky MMP: 1 - pit, 2 - ore
(mineral fraction content 8%); 3 — beneficiation plant; 4 — processing waste (tails 92%: clay 20%, quartz sand 70%, mineral fraction 2.55%); 5 —
tailings storage

Rys. 1. Istniejacy schemat technologiczny zagospodarowania i wzbogacania rud tytanowo-cyrkonowych w Vilnohirskim MMP: 1 - odkrywka, 2
- ruda (zawartos¢ frakcji mineralnej 8%); 3 — zaktad wzbogacania; 4 - odpady przerébeze (odpady 92%: glina 20%, piasek kwarcowy 70%, frakcja
mineralna 2,55%); 5 — zbiornik odpadéw poflotacyjnych

of contained in ore sand and clay rocks with their subsequent
separate storage in order to prevent the need to create a tail-
ings repository. The research carried out in the work [4] is
devoted to the issue of formation of hydraulic dumps from
contained sand-clay rocks of the ore layer with low filtration
properties. In order to solve the problem of low filtration
properties of rocks an additional process of cleaning contain-
ing rocks from clay using a hydromechanical method of sep-
aration is proposed. The authors of [5], who studied the sepa-
ration of sand-clay rocks using a special sand washing device,
also studied the process of separation of the containing rocks
of the ore layer. The developed method allows separating par-
ticles of quartz sand from clay rocks within the limits of the
pit field due to the compact dimensions of the installation. To
optimize the separation process it can be installed on a con-
centrator which is located inside of the pit [6].

Part of the scientific and research work is devoted to the
formation of the internal dump pit from sand containing
rocks by the hydromechanization method [7]. The formation
of the internal hydraulic dump from quartz sand occurs in
tiers using a hydro-mechanized method. Thus, after washing
the lower dump layer the rocks of the upper dump layers are
deposited on its surface by a mechanized method. The re-
sults of research [8] made it possible to establish the order
of separation of sand from clay, followed by sending the clay
to the gravity thickener. This process allows for thickening,
after which the clay is safely stored in the rock dump, thereby
forming a man-made resource for the future [9].

A significant shortcoming of these works is the field of
application of research results, because there are no specific
studies on establishing effective parameters for the storage of
associated raw materials in man-made formations on the sur-
face of internal dumps during pit development [10]. The rea-
son is that the accompanying raw materials, which are repre-
sented by clays, as a rule, are not considered as a resource that
is promising for future use. Because of this, clays are stored in
bulk in dumps or tailings, which leads to their loss from the
point of reuse.

3. Establishing unresolved problems
Solving the existing problems of the development of ti-
tanium-zirconium deposits in complicated hydrogeological

conditions can be achieved by improving the processes of ex-
tracting and enriching the mineral with the aim of creating a
closed cycle of obtaining titanium-zirconium raw materials
at the mining enterprise. At the same time, it should be taken
into account that the placement of the sandy mixture in the
lower level of the internal dump and the clay mixture in the
man-made deposit on the side of the pit will allow to reduce
the volume of haulage work in the pit due to the reduction of
the volume of haulage of the containing rocks of the ore layer
to the stationary concentration plant, as well as speed up the
process of reclamation of disturbed lands, since there is no
need to wait for the end of the term for the formation of the
tailings storage facility.

4. Tasks Settings

The aim of conducted researches is creation of a closed cy-
cle of obtaining titanium-zirconium raw materials at a mining
enterprise by establishing technological parameters for the
development placer deposits with the separation of contain-
ing rocks at a concentration plant of collective concentrate. To
achieve the aim, the following tasks were solved: research of
the existing technology parameters at the development of tita-
nium-zirconium deposits; conduct an analysis of the resourc-
es of titanium ore beneficiation technology with the existing
field development technology; determine the characteristics
of the man-made deposit formed in the tailings; to study the
possibility of involving mineral resources of tailings in the
closed cycle of the enterprise; to develop technological solu-
tions for the creation of a waste-free technology for the de-
velopment of titanium-zirconium deposits with the repeated
involvement of beneficiation waste in the production process.

5. Improvement of existing mining technology of titani-
um-zirconium raw materials

The existing development and beneficiation technology at
the Vilnohirsky MMP is implemented by means of hydraulic
washing and supplying the mineral to the beneficiation plant.
Sustainable operation of the enterprise using this technology
requires the use of significant water resources. On average, in
one year of operation, about 10 million tons of ore is supplied
to the beneficiation plant, which requires the use of more than
30 million m® of water. The total cost of hydrohaulage of ore
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Fig. 2. Concentrated release of tails from the pulp duct

Rys. 2. Skoncentrowane uwalnianie odpadéw
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Fig. 3. Release of tailings from hydrocyclones

Rys. 3. Zrzut odpadéw poflotacyjnych z hydrocyklonow
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Fig. 4. Comparison of the useful components content in ore and tailings during the development of the Vilnohirsky MMP pit

Rys. 4. Poréwnanie zawartosci sktadnikéw uzytecznych w rudzie i odpadach poflotacyjnych podczas robot przygotowawczych w Vilnohirsky MMP

sands for a length of more than 10 km from the pit to the
beneficiation plant amounts to more than 5.1 million Euros
per year.

In addition, about 100 million m? of water per year is sup-
plied to the beneficiation plant at all stages of ore separation
and gravity haulage of tailings. The costs of providing such
technology with water amount to more than 3.8 million Eu-
ros per year. The need to use such large volumes of water to
haulage ore sands to the beneficiation plant is due to outdated
technology. The main consumption of water is explained by
the lack of division of tailings into clay and sandy components
with further thickening (Fig. 1). This process is accompanied
by the pumping of more than 80 million m® of beneficiation
tailings into tailings storage facilities, which consumes about
43 million KW per year, or 2.9 million Euros.

With the average cost of haulage 1 m® of tailings - 0.05 Euro
the total costs for this process are about 4.0 million Euro per
year. The amount of floating tailings is about 30 million m®.
Thus, on average, the volume of waste from the beneficiation
plant at the Vilnohirsky MPP is about 110 million m® per year.
Due to the imperfection of the beneficiation process, a certain
part of the mineral fraction falls into the tailings reservoir,
which is formed by a hydromechanical method (Figs. 2, 3).

The necessity of forming a tailings storage facility (Fig.
2) is related to the physical and mechanical properties of the
containing rocks. These rocks are represented by a sand-clay
mixture and have low filtration properties, which do not allow
them to form a stable slope of the inner dump layer by hydro-
mechanical method with the existing technology.

The process of forming tailings in Ukraine is regulated
by the "State Waste Classifier DK 005-96", and tailings are
solid, fine-grained particles belonging to the IV hazard class
(low-hazard waste).

Under the conditions of the Vilnohirsky MMP, due to the
imperfect beneficiation technology, up to 3% of the miner-
al fraction from the ore is lost and together with the sand-
clay mixture, enters the tailings repository (Fig. 4). Thus, the
process of stacking the beneficiation tailings in the tailings
storage is a process of forming a man-made deposit that is
prospect of further processing.

After the tailings deposit has already been formed, the
mineral fraction contained in it must be accounted for.
The composition of man-made formations of benefici-
ation tailings is recorded annually in accordance with the
"Instructions on the Procedure for Maintaining the State
Balance of Solid Minerals Stocks". Together with this pro-
cedure the characteristics of the man-made deposit formed
in the bowl of the tailings storage facility are determined
(Table 1).

In order to perform the tasks related to the protection of
the subsoil and the complex use of minerals in the formation
of man-made formations, the geological surveying service of
enterprises must provide:

«  control of storage and saving of sand-clay beneficia-
tion waste in tailings in accordance with the require-
ments of the Code of Ukraine "On Subsoil";

o accounting for the movement of waste tailings from
beneficiation production, which are sent to tailings
storage facilities for the formation of a man-made
deposit, which contains useful components that are
temporarily not used, in accordance with the current
regulatory documents;

o execution of geological and geological-exploration
works at the sites of tailings storage facilities accord-
ing to approved projects.
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Tab. 1. Characteristics of the man-made deposit formed in the tailings basin

Tab. 1. Charakterystyka zloza antropogenicznego utworzonego w osadniku

Factors

Indexes

1. Method of formation

Hydraulic method of formation

2. Morphological feature

Bulk, which is formed when filling low ground of the day surface

3. Composition

Rock, consisting of natural rocks and represented by sand-clay material

4. Possibility of use

Extraction of ilmenite, rutile and zircon, as well as extraction of disten,
sillimanite and staurolite

5. Environmental impact during storage

Safe, represented by sand and clay fractions that are weakly destroyed

Fig. 7. Development of man-made deposit of titanium-zirconium ores
by hydromechanized method

Rys. 7. Rozw6j antropogenicznego zloza rud tytanowo-cyrkonowych
metodg hydromechanizowang

A detailed study of the mineral composition of the Vilno-
hirsky MMP tailings made it possible to determine that with
the existing technology of titanium-zirconium ores beneficia-
tion, the tails contain from 1 to 3% of the final amount of the
main components: zircon, rutile, ilmenite and related ones:
disten, sillimanite, staurolite (Fig. 5).

According to the conducted studies, it was established
that during the titanium-zirconium deposits development up
to 25% of valuable minerals fall into the tailings. Thus, a new
man-made resource with a rich content of mineral raw ma-
terials is created. According to a preliminary estimate, there
may be mineral resources worth up to 1 billion Euros within
the Vilnohirsky MMP tailings storage facility (Fig. 6).

The tailings deposits, formed as a result of Vilnohirsky
MMP activities, were transferred to the status of man-made
deposits, which allows another company to extract titani-
um-zirconium raw materials from them. The development of
these deposits is carried out by a hydromechanized method
with the subsequent extraction of valuable components at the
beneficiation plant (Figs. 7, 8). Thus, the imperfection of the
beneficiation technology organization leads to financial loss-
es. According to preliminary estimates, the involvement of
auxiliary resources of the raw material base of a mining en-
terprise (on the example of Vilnohirsky MMP) at the expense
of the mineral components of the tailings repository (which
was formed over 50 years) would increase the value of the raw
material base of the enterprise by $1.0 billion.

The scheme of mining mass beneficiation from the tail-
ings depository involves the use and placement of a collective
concentrate beneficiation plant near the tailings depository
(Fig. 8). The collective concentrate obtained after preliminary
beneficiation is sent to the main beneficiation plant.

The processing of titanium-zirconium components from
tailings is a more efficient process compared to the develop-
ment of a natural deposit. Since during the development of
the latter, along with the formation of large volumes of waste
placed in the tailings repository, an additional disadvantage
is the need to haulage the entire volume of useful mineral to
a stationary beneficiation plant (10-12 km), which, provided

Fig. 8. Beneficiation plant of titanium-zirconium ores from man-made
deposits
Rys. 8. Zaklad wzbogacania rud tytanowo-cyrkonowych ze zt6z
antropogenicznych

that 90-95% of the containing rocks in ore causes a significant
volume of excess haulage work.

The cost of obtaining a collective concentrate during the
development of a man-made titanium-zirconium deposit at a
wet beneficiation plant located near the tailings storage facil-
ity is 48.5 Euros/t, which is more than 4 times less (due to the
reduction in the use of energy carriers, volumes of hydropulp
and tailings haulage, amount of water) than when receiving
a collective concentrate at the main concentration plant (231
Euro/t), which is located on the industrial site of the plant at a
distance of up to 10 km.

It is worth noting that today, in connection with the im-
provement of beneficiation technologies, reprocessing of
tailings is possible within the scope of the existing main en-
terprise. Therefore, according to the Laws of Ukraine, benefi-
ciation tailings are not classified as waste. In this regard, the
easiest solution to implement is proposed, which will allow to
attract mineral resources of tailings storage facilities into the
closed work cycle of the enterprise (Fig. 9).

6. Development of the closed cycle concept of titanium-zir-
conium raw materials mining

The presented technological scheme (Fig. 9) is the most
effective for titanium-zirconium pits that have been in oper-
ation for a long time and have managed to accumulate sig-
nificant mineral resources in the tailings repository, and the
involvement of mineral raw materials from the tailings repos-
itory in the closed work cycle of the mining and beneficiation
complex allows to reduce the cost obtaining a collective con-
centrate of titanium minerals up to 40%. However, the use of
this technology in the operation of existing and new pits has
a number of significant disadvantages. First of all, it requires
large areas of free land for the location of the tailings storage
facility, secondly, its operation requires the construction of a
system of enormous length pipelines, and thirdly, the need
to supply the plant with the entire volume of useful mineral
remains. As already noted earlier, on average only 5% of the
total volume of ore consists of titanium-zirconium minerals,
the delivery of which is necessary to a stationary beneficiation
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Fig. 5. The content of valuable useful components in the man-made deposit

Rys. 5. Zawarto$¢ cennych sktadnikéw uzytkowych w ztozu antropogenicznym
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Fig. 6. Projected value of mineral resources in the Vilnohirsky MMP tailings

Rys. 6. Prognozowana warto$¢ zasobéw mineralnych w odpadach poflotacyjnych w Wilnohirskim MMP

plant. The above-mentioned problems also lead to a low lev-
el of integrated use of associated minerals in the enterprise's
production activities, which prompts the search for new tech-
nological solutions [11]. In this regard, when developing new
titanium-zirconium deposits, there is a critical need to devel-
op a technological scheme that will allow reducing the area of
tailings storage facilities and reducing the volume of haulage
work during the operation of the mining and beneficiation
plant.

The proposed technological scheme is primarily aimed at
creating a waste-free technology for the development of new
titanium-zirconium deposits with the possibility of re-involv-
ing beneficiation waste into the production process (Fig. 10).

The implementation of the technological scheme (Fig. 10)
is carried out by building a beneficiation plant of collective
concentrate on board the pit, which receives 100% of tita-
nium-zirconium ore from the pit. Mined ore in the form of
pulp enters the collective concentrate plant, where ore bene-
ficiation and distribution of ore pulp into rough concentrate
(up to 7%), clay fraction beneficiation tails (up to 20%), and
sand beneficiation tails (up to 72%) take place in parallel. The
crude concentrate is transported to a stationary concentrator
through a pulp pipeline [12]. The tailings of clay fraction ben-
eficiation are carried through the pulp pipeline to the thick-
ener, which is located in the immediate vicinity of the pit,
where the clay is thickened with the subsequent placement of
accompanying raw materials in the man-made deposit. Sand
beneficiation tailings are pumped through the slurry pipe-
line to the second part of the internal hydro dump from the
non-working slope of the pit. Due to the separation of clay

from sand, the resistance of the dump layers to landslides is
ensured and it is possible to place new dump layers on their
surface mechanically [13].

The main feature of the proposed technology is the sepa-
ration of sand-clay containing rocks for the purpose of their
further separate storage in the residual space of the pit. How-
ever, the most difficult task is the handling of clay, which after
beneficiation is in a watered form and dries for a long time in
natural condition. To solve this problem, it is worth turning
to world experience, because today there are effective technol-
ogies for thickening waste from beneficiation factories. They
are widely used in the Timmins, Langmuir Mine in Canada
[14], in the USA - in the Blue mine Hills, at the mining in
South Africa (Fig. 11).

The application of the tailings separation technology into
clay and sand components with their subsequent thicken-
ing (Fig. 11) allows to significantly reducing the amount of
mining waste. For example, when 10 million tons of ore are
fed to the beneficiation plant of Vilnohirsky MMP, only 0.6
million tons (6-7%) of useful minerals are extracted and the
remaining waste (9.4 million tons) is a sand-clay mixture in a
liquid state. During the separation of the sandy and clay mix-
ture, 70% of the water (16.5 million m?) is found in the sandy
tailings and 50% (1.77 million m®) in the clay tailings when
they are thickened. Thus, according to the proposed technol-
ogy, the amount of tailings of the beneficiation plant will be
reduced to 22.7 million m*, which is more than four times
less than with the existing technology. At the same time, the
savings in electricity costs only due to the pumping of waste
to the tailings storage facility will amount to about $1 million/
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Fig. 9. Technological scheme for the development of a titanium-zirconium deposit with the involvement of mineral resources of the tailings
repository: 1 - pit; 2 — ore (mineral fraction content 8%); 3 — beneficiation plant; 4 — processing waste (tails 92%: clay 20%, quartz sand 70%, mineral
fraction 2.55%); 5 — tailings storage facility; 6 — concentration plant of collective concentrate; 7 — collective proofing concentrate (2.3%); 8 - tailings
(sand-clay mixture)

Rys. 9. Schemat technologiczny zagospodarowania ztoza tytanowo-cyrkonowego z udzialem surowcow mineralnych sktadowiska odpaddéw:
1 - odkrywka; 2 - ruda (zawarto$¢ frakcji mineralnej 8%); 3 — zaklad wzbogacania; 4 — odpady przetworcze (odpady 92%: glina 20%, piasek kwar-
cowy 70%, frakcja mineralna 2,55%); 5 - obiekt skladowania odpadéw poflotacyjnych; 6 — zaklad zageszczania koncentratu zbiorowego;
7 - zbiorczy koncentrat wzmacniajacy (2,3%); 8 — odpady przerdbeze (mieszanka piasku i gliny)

10-12Km

Fig. 10. Technological scheme for the closed cycle mining of a titanium-zirconium deposit: 1 - pit; 2 — ore (8% mineral fraction); 3 - concentration
plant of collective concentrate; 4 — clay thickener; 5, 6 — processing waste (clay 20% of the volume of ore, quartz sand — 72%, respectively);
7 - mineral fraction 7%; 8 - beneficiation plant

Rys. 10. Schemat technologiczny eksploatacji ztoza tytanowo-cyrkonowego w obiegu zamknietym: 1 — odkrywka; 2 — ruda (8% frakcji mineralnej);
3 — zaklad zageszczania koncentratu zbiorczego; 4 — zageszczacz gliny; 5, 6 — odpady przetworcze (glina 20% objetoséci rudy, piasek kwarcowy —
odpowiednio 72%); 7 - frakcja mineralna 7%; 8 — zaktad wzbogacania

year. A comparison of the main technical and economic indi-
cators of the existing and proposed technological schemes is
given in the table. 2.

In addition to the economic effect of reducing operation-
al costs, the use of modern equipment allows for additional
extraction of conditioned zircon, rutile and ilmenite concen-
trates and aluminosilicates (dysthene, staurolite) from the ore
layer. The rates of beneficiation according to modern schemes
are quite high and the extraction of commercial concentrates
from the original ore reaches 95-98%.

Thus, the implementation of the proposed technological
scheme for the development of titanium-zirconium deposits
allows obtaining three significant advantages. First, there is
the possibility of selective separation of sand from clay, after
which separate man-made deposits are formed from the clay;
secondly, due to the separation of clay from sand, there is an
opportunity to stack sand in the internal dump of the pit with
the subsequent placement of dump layers on its surface by a
mechanical method. And as a result, due to the mechanical
formation of the upper dump layers, it is possible to signifi-
cantly reduce the area of external tailings storage facilities.
Thus, compared to other technological solutions, up to 20% of
clay and 72% of quartz sand will be selectively extracted from

92% of the sand-clay mass. All the sand is placed in the in-
ternal dump of the pit and the man-made deposit of building
raw materials is formed from the clay, which will be involved
in further use.

7. Conclusions

The carry out researches confirm the effectiveness of the
proposed technology for the development of a titanium-zir-
conium deposit with a closed cycle. Its implementation makes
it possible to ensure cost-effective and practically ecological-
ly clean and waste-free production with a significantly lower
cost of the main products of existing mining and beneficia-
tion enterprises. In this way, the task of the circular economy
of mining production is implemented, which consists in ex-
panding the possibilities of using renewable resources (waste
from beneficiation production) and creating cycled techno-
logical schemes with multiple use of water at the development
of a titanium-zirconium deposit.

It has been proven that the repeated extraction of mineral
raw materials from man-made deposits (tailings) of already
existing mining and beneficiation plants will help to minimize
economic damage to the environment. It was established that
for the operating conditions of the Vilnohirsky MMP, the ap-
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Fig. 11. Installation for thickening beneficiation waste

Rys. 11. Instalacja do zageszczania odpadow

Tab. 2. Comparison of technological schemes for the development of titanium-zirconium deposits

Tab. 2. Poréwnanie schematéw technologicznych udostepnienia z16z tytanowo-cyrkonowych

- Existing technological The proposed
Indicator scheme technological scheme
Hydrohaulage of ore to the beneficiation plant:
- share of the total mass of ore, % 100 7
- volume, million tons 10 0.7
- costs, million Euros 5.15 0.36
Hydrohaulage of beneficiation tailings:
- distance, km 6 0.5
- costs, million Euros 4.0 0.33
Annual economic effect, EUR million - 8.5

plication of the proposed technological solutions will reduce
the area for the location of tailings storage facilities by 4 times.

It was proved that the proposed solutions allow reduc-
ing the cost of the main products of the mining and ben-
eficiation plant due to additional volumes of mineral raw
materials extraction from man-made resources by 30-40%

and additional creation of man-made deposits of building
raw materials. The implementation of such an approach is
connected with the use of the most important principle of
creating environmentally safe technologies of mining pro-
duction - the organization of a closed technological cycle of
the mining enterprise.
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Rozwigzania technologiczne zwigkszajgce efektywnos¢ proceséw wzbogacania w eksploatacji

ztoz tytanowo-cyrkonowych

Artykul poswigcony jest zagadnieniu efektywnego wykorzystania mineratow towarzyszqcych przy zagospodarowaniu zt6z rud ty-
tanowo-cyrkonowych. Poniewaz zloza osadowych rud tytanowo-cyrkonowych majq duze powierzchnie, setki miliondw ton masy
wydobywczej podczas ich eksploatacji przeksztatcane sq w formacje antropogeniczne. Z calej masy wydobywczej zaledwie 1% po
wzbogacaniu jest wykorzystywane do produkcji tytanu metalicznego, reszta skal wydobywczych sktadowana jest na hatdach jako
odpady poflotacyjne. Wykorzystanie zasobooszczednych rozwigzan technologicznych przy zagospodarowaniu tych zt6z pozwala na
uzyskanie itow, glin i piasku jako kopalin towarzyszgcych. Mogg by¢ one stosowane do produkcji wyrobow z cegly, piasku formierskie-
go i budowlanego, warstw podkladowych w budownictwie oraz materiatow kosmetycznych. Znaczna czes¢ skat piaskowych i ilastych
w ztozach tytanowo-cyrkonowych jest w stanie wymieszanym i nie moze by¢ efektywnie wykorzystana bez dodatkowego rozwigzania
technologicznego, dlatego jest umieszczana na skladowiskach odpadow poflotacyjnych. W artykule przedstawiono przestanki rozwig-
zan technologicznych oszczedzajgcych zasoby, ktore w procesie wzbogacania rud tytanowo-cyrkonowych pozwalajg na oddzielenie
skat ilastych od piasku w obrebie wyrobiska, co pozwala na uzyskanie dodatkowych ilosci komponentow tytanowo-cyrkonowych
i mineratow towarzyszqcych dla budownictwa oraz na zmniejszenie powierzchni gruntéw, wymaganej pod lokalizacje skladowisk
odpadoéw poflotacyjnych.

Stowa kluczowe: gérnictwo odkrywkowe, zloza tytanu i cyrkonu, technologia gornicza, wzbogacanie rudy, mineraly towarzyszqgce
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Abstract
Kryvyi Rih iron ore basin consists of complex structured ore deposits and is developed by the underground method at depths of over
1000 m. The underground method is used to mine reserves of rich iron ores with a useful component content of more than 59%
applying bulk ore and rock caving systems. This leads to significant changes in the stress state of the rock massif. During underground
operations, mine workings are strained and in some cases destructed. As a result, enterprises are constantly increasing operating costs
for maintaining mine workings, which adversely impacts the cost of production. Industrial research results demonstrate that in most
cases workings fail in their upper part which is vaulted in shape. Available methods for determining the state of rocks around mine
workings do not fully take into account physical and mechanical properties of the rocks in which the working is located. The developed
technique allows determining not only the destructive pressure impacting the workings, but also the angle at which the destructive force
acts. This technique differs from the available ones in taking into account not only mining and geological characteristics of the deposit,
but also most factors of physical and mechanical properties of rocks. This technique helps to choose a rational place for driving mine

workings at the stage of design, thus avoiding significant additional cost for their maintenance.

Keywords: stress, working, vault of stable equilibrium, pressure, stability, ultimate strength, rocks

1. INTRODUCTION

Underground mining of mineral deposits leads to signif-
icant changes in the primary stress state of the rock massif
that cause man-made disasters of a geomechanical nature
[1-3]. In solving this problem, experimental research meth-
ods are used the results of which are the basis for determin-
ing the positive and negative nature of the change in the
stress state of the rock massif [4-6]. The change in stress-
es occurs due to changes in the forces of mutual attraction
and mutual repulsion between ions in the crystal lattice of
rocks resulting in internal forces that counteract external
ones [7-9].

According to [10-13], various measures to change
the stress state of the rock massif lead to an increase in
stability of mine workings through reducing concentra-
tion of stresses or cutting the cost of drilling and blast-
ing due to increased concentration of stresses in the rock
massif.

It is proved that if an elementary cube is separated from
a stressed rock massif, three stress vectors can generally be
detected on each of its faces: two tangential (mutually perpen-
dicular) and one normal, Fig. 1, [14-16].

The internal stress state of the rock volume under consid-
eration is a stress tensor and looks as follows

g, I'J\.I. I
S,,- = 'ru' D—l 'rl‘_' =Pz M. (1)
I':L I'q, a.

where o, is the internal stress arising in the rock MPa; T, is
tangential stresses arising in rocks, MPa; p, is a set of stresses
relative to three mutually perpendicular areas at one point;
n, is a single normal vector to the corresponding plane un-
der consideration; i, k are indices of the axes of coordinates
X, Y, Z.

Stress concentration on the contour of workings can be
reduced by changing their cross-sectional shape depending
on the ratio of stresses acting in the cross-sectional plane of
the workings. At that, the shape of the workings can be ellip-
tical, arched, vaulted, round, tent-shaped, rectangular, rectan-
gular-vaulted, etc. [17-19].

However, to ensure technological processes (drilling of
the massif, ore drawing and haulage, ventilation, etc.), it is
necessary to create workings of a large cross-sectional area
which significantly reduces stability of the workings regard-
less of their shape.

The required area of underground mine workings de-
pending on application of the relevant type of equipment is
given in Table 1 20, 21].
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Fig. 1. Distribution of stress vectors in an elementary volume located in the rock massif

Rys. 1. Rozktad wektoréw naprezen w jednostkowej objetoéci znajdujacej sie w masywie skalnym

Tab. 1. Area of mine workings in underground mining at mineral deposits of Kryvyi Rih iron ore basin (Ukraine)

Tab. 1. Powierzchnia wyrobisk gorniczych w gornictwie podziemnym na ztozach kopalin Krzywego Rogu (Ukraina)

. - Mine workings area, when applying:
Mine workings traditional equipment self-propelled equipment
Capital workings (crosscut), m? 12-18 18-24
Ereparatory wc;rklngs (haulage drift, 8-16 16-20
aulage ort), m

Subsidiary workings, m?:
- drilling 8-12 14-18
- undercut 4-8 8-12
- raise 2-4 4-6
- transport 4-7 10-14
- reloading rooms 6-14 22-25
Compensation rooms, m3 3750-45000 3750-45000

Thus, according to data of mining enterprises of Kryvyi
Rih iron ore basin, retimbering of capital, preparatory and
subsidiary underground workings averages 3-10%, 5-15%
and 10-25% respectively.

2. PURPOSE

The present study aims to determine stress concentration
on the contour of underground mine workings to reduce op-
erating costs for their maintainance. For this, it is necessary to
solve the following tasks:

1. To study the impact of the field of primary stresses of a
multi-module massif on formation of a destructive force aris-
ing on the contour of the vaulted mine working.

2. To improve the method for determining the active zone
that leads to destruction of the mine working.

3. ANALYSIS OF RESEARCHES AND PUBLICATIONS

The rock massif of Kryvyi Rih iron ore basin is com-
prised of a complex of rocks with their own mining, geo-
logical, physical and mechanical properties. In terms of geo-
mechanics, rocks of the rock massif should be considered in
relation to adjacent rocks as an elastic or plastic inclusion.
If an external load is applied to such a complex of rocks, a
complex field of stresses is formed in it depending on geo-
metrical and physical-mechanical parameters of the rock
massif area under study. Therefore, the larger the volume of
the massif where the field of stresses is being determined,
the greater the number of geological and tectonic factors im-
pacting the final result is.

Ideally, the gravitational forces formed in an undisturbed
massif are composed of vertical and horizontal stresses, which
can be determined by the expressions [22-24]

2)

where oz is vertical stresses, MPa; o , o are horizontal compo-
nents of the vertical stress, MPa; y is the volumetric weight of
rocks, H/m? H is the depth of mining, m; p is Poisson ratio.

Changes in the stress field on the contour of the working
as well as determination of places of maximum stress con-
centration with respect to the exposure surface are treated in
works by a great number of scientists including M.M. Pro-
todyakonov, I.A Turchaninov, Z.M. Galaev, G.N. Kuznetsov,
M.L Stupnik, V.M. Tarasyutin, V.O. Kalinichenko, V.I. Bond-
arenko, A.M. Zorin etc. The results of many years of studies
of the stress state of the rock massif enable arguing that the
structure of the primary stress field is impacted by the follow-
ing factors: gravitational forces, tectonic forces and residual
stresses [22-27]. Every particle located at a depth is pressed
by the weight of overlying rocks, it transfers this pressure in
all directions, and due to the impossibility of displacement,
horizontal stresses arise [22-24]. When determining stresses
in the rock massif, the scope of studies must be limited to a
structural block, then the obtained fields of primary gravita-
tional-tectonic stresses will be characteristic of this structural
block [25-27].

Due to the fact that a real rock massif is not an ideal en-
vironment, the earth’s crust can be divided into geoblocks
represented by more than 20 ranks according to its distur-
bances. According to [23], dimensions of geoblocks are
on average: 1 m, 10 m, 100 m, 1 km, 10 km, 100 km, 1000
km and over. Disturbances of each rank have their own
strains and their own field of the gravitational-tectonic
stress.

According to [22, 24, 27], tectonic stresses in the vertical
direction should equal zero, and in the horizontal direction
they should have the maximum and the minimum value with
the azimuth of their action: ¢

0,0 ,and O,y Thus, in the

1 V20 Tlg
ideal case, the total of gravitational-tectonic stresses is deter-
mined by the formulas
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Tab. 2. Classification of rocks and ores of Kryvyi Rih iron ore basin

Tab. 2. Klasyfikacja skal i rud Krzyworoskiego zaglebia rud zelaza

Compressive Degree of fracturing
strength, MPa Rocks weak < 5; medium 6-15; |great > 15;
sw. = 0.9-1.0 sw = 0.5-0.8 | Ksw <0.5
> 140 Jaspilite, hematite quartzites I 7 paig
120-140 Oxidized, magnetite quartzites II III v
70-120 Quartz-chlorite, aspid schists, 11 v Y
colour hornfels
40-60 Cologr and chlorite schists, v v VI
martite ores
<40 Colour ores vI VI vI

Fig. 2. Formation of stresses on the contour of the round working: 1 - the area of compressive stresses;
2 - the area of tensile stresses; 3 — the beginning of vault formation; 4 - the contour of the mine working

Rys. 2. Powstawanie naprezen na obrysie wyrobiska okraglego: 1 — obszar naprezen $ciskajacych;
2 - obszar naprezen rozciagajacych; 3 - poczatek formowania sie sklepien; 4 — zarys wyrobiska kopalnianego

yH
Iy

nyH
1—py

a,

e =

1r+

G =0y, +

3)
where 0, , 0, are tectonic stresses, MPa, o, , 0, are gravita-
g 28
tional stresses, MPa.
Under the impact of external forces, rocks are subjected to
linear strains € which are determined by the expression

Q:ATJ )

where 1" is the length of the edge of the separated elementary
cube | after straining, mm; Al is the change in the length of the
edge of the elementary cube after straining, mm.

By separating linear and shear strains into their constitu-
ent vectors along the coordinate axes, the strain tensor, which
determines the nature of the strain of any point in the body,
has the form

1 1
6'1_ EFK‘ 21—1\:
1 1 1 8,  éu,
go=|=T, & —T.|=—=| —+—1] (5)
oz 2T 2léw éx
1
Ern ~T, £

where u is the general designation of any strain.

In this tensor (5), two of any tangential stresses T lying in
the same plane and directed oppositely, must be equal, since
the body is in equilibrium, and therefore, the total moment
of forces relative to the center of the elementary cube equals
zero [22, 25].

Given that the opposite shear strains are equal to each
other, the strain tensor is symmetrical. The nature and value
of the strain depend on the type and value of applied stresses.
An increase in load leads to an increase in strains, and when
ultimate strength is exceeded, the rock is destructed [28-30].

Depending on the ratio of values of these strains, rocks
can be divided into elastic-fragile (the plastic zone is practi-

cally not observed until destruction), elastic-plastic (destruc-
tive strain is preceded by a zone of plastic strain) and plastic
(elastic strain is practically not available) [24, 31-33]. The
rock massif of Kryvyi Rih basin is heterogeneous, therefore,
at the same depth, different stresses act on the mine working
and cause different strains [24-36].

Thus, on the contour of the working with a large radius
of curvature, there appear angular points that are foci of high
concentration of stresses resulting in partial destruction of
the contour of the working with changed stresses on it. The
working is being destructed until it acquires stable outlines
[37-40]. The contour of the working is under destruction
throughout its entire life. To maintain the mine workings
throughout this period, various types of timbering are used
according to the developed classification given in Table 2.

Rocks of Kryvyi Rih iron ore basin are divided into six
classes: I - very stable; II - stable; IIT - medium stability; IV -
low stability; V - very low stability and VI - unstable.

Depending on the compressive strength and the class of rock
stability, the following types of timbering are used to maintain
mine workings: class I - timberless, sprayed-concrete, anchor;
class II - sprayed-concrete, anchor with mesh; class III — anchor
with sprayed-concrete concrete, metal; class IV — metal, anchor
with reinforced sprayed-concrete; class V - yieldable steel arch,
anchor with elongated anchors with reinforced sprayed concrete;
class VI - paired steel arch yieldable, round tubbing.

4. METHODS

According to [17-21], tensile and compressive stresses
occur around workings, Fig. 2, while at points A and B there
are maximum compressive and tensile stresses respectively.

The maximum stress-strain state around the round work-
ing in the gravitational-tectonic field of primary stresses is
described by the following expressions for the elastic medium
[13, 19, 41-43]
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a)

b)

Fig. 3. Condition of underground mine workings under pressure at the depth of 1350 m (u/m “POKROVSKA’; the JSC “KRYVBASZALIZRUDKOM”):
a — without destruction of mine workings; b - destruction of the working in its upper part

Rys. 3. Stan podziemnych wyrobisk gorniczych pod cisnieniem na gtebokosci 1350 m (,POKROVSKA’, ,KRYVBASZALIZRUDKOM”):
a — bez niszczenia wyrobisk gorniczych; b - zniszczenie wyrobiska w jego gornej czesci

Fig. 4. Computational scheme for determining the destructive load on the contour of the working

Rys. 4. Schemat obliczeniowy wyznaczania obcigzenia niszczacego na kontur wyrobiska

i oo \ 2 | re 6)
{ LT ( 2 —
oéz;1+57} Gt 1439 ]Uf Uram2€}
I, 7 l\ I, 7 2

where or, 08 are normal and tangential stresses respectively,
MPa; a is the radius of the working, m; r is the distance from
the center of the working to the elementary volume, m; 0 is
the calculated angle at which normal and tangential stresses
act on the contour of the mine working, degrees.

If compressive stresses on the contour of the working ex-
ceed ultimate compressive strength of the rocks, the working
is destrructed 1, at that there is an increase in the span and
a decrease in the contour of the vaulted part, which in turn
leads to occurence of tensile stresses 2 in the roof with subse-
quent formation of the caving vault 3.

The main condition for stability of the boundary equilib-
rium at any site is described by Coulomb law and looks as
follows [44-46]

T, 2T, +0gp, 7)

where T, is shear forces, MPa; T, is initial shear resistance,
MPa; om is the normal stress at a given site, MPa; p is the angle
of internal friction of rocks, degrees.

The normal and tangent stresses included in (7) are deter-
mined by the system of equations

J'Cr” =0.cos0,

lrz =0, sind, (8)
If there are no compacting stresses, the initial shear resis-
tance is equal to adhesion of rocks. According to [13, 24, 47],
the initial shear resistance is determined depending on the
characteristics of the rock massif:
o for a homogeneous massif

T, =1

o for a microlayer massif

7, =(0.6...0.7)c:

o  for individual layers and contacts
7, =(0.2...0.5)c:

where c is adhesion of rocks for the main thickness of the
massif, H/m?.

In layered rocks on the contour of the working, a local fall
is observed, manifestation of which occurs due to a decrease
in ultimate strength of rocks and the coeflicient of adhesion
between the layers. The value of the strength characteristics
on contacts between the layers is considerably less, so de-
struction in the massif occurs on contact between the rocks.

Stresses arising on the contour of the working lead to its
destruction, which in turn adversely impacts heterogeneous
properties of the multi-module massif.
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Fig. 5. Dependencies of the value of the active load on the contour of the working beyond the zone of the stoping operations impact on the depth of mining,
the radius of the vaulted part of the mine working and rocks: 1-3 — the working is in magnetite ores with the radius of 2, 3 and 4 m respectively; 4-6 —
the working is in schistous rocks with the radius of 2, 3 and 4 m respectively; 7, 8 - calculations according to (9) for magnetite ores and schistous rocks

respectively

Rys. 5. Zalezno$ci warto$ci obciazenia czynnego od obrysu wyrobiska poza strefa oddziatywania postoju na glebokos¢ urabiania, promien sklepienia
wyrobiska i skaly: 1-3 — eksploatacja odbywa si¢ w rudach magnetytu o promieniu odpowiednio 2, 3 i 4 m; 4-6 — wyrobisko w skatach tupkowych o
promieniu odpowiednio 2, 314 m; 7, 8 — obliczenia wg (9) odpowiednio dla rud magnetytu i skat tupkowych
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Fig. 6. Dependencies of the value of the actual load on the contour of the workins beyond the zone of stoping operations impact on the angle of the ore
deposit dip, the depth of mining and rocks: 1-3 - the working is in magnetite ores at the depth of 1200, 1350 and 1500 m respectively; 4-6 — the working is
in schistous rocks at the depth of 1200, 1350 and 1500 m respectively
Rys. 6. Zalezno$ci warto$ci rzeczywistego obcigzenia od konturu wyrobisk poza strefg zatrzymania eksploatacji, od kata upadu zloza, gtebokosci
eksploatacji i skal: 1-3 — wyrobisko w magnetycie rudy na glebokoséci odpowiednio 1200, 1350 i 1500 m; 4-6 — wyrobisko w skatach tupkowych na
glebokosci odpowiednio 1200, 1350 i 1500 m

5. RESULTS

In Kryvyi Rih iron ore basin, ore bodies are represent-
ed by complex structured deposits [32-34]. Mine workings
driven are destructed over time. In most workings, the roof is
destroyed with formation of a vault of various configurations
and sizes, Fig. 3.

Rock caving is caused by a significant span of exposure or
results from the action of destructive compressive or tensile
stresses.

As the radius of the vault curvature decreases, compres-
sive stresses increase and tensile stresses decrease, and vice
versa, when the radius of the vault curvature increases in the
areas of the working contour, compressive stresses decrease,
and tensile stresses increase.

For an arbitrary elementary site oriented at the angle §_
in the ore massif adjacent to the open pit contour, normal on
and tangential T stresses arise, which are determined by the
formulas

o, =0, cos* B.+o, sin’ B+t , sin2fB_,
T, = O,S[cr:__ -0, ]sfn 2B, -1, cos2f,. ©

Thus, the destructive pressure (weight of rocks) arising
and acting on the contour of the working is determined by
the expression

Pb_“_ziRan{a+ﬁ_90'J, (10)
/

where P, is the destructive force acting on the contour of the

working, MPa; P is the weight of the overlying rocks, H/m?; 1

is the arc length of the working vault contour, m.

On performing relevant transformations of (9) and after
transition from the polar coordinate system to the rectangular
one, and substituting the obtained values into (7), the formula
of the boundary equilibrium on the contour of the workings
is obtained, Fig. 4

Psin2(a+ f-90)

=1, +yHcosfigp. (11)
2

where P is the angle of displacement of rocks, degrees.

On multiplying the right and left parts of (11) by the
square of the radius of the working and performing relevant
transformations, the value of the maximum destructive force
on the contour of the working is obtained which provides the
boundary equilibrium

B 1’1, +1°y¥H cos Bte p

F
sin2(a + f—90)

(12)
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Fig. 7. Dependencies of the active load value on the contour of the working beyond the zone of the stoping operations impact on the angle of rock shift, the
angle of the dip of the ore deposit and rocks: 1-3 - the working is in magnetite ores with the deposit dip of 40, 50 and 60 degrees respectively;
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Rys. 7. Zaleznosci wartoéci obcigzenia czynnego od konturu wyrobiska poza strefa zatrzymania eksploatacji na kat przesuniecia skaty, kat upadu
ztoza rudy i skal: 1-3 — wyrobisko jest w rudach magnetytu o spadku ztoza odpowiednio 40, 50 i 60 stopni; 4-6 — wyrobisko w skatach tupkowych o
nachyleniu ztoza odpowiednio 40, 50 i 60 stopni
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Fig. 8. Dependencies of the change in the angle of active pressure on the contour of the working on the mining depth, the radius of the vaulted part of the
working and rocks: 1-3 - the working is in magnetite ores with the radius of the vaulted part 2, 3 and 4 m respectively; 4-6 — the working is in schstous
rocks with the radius of the vaulted part 2, 3 and 4 m respectively

Rys. 8. Zaleznosci zmiany kata parcia czynnego od konturu wyrobiska na glebokoéci urabiania, promienia sklepionej czesci wyrobiska i skat: 1-3 —
wyrobisko wystepuje w rudach magnetytu o promieniu czeéci sklepionej odpowiednio 2, 3 i 4 m; 4-6 — wyrobisko w skatach tupkowych o promieniu
czesci sklepionej odpowiednio 2,314 m

On performing relevant transformations, the final equa-
tion of the destructive force acting on the contour of the
working is obtained

_ r:ro sina + I'::/H sina cos ftg p
sin2(e + £ -90)

P,

o (13)

Based on (13), the dependencies of distribution of the de-
structive pressure on the contour of the working on the depth
of mining, the angle of the ore deposit dip and the angle of
shift of the hanging wall rocks are built, Fig. 5-7.

Fig. 5 shows that with an increase in the depth of min-
ing operations, the pressure on the contour of the working
increases. Thus, with an increase in the depth of mining from
1000 to 1500 m and a change in the radius of the vaulted part
from 2 to 4 m, the pressure on the contour of the working
increases from 39.8 to 233.3 MPa if the working is driven in
magnetite ores. If the mine working is driven in schistous
rocks, the pressure on its contour increases from 18.2 to 109.4
MPa. Comparing the obtained values enables the conclusion
that if workings are located in schistous rocks, the pressure on
their contour is almost 2 times smaller than in magnetite ores.

Thus, for conditions of Kryvyi Rih iron ore basin, it is rea-
sonable to locate mine workings in waste rocks to reduce the
cost of their maintenance and re-timbering.

Comparing the results of our study with those in [48] en-
ables the conclusion that the pressure acting on the contour of
the working does not depend on the radius of the vaulted part
(curves 7 and 8). However, the nature of the pressure change
calculated by (9) and proposed (13) is almost the same, which
indicates reliability of the results.

It should be noted that the angle of the ore deposit dip
significantly impacts the rock pressure around the mine
working. Thus, the minimum magnetite ores pressure on the
working acts at the angle of the ore deposit dip from 65 to
75 degrees, and if the working is located in schistous rocks -
from 50 to 60 degrees.

Thus, depending on physical and mechanical properties
of rocks at the same depth and angle of the ore deposit dip, the
pressure on the mine working differs significantly for magne-
tite ores and schistous rocks.

As is seen from Fig. 7, with an increase in the angle of
rock shift, the pressure on the contour of the mine working
decreases significantly. Analysis of the graphs given reveals
that if the shift of rocks exceeds 65-70 degrees, the pressure
on the mine working contour stabilizes regardless of the ore
deposit dip.

Thus, when designing a mining system or a scheme of
opening, it is necessary to have a complete geological char-

74

Inzynieria Mineralna — Styczet - Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society



Fig. 9. Epures of equivalent stresses acting around the mine working

Rys. 9. Diagram naprezen réwnowaznych dziatajacych wokot wyrobiska gérniczego

Fig. 10. Epures of vertical stresses according to Mohr theory acting around the mine working

Rys. 10. Diagram naprezen pionowych wedtug teorii Mohra, dziatajace wokdt wyrobiska gorniczego

acteristic and physical and mechanical properties of rocks.
Therefore, creation of underground mine workings in certain
rocks enables reduction of costs for maintaining the workings
during their life period.

If the destructive pressure determined by (13) is greater
than the rock ultimate compressive strength (Table 2), the
working is stable and subject to strains at the angle 9§, Fig. 4.

Depending on physical and mechanical properties of
rocks, the angle of action of the maximum stresses on the con-
tour of the working is determined by the formula

5 arcos 11, + 1y H cos Pigp ]

o] (14)

where [0_] is the rock ultimate compressive strength, MPa.

Based on (14), dependencies of the change in the angle
of the destructive force action on the depth of mining, the
radius of the working and physicomechanical properties of
rocks are built.

Fig. 8 shows that with an increase in the depth of mining
from 1000 to 1500 m, the angle of action of the destructive
force that occurs on the contour of the working decreases
from 150 to 54 degrees. With an increase in the radius of the
working from 2 to 4 m for magnetite ores at the depth of 1300
m, the angle of destructive force action decreases from 78 to
55 degrees.

Thus, the angle at which the destructive force acts on the
contour of the working depends on physical and mechani-
cal properties of rocks, the radius of the vaulted part and the
depth of mining.

The LIRA 9.4 software package is applied to confirm reli-
ability of the proposed methods and determine the field of ac-
tual stresses around the vaulted mine working. To determine

the stress-strain state of the rock massif, the finite element
method is used which allows solving systems of equations
with a large number of unknowns.

The above complex is also used to solve the issues of the
stress-strain state: in a linear-elastic medium; within the
framework of the nonlinear theory of elasticity and in the
elastic-plastic formulation by step-by-step and step iteration
methods with automatic selection of a load step. The results of
calculating equivalent and vertical stresses at a mine working
height of 5 m and the radius of the vaulted part of 3 m in the
homogeneous rock massif of magnetite ores at the depth of
1350 m are shown in Fig. 9, 10.

The epures of equivalent and vertical stresses in Fig. 8,
9 show that the greatest stresses arise on the contour of the
mine working in its vaulted part, and the angle of the destruc-
tive pressure action is 60 degrees.

Thus, modeling by the finite element method confirms re-
liability of the methods for determining the active zone of the
destructive force on the working contour when mining iron
ore deposits of Kryvyi Rih iron ore basin (see Fig. 8, curve 2).

The results of the present study prove that stability of
mine workings depends on the acting stresses that occur in
a multi-modular rock massif on the contour of the workings
in their vaulted part. The angle of the maximum destructive
force action act is determined. When designing, this will allow
determining measures to increase stability of mine workings,
as well as extend their life without additional operating costs.

CONCLUSIONS
As a result of the study conducted, it is established:
1. The contour of the horizontal working in a homogeneous
and heterogeneous massif is impacted by a destructive
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field of stresses around which a vault of stable equilib-
rium is formed. The contour of the working is affected
by a destructive pressure at the angle of over 50 degrees.
When mining and geological conditions change, stability
of mine workings can be provided if they are located in
strong rocks, or in rocks with increased angles of their
shift. This will reduce the destructive pressure on the

ACKNOWLEDGMENTS

The work was supported by the Ministry of Education and
Science of Ukraine within the framework of the state scientific
themes “Investigation and scientific and practical substantia-
tion of technological means for raw material control in min-
ing ores on deep levels” (State registration 0122U000843).

contour of the mine working.
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Badanie koncentracji naprezen na konturze wyrobisk kopalni podziemnych

W kopalni Krzywy Rég wystepujq ztoza rudy o zlozonej strukturze, wydobywane metodg podziemng z glebokosci ponad 1000 m.
Stosujgc systemy zawatowe eksploatuje si¢ zloza bogatych rud zelaza o zawartosci skladnikéw uzytecznych powyzej 59%. Prowadzi
to do znacznych zmian stanu naprezeri masywu skalnego. Podczas prac podziemnych wyrobiska kopalniane podlegajg naprezeniom,
a w niektérych przypadkach ulegajg zniszczeniu. W efekcie przedsigbiorstwa stale podwyzszajg koszty eksploatacji wyrobisk gérni-
czych, co niekorzystnie wptywa na koszty produkcji. Wyniki badan przemystowych wskazujg, ze w wigkszosci przypadkéw wyrobiska
zawodzg w swojej gornej czgsci. Dostgpne metody okreslania stanu skal wokét wyrobisk gorniczych nie uwzgledniajg w pelni wla-
Sciwosci fizycznych i mechanicznych skal, w ktorych znajduje sie wyrobisko. Opracowana technika pozwala na okreslenie nie tylko
ci$nienia destrukcyjnego dzialajgcego na wyrobiska, ale rowniez kqta dziatania sity destrukcyjnej. Technika ta rozni sig od dostgpnych
tym, ze uwzglednia nie tylko cechy gérniczo-geologiczne ztoza, ale takze wigkszos¢ czynnikow wlasciwosci fizykomechanicznych skal.
Technika ta pozwala juz na etapie projektowania na dobor racjonalnych miejsc prowadzenia wyrobisk gorniczych, unikajgc w ten
sposob znacznych dodatkowych kosztow ich utrzymania.

Stowa kluczowe: naprezenie, praca, sklepienie rownowagi stabilnej, cisnienie, stabilnosé, wytrzymatosc graniczna, skaly
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Abstract
Due to the russian federation aggression against Ukraine, the infrastructure of many settlements has undergone significant destruction,
so in the post-war period, limestone can become a reliable and useful resource for its reconstruction. A significant number of limestone
deposits in southern Ukraine are suitable for the production of wall (block) stone, but the geotechnical conditions of many mining sites
require the use of an underground mining method. To study the mining system parameters of the Nova Odesa sawn limestone deposit,
analytical and calculation methods are used based on known and proven hypotheses of stable spans and pillars, as well as verification
by numerical modeling based on the finite element method in the SolidWorks software package. It has been determined that with a
change in the ceiling thickness by 50% (from 0.8 to 1.2 m), the safe width of the chamber in the absence tensile stresses in the sawn
limestone roof, under given mining-geological and mining-technical conditions of mining operations, increases by 22%. It has been
revealed that the area of 25.0 m? corresponds to the required safety factor of the square-shaped supporting pillar. It has been shown
by numerical modeling that under the conditions of the Nova Odesa deposit, the load on a 5x5 m supporting pillar will reach 26% of
its load-bearing capacity, and the extraction chamber ceiling is in a stable state without the formation of tensile stresses. The research
results are useful for substantiating and assessing the stability of the room-and-pillar mining system elements with supporting pillars

in the underground mining of sawn limestone or other mineral deposits.

Keywords: mine, sawn limestone, extraction chamber, supporting pillar, ceiling

1. Introduction

The rapid growth of the world's population has led to a nat-
ural increase in resource consumption, where an important role
is played by mining of various types of minerals. A wide range
of minerals is used in metallurgy, electronics, information tech-
nology, medicine, military and space technology, agriculture,
and in the construction industry, since intensive population
growth requires the civil infrastructure development [1, 2].
Important types of building materials are wall blocks made of
natural stone - limestones, volcanic tuff, chalk, marl, gaize and
tripoli [3]. They are characterized by uniform composition, low
hardness and are easily sprayed onto blocks for wall materials
[4-6]. The use of limestone has become the most widespread
in the world. It can be used in the form of lump limestone,
crushed stone, artificial (sawn, wall) and crushed stone, facing
slabs, mineral chips, crushed sand, mineral powder, mineral
wool, and limestone powder [7].

Due to the russian federation aggression against Ukraine,
the infrastructure of many settlements has undergone signif-

icant destruction, which will require reconstruction in the
post-war period [8]. The strategic direction is to intensify the
mining of building material deposits for the construction of
new and reconstruction of destroyed industrial and civil in-
frastructure facilities [9]. An important building material will
be limestone, which is a valuable in many countries around
the world [10-12].

As of 2021, the balance limestone reserves in Ukraine,
mined at 31 deposits, are estimated at 1.0 billion m®. Natu-
ral sawn limestones are widely distributed within the Black
Sea Depression, the Volyn-Podilsky Plate, the Pre-Carpathian
Depression, the Trans-Carpathian Trough, the Crimean Fold-
Thrust Belt, the Donetsk Folded Structure, and the southwest-
ern slope of the Ukrainian Shield [13]. Most of the limestone
deposits in Ukraine are suitable for the production of wall
stone. The sawn limestone is mostly mined by a surface meth-
od, but underground mining is also used. Mining processes
are mechanized, and the rock is cut into large wall blocks and
standard wall stone [14, 15]. The geotechnical conditions in
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Fig. 1. Overview map of the Nova Odesa sawn limestone deposit location

Rys. 1. Mapa pogladowa lokalizacji zloza wapienia Nowa Odesa

Fig. 1. Overview map of the Nova Odesa sawn limestone deposit location

Rys. 1. Mapa pogladowa lokalizacji zloza wapienia Nowa Odesa

thapth of occurrence Thickness, m Lithology description
rom to
0.0 0.3 0.3 Soil and vegetation layer
Clay is motley - yellowish-gray, greenish-gray, brownish-gray, viscous,
0.3 13.5 13.2 sometimes sandy. In the range of 9.0-13.5 m, there is a clay-limestone
stratum, in which limestone debris are bound by limestone-clay material.
13.5 14.5 1.0 Limestone is yellow, shell-detrital, sometimes detrital, lighter, yellowish-
. . . gray, destroyed, fractured.
Sawn limestone is of layered color: yellow-gray, light gray, sometimes
14.5 24.0 9.5 brownish-yellow. The limestone composition is predominantly shell-
detrital, slightly cavernous.
24.0 24.8 0.8 Limestone is gray, yellowish-gray, recrystallized, shell-detrital, strong.

which many deposits are mined require the use of an under-
ground mining method, the accumulated experience of which
is not enough today [16, 17].

The uniqueness of underground mining of sawn lime-
stone deposits is in the fact that it is possible to achieve waste-
free production cycle. Mined full-sized, non-full-sized wall
stone and crushed stone will always be used in construction,
and relatively cheap production waste, which sometimes
reaches 50% of the mined rock mass, is a valuable carbonate
raw material. This raw material is suitable for additives in a
range of building materials, concrete, as a component of the
solid backfill for the mined-out areas, feeding for animals and
poultry, for soil deoxidation, etc. [18-21].

To date, various scientists in the world have conducted
enough research to substantiate the rational and stable pa-
rameters for the chamber system and room-and-pillar system
for mining various types of mineral deposits [22-26], that it
becomes efficient and geometrically expedient to prepare the
reserves of the mine field [27]. However, the issues of research
into the optimal parameters of underground mining of sawn
limestone deposits, which can ensure the rock mass stability
for a long time of mining operations at the mine field, as well
as create safe working conditions for underground workers,
are not sufficiently covered.

The presented research is aimed at substantiating the
rational and sustainable parameters of the underground
mining of Nova Odesa sawn limestone deposit, which will
additionally provide Ukraine with valuable mineral raw ma-
terials for the infrastructure reconstruction in the post-war
period.

2. Study area

The sawn limestone deposit at the Nova Odesa site with
an area of 27.8 ha is located on the southeastern outskirts of
the city of Nova Odesa, Novoodeskyi administrative center,

Mykolaiv Oblast. The minefield has the shape of a parallelo-
gram, which is adjacent to (Fig. 1):

o in the west — at a distance of 1.0 km from the deposit,
the Highway Ulyanivka-Mykolaiv was laid, and clos-
er to the mine field, there is a depleted Novoodeske
limestone deposit;

o in the north - the outskirts of the city of Nova Odesa;

. in the east - agricultural lands;

o in the southwest of the deposit, there is an old closed
sawn limestone quarry;

o in the southeast - the Kashperivske limestone de-
posit (TOV Kashperivske Rodovische), which was
mined by a quarrying method and is currently moth-
balled.

Geologically, the Nova Odesa deposit is located on the
northern flank of the Black Sea Depression, and its structure
involves Quaternary and Neogene sedimentary rocks. The
sawn limestone minerals are confined to the coarse-layered
stratum of the Upper Sarmatian. They constitute a continuous
sheet-like deposit of nonuniform internal composition. Sawn
limestones are confined, as a rule, to the middle and lower
part of the deposit, with a thickness of 4.5 to 10.2 m, averaging
7.5 m. The deposit is not water-flooded. The piezometric level
of the main aquifer lies below the Upper Sarmatian limestone
stratum or is confined to its lower part. The thickness of the
rocks that overlie the mineral varies from 14.2 to 35.0 m, av-
eraging 20.0 m.

A preliminary geological and economic assessment of the
limestone reserves at the Nova Odesa deposit became a pre-
requisite for choosing a method for its mining. This is condi-
tioned by the significant thickness of overburden rocks from
14.5 m to 25.3 m. The absence of groundwater is also a favor-
able prerequisite for underground mining. They occur below
the level of deposit mining.
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Fig. 2. Calculation schemes for modeling the stability of the chamber width and ceiling (a), as well as the supporting pillar (b): h - the ceiling height; 1 - the
chamber width; H - the chamber height, a — the supporting pillar width

Rys. 2. Schematy obliczeniowe modelowania statecznosci szerokosci i stropu komory (a) oraz filaru nosnego (b): h — wysokos¢ stropu; 1 - szeroko$¢
komory; H - wysokos¢ komory, a — szerokos¢ filaru no$nego

Tab. 2. Physical-mechanical rock mass properties

Tabela 2. Fizyczno-mechaniczne wlasciwoséci gérotworu

Factor name

Limestone thickness

Elasticity modulus E, MPa

6000

Poisson's ratio, p

Density y, kg/m?

Compressive strength, o, MPa

Tensile strength, o, MPa

When conducting preliminary geological and economic
assessment, 11 geological exploration wells have been drilled
to a depth from 24.3 to 34.7 m. And during the initial experi-
mental-industrial mining of the deposit, 184 meters of under-
ground mine workings have been conducted. The stratigraph-
ic section for one of the wells is presented in Table 1.

In the process of experimental-industrial mining, when
tunnelling and conducting drifts in the sawn limestone
body, the following fracture systems are noted: vertical and
steep-dipping slightly inclined (90-70°) fractures, usually un-
even, wavy with a strike azimuth of 330-350° with frequent
small feathering fissures that penetrate the entire thickness
of the limestone deposit. Perpendicular to these fractures,
the fractures with a strike of 40-60° (vertical and inclined
- 90-70°), uneven, wavy, are noted. The width of fractures
varies from a few millimeters to 1.0-2.0 cm, rarely up to 7-8
cm (open fissure). In places of intersection of these fracture
systems, there were also inrushes both along the walls of the
mine workings and in the roof. However, the inrushes were
of a local nature and did not affect the stability of the mine
working ceiling. The output of marketable products - full-
sized and non-full-sized wall stone is 31.75%, and together
with crushed stone it is 50.95%, which indicates the influence
of fracturing. The waste is 49.05%.

The technical and economic feasibility of the quality re-
quirements has determined that, based on current limestone
underground mining technologies, the maximum limestone
thickness that can be mined in the first place is 3.0 m. The
balance reserves of the deposit in B+Cl1 category, calculated
and approved by the State Committee on Reserves for a min-
eral thickness of 3.0 m, within the limits of a special permit
is 777.1 thousand m’, and with an undetermined industrial
value of C1 category — 1295.0 thousand m* (calculated for a
thickness from 3.0 to 7.5 m).

The sawn limestones of the deposit are suitable for the wall
stone production in accordance with the requirements of DSTU

B V.2.7-246:2010 “Curbstones and wall stones from rocks”. Based
on the results of conducted physical-mechanical studies, the
sawn limestones of the Nova Odesa deposit meet the require-
ments of the normative document in all parameters. To date, the
development of geomechanically stable parameters of the sawn
limestone underground mining system for this promising de-
posit remains a relevant issue, which is directly studied further.

3. Research methods

The experience of underground mining of sawn lime-
stone deposits indicates the spread of the most optimal min-
ing method - a chamber system with leaving square pillars,
intended to support the overlying roof rocks [28, 29]. With
this mining method, it is important to determine rational pa-
rameters, such as the chamber height, the chamber width, the
ceiling thickness, and the size of the pillars [30-32]. The rock
mass stability and the safety of mining operations depend on
the determination of these rational parameters [33, 34].

3.1. Analytical Calculation Methods for Determining the
Sawn Limestone Mining System Parameters

The extraction chamber height depends on the technolog-
ical parameters of stone-cutting mining machines [35]. There-
fore, to substantiate it, the existing mining equipment for the
sawn limestone underground mining and the experience of
its use, especially for deposits with similar mining-geological
conditions, is studied. Analytical and calculation methods are
used to determine the parameters of the sawn limestone un-
derground mining:

o  stable span (width) of the drift or chamber, which
ensures the absence of tensile stresses in the roof, is
determined based on the V.D. Slesarev calculation
method [36, 37];

o  stable parameters of inter-chamber supporting pil-
lars in sawn limestone mines are determined based
on the Turner - Shevyakov methods [38].
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Fig. 4. The scheme for determining the sizes of the supporting pillars: (a) — view in section; (b) — top view

Rys. 4. Schemat wyznaczania wymiaréw podpor: (a) — widok w przekroju; (b) — widok z gory

The main parameters for determining the above-men-
tioned mining system elements are the density of overlying
rocks from the earth’s surface (t/m?), the sawn limestone ma-
terial density (t/m?), the mining depth (m), the compressive
strength of limestone (MPa), the tensile strength of limestone
(MPa), and safety factor. Further, when performing analyti-
cal research, the actual and calculated mining-geological and
mining-technical mining system parameters are substituted
into the mathematical expressions of the system parameters
for deposit mining in order to determine the stable mining
system elements.

3.2. Numerical Modeling of the Stability of the Sawn Lime-
stone Mining System Elements

It is intended to test the sawn limestone mining system
parameters determined by analytical and calculation methods
using numerical modeling based on the finite element meth-
od. Numerical modeling has been widely used for studying
the state of geotechnical systems, adequately reflecting the
development of geomechanical processes operating in the
rock mass during mining operations [39-41]. The SolidWorks
software package is used to assess the stability of the predeter-
mined thickness of the ceiling and supporting pillars in the
chamber system for the sawn limestone seam mining, which
provides safe conditions for mining operations. The software
product is designed to study the physical processes character-
izing the stress-strain state of solid bodies [42, 43].

A rock mass area of 25x15 m is modelled, containing a
sawn limestone layer, as well as laminated limestones in the
roof and bottom. The geomechanical problem is solved in
an elastic formulation, the obtained stress values are com-
pared with the maximum permissible rock strength values.
The maximum normal stress criterion, also known as the
Mohr-Coulomb criterion, based on the maximum normal
stress theory, is chosen as the failure criterion [44]. According

to this theory, failures occur when the maximum principal
load reaches the material's strength level. The criterion is used
for brittle materials, which are limestones. It is believed that
if the resulting stresses exceed the maximum permissible, the
material is destroyed.

The calculation schemes for modeling the stability of the
mining system parameters according to their analytical and
calculation values are shown in Fig. 2.

Initial data for modeling: the average rock mass structure
containing minerals according to geological sections in wells (a
mineral of an average thickness 7.5 m - sawn limestone, the roof
and bottom are laminated limestone); average mining depth is
27 m; the extraction chamber width is determined from analyt-
ical calculations (m); the supporting pillar width and length are
determined from analytical calculations (m); the ceiling thick-
ness is conditioned by the mining experience and analytical
calculations (m); the value of the load applied to the model is
0.38 MPa (with an average overlying rock density of 1.8 t/m?).
Physical-mechanical rock properties are presented in Table 2.

The main attention is paid to the stresses arising precise-
ly in the sawn limestone mass when driving the extraction
chambers, because the main mining system elements (the
chamber width and height, the ceiling thickness, the support-
ing pillar parameters) are laid directly in the sawn limestone
layer. Using the Simulation probing function in SolidWorks,
it is possible to measure stresses at any point of a model. Par-
ticular attention is paid to the stressed state of the ceiling and
the vertical wall of the supporting pillar.

4. Results and discussion
4.1. Substantiating the extraction chamber height

The sawn limestone deposit balance reserves in the
amount of 770.0 thousand m® have been calculated and ap-
proved for a mineral thickness of 3.0 m (with an average seam
thickness of 7.5 m). Therefore, the sawn limestone mining
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is primarily assumed in one layer. According to the norma-
tive document NPAOP 0.00-1.77-16, from the condition of
single-layer sawn stone mining, the face height should not
exceed 3 m and should not be less than 2.2 m [45]. The ex-
traction chamber height during single-layer mining is deter-
mined by the parameters of stone-cutting machines.

For cutting wall stone from a sawn limestone seam in
the conditions of deposits within the former Soviet Union
countries, stone-cutting machines of MKD-1, MKD-2 and
KMAZ-188 types have been widely used [46]. When using a
MKD-type stone-cutting machine, according to the technical
specifications, the chamber height is no more than 2.6 m, with
KMAZ-188 - 2.54-2.7 m.

In addition, the face height must be combined with an in-
teger number of wall stone rows cut along the height of the
chamber and, together with the thickness of the cuttings, must
be a constant value, which will make it possible to cut a cer-
tain integer number of rows of stone with a standard height.
The size of the wall stone from the sawn limestone seam, cut
by the mentioned stone-cutting machines according to [47] is
390 mmx190 mmx188 mm, and the average cutting width of
the working body is 27 mm. Thus, given the height of the cut
wall stone, as well as the cutting width, 12 units of wall stone
are cut along the extraction chamber height. In this case, the
extraction chamber height will be 2.6 m. For the rational
conducting of mining operations in the extraction chambers
and face cuts, driven perpendicular to them with leaving the
square-shaped supporting pillars, the same height of mine
workings of 2.6 m is recommended for the operation with
MKD-1 and KMAZ-188.

Further, with a detailed additional exploration of the de-
posit reserves with an uncertain commercial value of the C1
category, which is 1295.0 thousand m?, it is expedient to con-
sider mining of the lower layer of the sawn limestone seam.
In this case, when planning the mining of the lower layer,
it is necessary to take into account the extraction chamber
height of the upper layer, the height of ceiling left, and also the
inter-horizon pillar. The total value of these parameters will
make it possible to select the deposit areas where it is possible
to use multilayer mining over the mine field area, because the
seam thickness of the sawn limestone material ranges from
4.5 to 10.0 m.

The specificity of sawn stone underground mining, un-
like other minerals, is in the fact that mining operations are
planned in such a way as to obtain as many block products as
possible from the mined rock mass. This is complicated by the
increased sizes of the extraction chamber width, as a result
of which the intensity of the rock pressure manifestation in-
creases, and the rock mass is broken by fractures, both in the
roof of the drift and on the surface of the mining face. There-
fore, determining the rational size of the extraction chamber
width by the geomechanical factor is of great importance.

The size of the extraction chamber width is significant-
ly influenced by the strength properties and thickness of the
ceiling left to ensure the chamber stability. If a strong and
dense recrystallized limestone occurs above the sawn lime-
stone seam, then the ceiling cannot be left, since a strong roof
is a reliable ceiling. The presence of a strong roof reduces the
loss of mineral resources.

Under the conditions of the Nova Odesa sawn limestone
deposit, the roof of the sawn limestone seam is represented by
slab limestone, shell-detrital, densely destroyed, fragmental,
fractured, clayey, layered limestone with a thickness of 0.6-5.4
m. Given the slab limestone structure and its fracturing in the
conditions of the deposit, it is reccommended to leave the ceil-
ing in the sawn limestone seam. The stable span (width) of the
drift or extraction chamber of rectangular section, which en-
sures the absence of tensile stresses in the roof, is determined
based on the V.D. Slesarev calculation method:

R -h
76"”&'

where A - a coefficient taking into account the manner in

I, =4 ,m (1)

which the roof is clamped on the bearings (for an elastic
beam);

h - the accepted ceiling thickness, m. The thickness of the
ceiling left in the mine workings (h), given the operational ex-
perience of sawn limestone mines, ranges within 0.75-1.0 m,
and in some cases 1. m — when conducting long-term capital
workings.

R - the ultimate tensile strength of ceiling rocks parallel to
bedding, t/m? The ultimate tensile strength of ceiling rocks
is correlated with the ultimate compressive strength of lime-
stone and is determined by the expression:

4.2. Determining the width and thickness of the extraction R =0.1R +0.12=0.42 MPa (2)
chamber ceiling
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Y, - unit specific gravity of ceiling rocks, t/m*. According to
the data of laboratory tests, the average unit specific gravity
value of the sawn limestone deposit is 1.76 t/m>.

R_ - the ultimate compressive strength of rocks, MPa. Accord-
ing to the data of laboratory tests, the average compressive
strength value of the sawn limestone deposit is 3.1 MPa.

n - safety factor;

The safety factor is determined as follows:
n._n,n,n, (3)

n, - a coefficient taking into account the range of variation
when determining the average sample strength, is accepted
within 1.3-1.6. According to the results of laboratory tests of
10 samples taken from the well core, the limestone compres-
sive strength ranges within 2.2-4.1 MPa with an average value
of 3.1 MPa. According to the analysis of the variation in the
limestone strength indicators in the sample, n, =1.4is taken.
n, — a coefficient taking into account the structural mass
weakening due to the presence of macro- and microfractur-
ing, as well as the impact of the time factor, is accepted within
1.4-1.9. The coefficient value n, is mostly determined by the
mining depth H. When H is up to 60-70 m, the n, value in the
conditions of a fractured mass can be taken within 1.0-1.5,
but with H more than 70 m, it is 1.5-2.0. Given the average
mining depth of 30 m and limestone fracturing, n, = 1.5 is
taken.

n, — a coefficient taking into account the decrease or increase
in the chamber deflection compared to the design ones, as
well as the presence of technological cuttings, is accepted
within 1.0-1.1. It is taken n, = 1.05.

The calculated safety factor for the chamber makes 2.2
(according to formula 3).

In sawn limestone mines, the safety factor is in the range
of 1.5-2.5. Typically, the safety factor is chosen in the range of
1.5-2.0, and in difficult mining-geological and mining-tech-
nical conditions - 2.5. Given the insignificant mining depth,
water-free state of the deposit, a safety factor of 2.0 is finally
accepted. In the analytical calculation according to expression
(1), to determine the degree of influence of the ceiling thick-
ness on the extraction chamber width, its value is varied with
an increment of 0.8; 0.9; 1.0; 1.1 and 1.2 m, which is presented
in Fig. 3.

Analysis of Fig. 3 shows that when the value of ceiling
thickness is changed by 50% (from 0.8 to 1.2 m), the safe
chamber width, at which there are no tensile stresses in the
sawn limestone roof under given mining-geological and min-
ing-technical conditions, increases by 22% according to the
power-law dependence by the expression (1). The extraction
chamber width, determined analytically in the range of 4.15-
5.1 m, is a safe range and can be accepted for mining the Nova
Odesa sawn limestone deposit with a single-layer mining of
sawn limestone reserves.

Depending on the options for mining all the Nova Odesa
deposit reserves, some peculiarities in determining the ceiling
thickness are possible:

a)  with an approved single-layer mining of the sawn
limestone deposit reserves up to a certain seam mining height

of 2.6 m (p. 4.1) and, taking into account variations in the
sawn limestone seam thickness within 4.5-10 m, any ceiling
thickness in the range of 0.8-1.2 m can be accepted, thus as-
suming a safe chamber width in the range of 4.15-4.5 m.

b)  when considering in perspective multilayer mining
of sawn limestone deposit reserves, the ceiling thickness (in-
terlayer pillar) and, accordingly, the width of the chambers
can vary within each mining layer, while observing safety in
order to achieve the maximum mining of its reserves through
its entire thickness, which varies in the range of 4.5-10 m.

Since the balance Nova Odesa deposit reserves are ap-
proved for a thickness of 3.0 m, their actual mining will be
conducted with a single-layer mining. According to Fig. 3, it
is recommended to take a width of 4.4 m with a ceiling thick-
ness of 0.9 m. Similar to the extraction chamber height, its
width should also be combined with an integer number of cut
rows of wall stone and, together with the thickness of the cut-
tings, make a constant value that will allow cutting a certain
integer number of stone rows of a standard height. With the
wall stone size of 390 mmx190 mmx188 mm, which is cut by
an average cutting width of the working body of 27 mm, the
extraction chamber width of 4.4 m, determined by the analyt-
ical and calculation method, allows cutting 21 rows from the
stoping face. Finally, the extraction chamber is selected and
corrected in the mine in such a way as to ensure safe condi-
tions for mining operations without the use of mine working
support or its use should be minimal.

4.3. Determining the size of supporting pillars to support the
overlying rock stratum

In underground limestone mining, in order to prevent
collapse and rapid overlying roof subsidence, the issue of de-
termining the rational sizes of the supporting pillars is espe-
cially relevant. In the case of a chamber system for mining the
saw limestone, the use of square-shaped supporting pillars left
to support roof rocks has become widespread.

To prevent collapses and rapid roof rock subsidence, the
rational choice of the sizes of inter-chamber supporting pil-
lars is of current importance. The supporting pillars must
provide sufficient resistance to the overlying rock stratum
pressure and must not be excessively strong, which usual-
ly leads to significant losses of the mineral in the subsoil.
The sufficient size of supporting pillars depends on the
physical-mechanical properties of sawn limestone and rock
stratum, as well as the mining depth. The square shape of
a supporting pillar is formed when, after the advance of
extraction chambers, face cuts are driven perpendicular to
them for mining inter-pillar sawn limestone reserves. It is
recommended to take the face cut width (If.c) and the ceil-
ing thickness, similar to the extraction chamber, 4.4 m and,
respectively, not less than 0.9 m.

To determine the parameters of the supporting pillars in
sawn limestone mines, the Turner — Shevyakov method is
the most optimal. The calculation scheme for determining
the size of supporting pillars in the conditions of the Nova
Odesa sawn limestone deposit is shown in Fig. 4.

The basic calculation equation, under the condition of
stable rock equilibrium for a deposit with a flat occurrence of
a sawn limestone seam, should have the following form:
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Fig. 6. Curve of vertical (SY) stress distribution in a rock mass

Rys. 6. Krzywa rozkladu naprezen pionowych (SY) w gérotworze

Fig. 7. Curve of horizontal (SX) stress distribution in a rock mass

Rys. 7. Krzywa rozkladu naprezen poziomych (SX) w gorotworze
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Where k, - a coefficient taking into account the influence of
the size of the extraction site and the mining depth on the
average load value applied to the inter-chamber pillars. It has
been statistically determined that at L/H > 1, a load is formed
on the supporting pillars from the full mass of the overlying
rock to the earth's surface. At L/H > 1, ke = 1.

Y, — unit specific gravity of sawn limestone, t/m? (p. 4.3);

H - distance from the daylight surface to the chamber roof
(mining depth), m (p. 4.3);

S, - the area of the roof rocks per a pillar, m?;

Y, — unit specific gravity of overlying rocks, t/m®. The arithme-
tic mean value of the overlying stratum rocks is y, = 1.8 t/m?;
R, - the ultimate compressive strength of rocks, MPa (p. 4.3).

Due to the fact that the output of wall stone during experi-
mental-industrial mining is less than 60%, it is necessary to
take into account the mass fracturing, which is average. The
mass structural weakening factor of 0.5 is taken.

k - shape factor taking into account the change in the strength
of the rocks that constitute a pillar at different values of the ra-
tio of the pillar height to its width. It is determined from the
expression &, =\/a/_h , where a - a pillar width, m; h - a pillar
height, m.

S, - horizontal sectional area of a pillar, m%

If, according to the calculation scheme (Fig. 4), the chamber
width is taken as 1 (equal to 4.4 m), the pillar width is - a, and
the length is b, then for square pillars the Turner - Shevyakov
equation takes the form:

ke-;/-H-(l+a)-(l+b)+ R -k

yl.hgg (5)

ab n,

Analytical research on determining the size of the sup-
porting pillar is performed as follows. Based on expression
(5), the calculated value of the safety factor (ns) is deter-
mined:

R -(a/h)2
TV H-(+a)-0+b) (6)
1ty h
ab
Further, in expression (6), the sizes of the square-shaped

supporting pillar (axb) are varied with the following incre-
ments: 2x2; 3x3; 4x4; 5x5; 6x6; and 7x7 m. Based on the
result of the analytical research (6), the dependence of the
safety factor on the supporting pillar area is determined. The
rational area and the supporting pillar size are selected from
the conditions of its compliance with the safety factor. The
safety factor of the pillar is taken equal to 3-5 if the chamber
is maintained for an indefinite time and 2-3 if the chamber is
maintained only for the duration of mining operations. Under
the conditions of the Nova Odesa deposit, long-term main-
tenance of pillars is supposed to support the overlying rock
stratum as mining operations develop within the area of the
deposit's mining field. The results of analytical calculations
are presented in Fig. 5.

Analysis of Fig. 5 indicates that the safety factor of the
supporting pillar for mining-geological and mining-technical
conditions of the Nova Odesa sawn limestone deposit devel-
opment has a power-law dependence on its area. Due to the
fact that mining operations will be developed deep into the
deposit over the area of the mine field and with a long time of
mining the reserves, the safety factor of the supporting pillars
should be at least 3.0. According to the dependence, a safety
factor of 3.0 corresponds to the supporting pillar area of 24.0
m?. With a square shape of the supporting pillar, its width and
length are 4.9 m?. It is reccommended to take an integer value
of the width and length of the supporting pillar 5x5.

4.4. The numerical modeling results of stability of mining
system elements

Numerical modeling based on the finite element method
is used to verify the results of analytical research on the stabil-
ity of the chamber system elements for mining with square-
shaped supporting pillars. The model consists of a sawn lime-
stone layer of 7.5 m, laminated limestone of 4.0 m thick in the
roof and bottom. The model includes chambers 4.4 m wide
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and 2.6 m high, as well as 5 m wide square-shaped supporting
pillar with a ceiling thickness of 0.9 m. The results of mod-
eling with obtaining curves of vertical SY and horizontal SX
stresses are shown in Figs. 6 and 7.

An analysis of the vertical stress distribution curve (Fig.
6) shows that the vertical stress component forms areas of too
weak stresses in the chamber ceiling that are almost equal to
0. A similar situation is in the extraction chamber bottom,
where too weak tensile stresses reach 0.002 MPa. A de-stress-
ing zone is formed in the roof and bottom of the chamber.
In the extraction chamber corners, regular compressive stress
concentrations up to 1.0 MPa are observed. Given the sawn
limestone ultimate tensile strength of 0.42 MPa, the accept-
ed extraction chamber ceiling thickness (0.9 m) will be in a
stable state when exposed to the vertical component of rock
pressure.

In the extraction chamber sides (supporting pillar mass),
zones of compressive stresses are formed with values of 0.8
MPa, which does not exceed the limestone ultimate compres-
sive strength, the value of which is 3.1 MPa. The supporting
pillar is in a stable state and its loading is 26%. In the support-
ing pillar center, the loads are up to 0.6 MPa.

An analysis of the horizontal stress distribution curve
(Fig. 7) shows that in the chambers ceiling the stress areas
are close to 0 MPa. Stresses of 0.14 MPa are formed in the ex-
traction chamber bottom. Given the sawn limestone ultimate
tensile strength of 0.43 MPa, the accepted ceiling thickness
(0.9 m) and the bottom of the extraction chamber will be in
a stable state under the action of horizontal stresses. In the
extraction chamber sides (supporting pillar mass), zones of
superweak tensile stresses are formed with values close to 0.
It should be noted that in the roof, in the laminated limestone
layer, at the contact with the sawn limestone seam, zones of
tensile stresses of 0.45 MPa appear, and in sawn limestone,
compressive stresses of 0.7 MPa occur. The tensile stresses
in laminated limestone reach the ultimate tensile strength
of limestone, which over time will lead to fracturing and de-
struction. However, this phenomenon does not pose a threat,
because the limestone mass is destroyed in the mass depth be-
hind the ceiling. Analysis of curves (Figs. 6, 7) indicates that
the most stressed element of the mining system due to the ac-
tion of vertical stresses is the supporting pillar. If the resulting
stresses do not exceed the rock ultimate strength, then there
will be almost no displacements and deformations, and the
chamber contour destruction will not be observed.

It should be noted that there is a sufficient convergence
of analytical research and numerical modeling, because their
results indicate the absence of tensile stresses in the cham-
ber ceiling and a sufficient safety factor of the supporting
pillar. Based on this, the adopted mining system parameters,
namely, the extraction chamber width is 4.4 m, the extraction
chamber height is 2.6 m, the ceiling thickness is 0.9 m, and
the supporting pillar size is 5x5 m will ensure the rock mass
stability and the safety of mining operations. Determining
the mining system rational parameters makes it possible to
further develop a scheme for mining and preparing the Nova
Odesa deposit mine field.

5. Conclusion

As a result of research on the substantiation and assess-
ment of the stability of the elements of the sawn limestone
underground mining system, the following results have been
determined using the example of a specific promising deposit:

1. The peculiarities of mining-geological and min-
ing-technical conditions for mining a promising Nova Odesa
sawn limestone deposit have been generalized and analyzed. It
is noted that the balance reserves have been approved for the
primary mining of a limestone layer of 3.0 m with a thickness
variation of 4.5-10 m through the deposit, which indicates the
prospects of multilayer mining in the future. A deposit is of
flat occurence, water-free, with a developed mineral fractur-
ing system, which is suitable for wall stone production.

2. Itisproposed to use a combined scientific and meth-
odological approach together with analytical and calculation
research to substantiate and assess the stability of the sawn
limestone mining system elements on the basis of known and
proven hypotheses for the stability of spans and pillars with
substantiation of all constituent elements and verification by
numerical modeling based on the finite element method.

3. The rational value of the extraction chamber height
(2.6 m) is substantiated, influenced by the permissible param-
eters of single-layer limestone seam mining, the technolog-
ical parameters of stone-cutting machines and the need to
observe the integer number of wall stone rows cut along the
height of the chamber.

4. It has been analytically determined that when the
ceiling thickness value is changed by 50% (from 0.8 to 1.2 m),
the safe chamber width, at which there are no tensile stress-
es in the sawn limestone roof under given mining-geological
conditions, increases by 22%. The rational value of the cham-
ber width and ceiling (4.4 and 0.9 m respectively) has been
substantiated.

5. It has been analytically determined that the safe-
ty factor of the supporting pillar for mining-geological and
mining-technical conditions of the Nova Odesa sawn lime-
stone deposit development has a power-law dependence on
its area. It has been determined that the required safety factor
of a square-shaped supporting pillar corresponds to an area
of about 25.0 m?, and the value of the width and length of the
pillar will be 5x5 m.

6.  Ithasbeen found by numerical modeling that under
the conditions of the Nova Odesa deposit, the load on a 5x5 m
supporting pillar will reach 26% of its load-bearing capacity,
and the extraction chamber ceiling is in a stable state without
the formation of tensile stresses.
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Uzasadnianie i ocena stabilnosci parametrow systemu podziemnego dla wydobycia wapienia: stu-
dium przypadku ztoza Nowa Odesa, Ukraina

W wyniku agresji federacji rosyjskiej na Ukraing infrastruktura wielu osiedli ulegla znacznemu zniszczeniu, dlatego w okresie powo-
jennym wapieti moze stac si¢ niezawodnym i uzytecznym surowcem do jej odbudowy. Znaczna liczba z16z wapienia na potudniowej
Ukrainie nadaje si¢ do produkcji kamienia $ciennego (blokowego), jednak warunki geotechniczne wielu miejsc wydobywczych wyma-
gajg zastosowania metody urabiania podziemnego. Do badania parametréw systemu wydobywczego zloza wapienia Nowa Odessa
stosowane sqg metody analityczne i obliczeniowe oparte na znanych i sprawdzonych hipotezach stabilnych przeset i filaréw oraz we-
ryfikacja poprzez modelowanie numeryczne w oparciu o metode elementéw skoriczonych w pakiecie oprogramowania SolidWorks.
Stwierdzono, ze przy zmianie grubosci stropu o 50% (z 0,8 na 1,2 m) bezpieczna szerokos¢ komory przy braku naprezen rozcigga-
jgcych w stropie, w danych warunkach gérniczo-geologicznych i gérniczo-technicznych dziatalnosci wydobywczej wzrasta o 22%.
Stwierdzono, ze powierzchnia 25,0 m? odpowiada wymaganemu wspélczynnikowi bezpieczeristwa kwadratowego stupa nosnego.
Modelowanie numeryczne wykazato, ze w warunkach ztoza Nova Odesa obcigzenie filaru nosnego o wymiarach 5mx5m osiggnie
26% jego nosnosci, a strop komory wydobywczej jest w stanie stabilnym bez powstawanie naprezet rozciggajgcych. Wyniki bada#
sq przydatne do uzasadnienia i oceny statecznosci elementéw systemu urabiania komorowo-filarowego wraz z filarami oporowymi
w podziemnym wydobyciu wapienia lub innych z16z kopalin.

Stowa kluczowe: kopalnia, wapieti, komora wydobywcza, filar nosny, strop
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overburden rock have been issued.

Abstract
The question of the overburden rock dump formation during the development of iron ore deposits of Ukraine was considered. An
analysis of the technology of forming a high single-tier dump in an abandoned deep pit was carried out. Two technology options are
considered: loading rock on the slope of high single-tier dump and on its edge. The influence of the dependence of the loading rock on
the edge of high single-tier dump on its stability of a has been established. The nature of the change in the width of the possible landslide
prism, the safe distance of the dragline location has been established. The prospects for the formation of a high single-tier dump in the
regime of controlled deformations are substantiated. For high single-tier dump the ordinary method of slices was justified and used
to calculate the safety factor. Recommendations on the use of draglines available in Ukraine for forming the high single-tier dumps of

Keywords: slope stability, single-tier dump, safety factor, method of slices

1. Introduction

The demand for steel has always been big [1-4]. Iron
ore mining is a highly developed and important part of the
Ukrainian economy [5-8]. Ukraine is one of the leaders in the
export of iron ore products [9-12]. Unfortunately, the Russian
invasion of 2022, in particular the shelling of Kryvyi Rih and
other industrial cities, seriously complicated the extraction
of iron ore and the production of products from it. After the
victory, Ukraine will need to rebuild its destroyed infrastruc-
ture. This will significantly increase domestic demand for
construction materials, including steel.

Despite the relatively small overburden ratio, the total vol-
ume of overburden stockpiling in external dumps is colossal
[13-18]. Even though during the development of coal depos-
its [19-22], the overburden ratio is an order of magnitude
higher, there is a possibility of stockpiling rocks during their
extraction in the spent space of an active mine. During the de-
velopment of iron ore deposits, such stacking of rocks is sig-
nificantly limited. This is due to the conditions of occurrence
of iron ore deposits. Therefore, during their development,
external piles of overburden rocks are formed until they are
fully developed. In addition, with an increase in the depth of
development of an iron ore deposit, the volume of extraction
and storage of overburden rocks also increases. Accordingly,
an increase in the volume of iron ore mining will increase the
necessary volume of stockpiling of overburden. At the same
time, even more lands are wasted.

An effective solution is the storage of overburden rocks
and the construction of dumps in used-up abandoned open
pit mines [23-25]. PJSC “ArcelorMittal Kryvyi Rih” has such
an experience, which puts overburden rocks from its mine
No. 2-bis into the abandoned open-pit mine No. 1 of former
mining and processing plant “Novokryvorizkyi Mining and
Processing Plant (MPP)”. Storage takes place with the help

of draglines. Unloading takes place directly from the earth's
surface, without vehicles entering the pit. Thanks to this, min-
imal costs are achieved. But over time, the backfill massif of a
high single-tier dump begins to deform, which creates a dan-
ger for personnel and equipment.

2. Forming the single-tier internal dump

External dumps of overburden rocks are formed with
the formation of safety berms in several tiers [26-28]. The
height of such dumps rarely exceeds 100-120 m. The horizon-
tal berms and slopes of the tiers of the external dump form
a resulting angle of 13-15 degrees to the earth's surface. The
berms of internal dumps during the development of horizon-
tal deposits are formed according to the horizons of the in-
stallation of mining equipment.

The formation of a dump of overburden rocks in an aban-
doned deep pit is possible with the formation of berms. Then
the transport delivers the rock through ramps built in the pit.
However, they don't do that. Usually, transport delivers the
rock to a reloading point on the surface near the pit. After
that, the mining mass is unloaded into the produced space
directly from the surface. A single-tier dump is formed in
the abandoned open pit mine. This method allows you to
reduce the transportation distance by 1.5 km. The practice
of forming a single-tier dump is successfully applied at the
abandoned mine No. 1 of former mining and processing plant
"Novokryvorizkyi MPP" by employees of PJSC "ArcelorMittal
Kryvyi Rih" [24].

2.1. Loading Rock on the Slope

Usually, the process of formation of overburden rock
dump in an abandoned deep pit is as follows. Along the side
of the mine, the dragline excavator forms a pit on the surface.
Transport unloads overburden rock into this pit. Rocks from
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Fig. 1. Scheme of loading rock on the slope: 1 - dragline; 2 - dragline movement axis; 3 - rock loaded on the slope; 4 — possible landslide prism; 5 — curved
sliding surface for the safety factor of 1.2; a — width of the possible landslide prism, m; b - safe distance of the dragline installation, m; H - height of the

single-tier dump, m; R

‘d.max

- maximum dumping radius, m

Rys. 1. Schemat zatadunku skaly na zboczu: 1 - koparka; 2 — 0§ ruchu koparki; 3 - skata zatadowana na zboczu; 4 - mozliwy pryzmat osuwiska;
5 — zakrzywiona powierzchnia $lizgowa dla wspotczynnika bezpieczenstwa 1,2; a — szerokos¢ mozliwego graniastostupa osuwiskowego, m;

b - bezpieczna odleglos¢ instalacji koparki, m; H — wysokos¢ sktadowiska jednopoziomowego, m; R

. — maksymalny promien zrzutu, m

d.ma:

Fig. 2. Scheme of loading rock on the edge: 1 - dragline; 2 — dragline movement axis; 3 — rock loaded on the slope; 4 — possible landslide prism; 5 - curved
sliding surface for the safety factor of 1.2; 6 — guaranteed landslide prism; 7 - curved sliding surface for the safety factor of 1.0; a — width of the possible
landslide prism, m; al — width of the guaranteed landslide prism, m; b - safe distance of the dragline installation, m; H - height of the single-tier dump, m;
R, - maximum dumping radius, m; Rd.max — maximum dumping height, m; y — dump slope angle, degrees

d.max

Rys. 2. Schemat zatadunku skaly na krawedzi: 1 - koparka; 2 — 0§ ruchu koparki; 3 - skata zatadowana na zboczu; 4 - mozliwy pryzmat osuwiska;
5 — zakrzywiona powierzchnia glizgowa dla wspélczynnika bezpieczenstwa 1,2; 6 — gwarantowany pryzmat osuwiska; 7 — zakrzywiona powierzchnia
$lizgowa dla wspdlczynnika bezpieczenstwa 1,0; a — szeroko$¢ mozliwego graniastostupa osuwiskowego, m; al — szerokos¢ graniastostupa gwaran-
towanego osuwiska, m; b — bezpieczna odleglos¢ instalacji koparki, m; H — wysokos¢ skladowiska jednopoziomowego, m; Rd.max — maksymalny

promien zrzutu, m; R

d.max

the pit are unloaded by the dragline into the created space of
the abandoned mine on the slope of the formed overburden
rock dump, as shown in Fig. 1.

The formation of an internal dump according to the
scheme with the dumping of overburden rocks on a slope is
effective and is used under the following condition:

R, =a+bm (1)

In Ukraine, the regulations on design require compliance
with the distance (a, m), at which the safety factor SF = 1.2.
The safe distance of the dragline installation (b, m) is calculat-
ed based on its overall dimensions (b = 10...15 m).

2.2. Loading Rock on the Edge

If condition (1) is not fulfilled, effective use of the selected
excavator model with the maximum dumping radius R, is
not possible. Then there are two ways out of the situation. The
first is to change the equipment to one in which the maximum
dumping radius R, = meets the condition (1). The second is
to operate the available equipment in the mode of controlled
deformations of the overburden rock dump by loading rock on
its edge. This dump formation scheme allows to increase the

dumping radius of the dragline by H, _ ctgy, as shown in Fig. 2.

- maksymalna wysoko$¢ zrzutu, m; y - kat nachylenia wysypiska w stopniach

The guaranteed landslide prism is a part of the dump, lim-
ited by its slope on one side and the farthest curved sliding
surface for the safety factor of 1.0 on the other.

Using the scheme of loading rock on the dump edge is possi-
ble to increase dumping radius only on the following conditions:

Rd,mux =a+ b - Hd,mathgy’ m (2)
To work in the mode of controlled deformations of the

overburden rock dump, it is necessary to create the following

conditions:

R, .=a+tb—a,m 3)
If conditions (2) and (3) are not fulfilled, then further de-

velopment of the overburden rock dump is not possible using
the available equipment.

2.3. Draglines Manufactured in Ukraine

In Ukraine, draglines are manufactured at Novokrama-
torsk Machine-Building Plant (NKMZ). All draglines man-
ufactured by NKMZ are equipped with a stepping eccentric
stroke, which ensures high dragline maneuverability. Specifi-
cations of draglines listed in Table 1.
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Tab. 1. Draglines produced by the Novokramatorsk Machine-Building Plant (NKMZ) and their specifications
Tab. 1. Koparki produkowane przez Nowokramatorski Zaktad Budowy Maszyn (NKMZ) i ich specyfikacje

Dragline model
Specifications 11/ 14/ 15/ 15/ 10/
6.5/45 70 50 80 90 100
Bucket volume, m3 6.5 11 14 15 15 10
Boom length, m 45 70 50 80 90 100
Maximum dumping radius, m 43,5 66,5 46,5 76,5 83 93,5
Maximum dumping height, m 19,5 27,5 20,5 32 37 42
Theoretical productivity, m3/h 557 754 1292 931 900 600

PJSC "ArcelorMittal Kryvyi Rih" has experience in the use
of NKMZ draglines to form the single-tier overburden rock
dump in the abandoned mine No. 1 of former mining and
processing plant "Novokryvorizkyi MPP". Dragline models
they use are 6.5/45 and 11/70 with a maximum dumping radi-
us of 43.5 m and 66.5 m respectively.

3. Methodology

Calculations of the stability of the slopes of the dumps
were made by algebraic summation of forces using the meth-
od of slices in Rocscience Slide software. The calculation of
the width of the prism of the possible landslide (a, m) and
the guaranteed landslide (a1, m) of the formed one-tier dump
relates to finding the curved sliding surface.

For this, a cross-section of a one-tier dump with the nec-
essary parameters is constructed. The location of the square
is determined, in which the centers of the radii of the curved
sliding surfaces are located. Next, the program finds the safety
factor on curved surfaces according to all center points and
radii. After that, it is necessary to determine the distance from
the crest of the dump to the farthest point of intersection of
the curved surface SF = 1.2 and SF = 1 with the surface.

For the simulation of single-tier dumps of overburden
rocks, their height (H, m) was taken from 100 m to 500 m
with a step of 50 m, dumping height (H,, m) from 0 m to 40
m with a step of 50 m, the following physical and mechanical
properties of the material: unit weight - 18,83 kN/m?, cohe-
sion - 20 kN/m?, internal friction angle - 30 degrees.

4. Discussion

The practice of calculating the stability parameters of
high single-tier dumps has shown that when calculating by
the method of slices, it is advisable to use its ordinary vari-
ant, known as the Swedish circle method or Fellenius method.
This method makes it possible to build a model the single-ti-
er dump that is the closest to real conditions. The value of
distance calculated by this method is the most ‘pessimistic’
compared with the other methods, which guarantee the safest
dragline use conditions.

The results of modeling the slopes of a single-tier dump
and the values of the width of the of possible landslide prism
and the guaranteed landslide prism are presented in Fig. 3-6.
Graphs have the form of a broken line. The analysis of the
obtained data showed that loading rock on the edge of sin-
gle-tier dump does not affect on its slope stability if loaded on
4...5% of dump height in conditions of the material with the
given physical and mechanical properties. Guaranteed land-
slides possible only in conditions of 400 m, 450 m and 500 m
high single-tier dump.

In Fig. 3 shown the dependence of the width of the pos-
sible landslide prism on the dragline dumping height for sin-

gle-tier dumps of 100 m, 150 m and 200 m high. 100 m high
dump starts with possible landslide prism 31 m wide, which
does not change until achieve a critical point, then increases
up to 70 m. 150 m high dump - 52 m wide possible landslide
prism, loaded on 40 m height — 88 m. 200 m high single-ti-
er dump not loaded has possible landslide prism 78 m wide,
loaded on 40 m height - 107 m. Curved sliding surface for the
safety factor less than 1.0 are not observed.

Forming of 100 m, 150 m and 200 m height single-tier
dump in the mode of controlled deformations is impossible.
Using the scheme of loading rock on the edge is unnecessary.
100 m height dump can be formed by any model of NKMZ
dragline. 150 m height single-tier dump - by any model of
NKMZ dragline but 6.5/45 and 14/50. 200 m height single-ti-
er dump - by 10/100 using the scheme of loading rock on the
slope and 15/90 using the scheme of loading rock on the edge.

Graphs in Fig. 4 have the similar form as it shown in Fig.
3. There are no guaranteed landslides on 250 m, 300 m and
350 m height single-tier dumps. Width of the possible prism
have value of 107 m 130 m, 151 m for not loaded edge and 130
m 155 m 176 m maximally loaded for 250 m, 300 m and 350
m height single-tier dump respectively. There are no model of
dragline in Ukraine capable to form single-tier dumps of such
height, neither loading rock on the slope, nor on the edge.

The same situation is on the 400 m, 450 m and 500 m
height single-tier dumps (Fig. 5). But there are guaranteed
landslides shown in Fig. 6. Graphs of dependence of the width
of the guaranteed landslide prism on the dragline dumping
height have different shape. 400 m height dump graph exists
between value of dumping height from 25 m to 40 m. It has
concave up shape. 450 m height dump graph has increasing
linear form. 450 m height dump graph has the similar broken
line form as it shown in Fig. 3-5.

Despite the theoretical possibility of forming the single-ti-
er dump in the mode of controlled deformations, can only be
done by dragline with maximum dumping radius more than
150 m. There are no such dragline models. Moreover, calcu-
lations of width of the guaranteed landslide prism have been
carried out using ordinary method of slices, which gets the
biggest value comparing to another methods. Brief analysis
of slope stability using Spencer method shows no sliding sur-
faces with safety factor less than 1. It means that that loading
rock on the edge of single-tier dump does not guarantee to
collapse it.

3. Conclusion

Forming the high single-tier dump of overburden rock in
abandoned open-pit mines using available in Ukraine equip-
ment is possible only up to 200 m. Analysis of single-tier
dumping technology and its two schemes: loading rock on
the slope and on the edge showed that the first variant is more
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effective than the second one. Forming a pile of rock on the
edge closes further access for dragline to work. Moreover,
controlled deformations is not guaranteed. Loading the edge
of the high single-tier dump on the 4-5% of its height does
not affect on its stability. Loading rock on the edge may only

be applied in conditions of 200 m height dump of overburden
rock using 15/90 NKMZ dragline to increase its dumping ra-
dius from 83 m up to 97 m forming 10 m height pile of rock
on the edge.
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W artykule rozwazono kwestig powstawania nadktadu skalnego podczas eksploatacji z16z rudy zelaza na Ukrainie. Przeprowadzono
analizg technologii formowania zwalowiska wysokiego jednopoziomowego w nieczynnym wykopie glebokim. Rozwazane sg dwa
warianty technologiczne: zatadunek skaly na zboczu wysokiego zwatowiska jednopoziomowego oraz na jego krawedzi. Okreslono
wplyw zaleznosci skaly obcigzajgcej od krawedzi zwatowiska wysokiego jednopoziomowego na jego statecznos¢. Ustalono charakter
zmiany szerokosci ewentualnego graniastostupa osuwiskowego oraz bezpieczng odleglos¢ potozenia liny zgarniajgcej. Mozliwosci
powstania wysokiego zwalowiska jednopoziomowego w rezimie kontrolowanych deformacji sq uzasadnione. Dla wysokiego zrzutu
jednopoziomowego zasadna byla zwykla metoda przekrojow, wykorzystana do obliczenia wspotczynnika bezpieczeristwa. Wydano
zalecenia dotyczgce wykorzystania dostepnych na Ukrainie koparek do formowania wysokich jednopoziomowych zwatow nadktadu.

Kontrola stabilnosci zrzutu zatadunku skaty na krawedzi wyrobiska

Stowa kluczowe: statecznos¢ zbocza, zwatowisko jednopoziomowe, wspdtczynnik bezpieczeristwa, metoda przekrojéw
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Abstract
The research objective is to develop and test mathematical model of gas storage in the layered aquifer with poorly permeable interlayer
if plane-parallel and axisymmetric filtration takes place. The paper evaluates the gas-hydrodynamic operational indices of the
underground gas storages within aquifers in the South East Ukraine. Comprehensive approach has been applied involving collection,
systematization, and analysis of actual data on filtration and physicomechanical properties of enclosing rocks impacting formation of
natural and technogenic deposits as well as analytical and numerical methods to solve equations of the gas-water contact shift under
different conditions. A gas-hydrodynamic model of underground gas storage within the nonuniform aquifer has been substantiated
to calculate its cyclic operation in the three-layered seam taking into consideration crossflows through a poorly permeable stopping.
The calculation results show significant impact of characteristics of the layered porous environment on the gas water contact transfer
through certain seams. The derived new technique linearizing a system of differential equations to identify pressure within a reservoir
is generalization of the earlier applied procedures with introduction of ‘boundary schemes’. The calculation results demonstrate
significant impact of the layered porous environment on the gas water contact transfer through certain seams. The findings may be

applied while making evaluations at the stage of gas storage design within aquifers.

Keywords: aquifer, gas storage, filtration, gas water contact, nonuniformity

Introduction

Along with the necessity to develop alternative ener-
gy sources, stable operation of fuel and energy complex of
Ukraine depends heavily upon the reliable functioning of the
unified gas supply system involving production facilities to
mine, transport, store, and distribute gaseous hydrocarbons.
A significant feature of the system is complete interconnec-
tion of its components expressed by changes in operation
conditions of the system if working conditions of its certain
object varies. In such a way, nonuniform gas consumption
may result in its interrupted recovery while demanding the
development of underground gas storages (UGSs) within the
deposits of aqueous rock as well as mathematical models able
to calculate hydrodynamic indices of their operations under
different geological and technological conditions [1-5].

The earlier considered [5-6] hydrodynamic models of
UGSs were obtained while assuming piston nature of water
displacement with gas. Such a schematization of the process is
popular and completely justified in many cases [7-8]. Never-
theless, optimum ratio between buffer gas volume and active
one, and determination of coefficients of gas saturation and
average weighed pressure for different aquifer zones cannot
be identified in terms of a piston problem formulation.

The problem has been solved partially under Backley-Le-
verett theory; numerous papers concern it (for example,
[9-10]). The essential point is as follows: in this context, gas
saturation distribution has been determined under constant
initial conditions irrespective of solution for gas which makes
it it possible to simplify drastically the calculation procedure.
However, the abovementioned complicates interpretation of

the calculation results since the undefined pressure prevents
from recalculation of gas amount within the seam to the nor-
mal conditions. In this connection, the paper objective is to
substantiate the methods determining the basic hydrodynam-
ic UGS indices in terms of its cyclic operation based upon a
two-phase filtration model, and determination of the average
weighed pressure and gas saturation within different storage
zones.

Research material and methods

Dynamics of cyclic water displacement with gas is ana-
lyzed within a uniform infinite reservoir. A radial displace-
ment case is considered. It is anticipated that in terms of
degassing, mass discharge of gas p G(t) is known and gas
saturation at the well is constant. Gas is extracted until R(t)
front, having a high water saturation value, approaches the
well.

It is also anticipated that the displacement process forms
three typical zones (Fig. 1): 1st being a zone with high aver-
age gas saturation o1 limited by a circle with R(t) radius; 2nd
being a zone with low average gas saturation 02<o1; and 3rd
being a zone inflated with pure water o(x,y)=0. Since pressure
within a high average gas saturation zone is almost equal to
pressure within R(t) front, we assume that pressure in the 1st
zone depends only upon time. We also assume that within the
2nd and 3rd zones, pressure follows the equation of elastic
liquid filtration.

Pressure distribution within the 2nd and 3rd zones is
identified using a method of ‘fictive’ sources and drainages
[11]. Thus, we have
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Fig. 1. Diagrams to calculate gas saturation (a) and pressure (b) within a horizontal aquifer

Rys. 1. Diagramy do obliczania nasycenia gazem (a) i ci$nienia (b) w poziomej warstwie wodono$ne;j
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where P, is pressure at infinity; u, is water viscosity; k,h,anda
are permeability, thickness, and piezoconductivity of a seam;
and Q,(1)'is specific rate of a ‘fictive’ source located in the
central share of a seam.

Within the 1st boundary,
average weighed P(t) pressure is determined relying upon
equation (1)

P(R(t),t) pressure and hence

P(rt) = P+ 22 [P 20 o (R2(0) J(4a(t — D)) dr,  (2)

4gkh <0 (t-1)

The specific rate of a ‘fictive’ source Q,(t) is selected in
such a way to equalize at the r = R(t) front consumption on
the left and right of the boundary. Within the 1st zone, the
total Q(t) consumption is constant along the whole area (un-
der the assumption on incompressibility of phases being fil-
tered) inclusive of R(t) boundary. From the 2nd zone, Q(t)
consumption may be derived using equation (1). Hence, to
identify specific rate of the ‘fictive’ source, we have following
integral equation

R2(t)
_ k 8P Rz(r) t Qp(T)e 2a(t=T) 3
Q@) = 2nR(OA(-2 2,y =B 2022y O)

A law of R(t) front advance is known from saturation
solution [11]
R2 ) =L [Tot, @)
where f'(o+) is the derived Backley-Leverett function applied

for gas saturation within the front; and m is a seam porosity.
Equation of gas balance is used to close (1)-(4) system.

Py f;G(t)dt = P(t)nR? (t)mha, + j;gt) P(r,t)2mhrma,dr (5)

P(r,t) function, located under integral in expression (5), is
determined from ratio (1). However, in view of the 2nd lim-
itedness, it is possible to apply simpler logarithmic pressure
distribution corresponding to uncompressible liquid filtration

~ t v
P(rt) = P() - L2l in s,

(r > R(D). (6)

Having inserted ratio (6) into equation (5) and calculated
the integral in the right side, we will obtain

(7)
P(r,t) =P, + 4:;}: fot ?:(3 exp(—r?/(4a(t — 1)) dr,
where G(t) is consumption of gas injected into the seam un-
der the standard conditions.

It should be mentioned that the simplification, connected
with substitution of expression for P(r,t), is not of principal
nature; thus, ratio (1) can be used for equation (5) during nu-
merical implementation.

Introduce dimensionless variables
€=§:q= Qs g = Solle, g = K2 ()

Prhk Prhk 4aT

ty= P,
T P TR
where T is typical process life; as a rule, it is equal to a year.

Owing to the use of the introduced variables, (2)-(4), and
(7) expression will look like

a(x)

P =1+ frele g, ©)
_alx)
a0 = a() [ e, (10)
(x=¢)?
alx) = Bf'(7) [y a()dx, T (1)
W =560 [} aC0dx — 2 (@ in - @ - @), (12)

Assume that injection and withdrawal follow a harmonic law.

(9)-(12) ratios are the closed system of integral equations
to identify p(x), q(x),qo(x),and a(x). In this context, o1, 02,
and o+ values are determined along with solving a problem
for saturation [11].

Then single out and consider separately three specific
stages of UGS operation: initial gas injection into the undis-
turbed aquifer; extraction; and gas injection into the seam
during a random cycle of UGS operation.

Initial gas injection into the undisturbed aquifer. If gas is
injected into the undisturbed aquifer then gas saturation dis-
tribution is represented by means of the known Backley-Le-
verett solution [12]; zone 2 (Fig.1) is not available, R*=R(t).
In this regard, the saturation jump R(t) is defined using the
ratio

a t
R2(0) =L [* (). (12)

Gas saturation o+ within R(t) front is determined by

means of the transcendental equation solution

98

Inzynieria Mineralna — Styczet - Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society



uoppshin

PR

wengng I

sRe Ry

ot palin

F;

gRy

reenging |

R}

R

i
R

Fig. 2. On the calculation of gas saturation under cyclic UGS operation

Rys. 2. Obliczenia nasycenia gazem przy cyklicznej pracy PMG

fle™)

re +
D~ f'e™) (13)
Average gas saturation is identified from the ratio
_ _ 1
0-1 - f’(ﬂ"") (14)

Assume for the numerical (9)-(12) system that within XJ__1
<X< Xj_1 + AXJ_ moment, q(x) and q0(x) functions are con-
stant. Subsequently, (9)-(12) equations for the specified time
interval may be represented as follows

_yw()-p; ) B/ aidx

Ry (X, ; (15)

o (x) = ff(6°) ¥I_, qibdx; (16)

- L 17

(Ia;(x) = (QJ"EL%QD:’ (e T-Xi 1 .p x—xI-)Eij (17)

B; 0=+ 123 qoi(—E; (- =) + Ei(— 5. (18)
W (x) function is given by the expression

Wix)=0.5(1+cos(2mx)). (19)

Analytical model for the case looks like: W(x) is the initial
value to solve (15)-(18) system. The value is determined through
ratio (19). While inserting W(x) into (15) and setting p'j*(x) val-
ue, to a first approximation, it may be specified as that one be-
ing equal to p'j_l. Identify qj(x) value. (16)-(18) ratios help define
successively a, q,, and p’, values. In general, the latter does not
coincide with p'j*. New approximation of p’j* is selected; the it-
eration process continues until p'j* matches p'j with the specified
E accuracy. The final p'j(x) value, calculated for the time interval,
also defines qj(x) and a}.(x) values corresponding to it.

Gas extraction during a random cycle. As it has been men-
tioned above, according to the accepted planning, gas is ex-
tracted until saturation jump with a coordinate nears a well

placed in the central share of the seam. In this context, volume
of the gas, extracted from Q * seam, may be defined as well as
normalized to the reservoir conditions. Then, relying upon the
specified harmonic selection law, it becomes possible to identi-
fy gas consumption normalized to the reservoir conditions

T

g”' sin (2( x-xn))

q(x) = - (20)
In this case, the equation takes the form
aitx) = a'-ff (1 - OpZi_y A% (21)

where a* is the maximum a(x) value achieved during gas in-
jection; N is number of x time moment corresponding to the
extraction start; and 6, is front value of gas saturation in terms
of k™ extraction.

Since q(x)value is entered by means of (20) then ai(x),
6,,(x), and p'j(x) values may also be identified through direct
computation using formulas (16), (18), and (21); Wi(x)value
is defined using the formula

qi
4np

VIG@):]%(@ )X qi Axi— (a*/n%fa* + a). (22)

In such a way, while extracting, W, is not the initial (spec-
ified) value. It is determined during the problem solving.
The abovementioned depends upon the selected operation-
al schedule of UGS. In the context of the schedule, gas ex-
traction is maximum possible and volume of gas, remained in
the seam, is minimal.

Under reservoir conditions Q *, front saturation value of
as well as the extracted gas volume is determined through the
solution analysis for saturation [13].

If the extraction takes place within a random k™ cycle,
then solution for saturation is divided into two cases:

L. In terms of 0 <o',< 0, (where o is gas saturation corre-
sponding to Backley-Leverett bending point function) case,
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Rys. 3. Przyktad obliczen wskaznikéw hydrodynamicznych pracy PMG w trybie cyklicznym

volume of gas Q *, extracted from a seam during k* cycle, is

identified using the expression
_ (*N+2

Q3= fo“ q(x)dx. (23)
2.1f 0,<0,'< 1 then Q_* determination should involve gas

saturation assessment within of front by means of the tran-

scendental equation solving

f(_z) f(c'f) (24)

= f(a)
While applying the determined of value, the following is
defined

f(or)
f,(af)) (25)

=B X, qiAxi—a*(oy -

At the end of the extraction, average gas saturation value
0, is defined with the help of the formula

— — O
0= 0—2 (26)

Moreover, it is taken up as the initial distribution at the
start of following injection (Fig. 2 ¢, d, and e).

Gas injection within a random k+1st cycle. Within a ran-
dom cycle, gas injection into UGS differs from its initial injec-
tion in the fact that there is some gas saturation distribution
in the seam; for the case, it is substituted for a constant o,
value. During injection, the seam demonstrates two gas sat-
uration jumps with R(t) and R* coordinates as well as corre-
sponding dimensionless variables a(x) and a* (Fig. 2, f).

In this case, expression (15), determining mass balance in

the UGS, will take the form

YW ;) b,(0) T2} aix;

qi(x) = (27)

(M[ﬂ)(a"ln( ) am+a1)

The unknowns q @, and p, are identified from (16)-(18)
ratios. (1)-(18), and (27) system is solved similarly to the initial
injection case. Law of W (x) variation is taken up as follows

Witx)= Wy + 0.5W,; (I-cos(2m(x-xy)))

If gas is injected within a random cycle, the saturation
solution depends upon the injected gas volume (under the
reservoir conditions)

I (Ez'))

Having determined the value of front gas saturation o,

from the ratio

I (Uf -f(a2)

Of— a1

= f(oy),

and having identified ‘critical’ value of the injected gas volume

(30)

[

(4
Ur = 5 roo-r@m) (1)

consider two probable solution alternatives:

1. Assume that Qs value is less than critical volume Q_;
then motion of two saturation jumps takes place within the
seam. In this context, before injection is over, maximum zone
is (Fig. 2, f)

the maximum zone with gas o* ,
+2

Ay = Aypq + BOsf(02)/ 07 (32)

Amount of gas within the seam as well as average gas satu-
ration until injection is over will be defined as follows

QN+2 = QN+1 + QS’ (33)

01 = BQN+2/a*N+2 (34)
of value, being a part of equation (17), is defined from (30) ratio.

2.1f Qs >Q_, then frontal gas saturation value is identified
by solving the equation

ﬁ’(“f fI(Uf) —f(op) +1)Qs — (35)

0,0 Ny = PU3

In addition, geometry of zone with gas before injection is

(28) over a*  is defined from the ratio
where Wo is amount of gas in the seam before previous ex- @ ey = PO f'(a'f) (36)
traction is over; W _, is amount of gas injected in the seam
during active injecting; and x| is starting point of the active Q,,, and o, values are determined from (33) and (34) ex-
injective. pressions.
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Case two solving for injection arises if one saturation
jump is in the seam (Fig. 2, g). It should be mentioned that
the initial injecting stage will always involve case one; conse-
quently, if a back edge a(x) nears and passes a* (Qs>Q_) front
case two may happen (Fig. 2, f, g).

The considered algorithm to solve the formulated problem
has been represented based upon approximate solution for
saturation [9]. It is possible to examine similar solution algo-
rithm for the case when saturation is solved relying upon ac-
curate statement [16]. Comparative analysis of two solutions,
performed on the basis the processed calculation results, has
shown their good agreement for the first six operational UGS
cycles. Computation for more prolonged period, based upon
amodel with averaging, results in significant errors. However,
simple implementation and short period, required to make
the calculations, help recommend the methods while making
multivariant computations of a gas storage transfer to cyclic
operation.

Results and their analysis

The represented algorithm has been implemented in the
software environment Mapple for a hypothetic case. The seam
parameters were specified as follows: k = 102 m? being per-
meability; m = 0.2 being porosity; a = 1 m?*/s being piezo-
conductivity coefficient; h = 10 m being seam thickness; pv =
10~ Pa-s being formation water viscosity; Pk = 9.8 MPa being
pressure within the undisturbed seam boundary; and peri-
od of the complete operational UGS cycle being T = 1 year
= 3.15-107 s (four three month periods: injection - idle time
—extraction - idle time). The calculations involved the idea
that one and the same gas mass Gs is injected into the seam
during any period. Mass of the extracted Gext gas was defined
during the solution.

Phase penetrations for gas k (o) and water k (o), involved
by Backley-Leverett functions, i.e. f(o)

kgu
()= ——=—
4 kgug + kit

were assumed as follows according to paper [10]

7 —0.1\>°
kg(v):( 0o ) (4-30),(01<0<1)
0.8 — 0\ >°
kw(0)=( 08 ) , (0£0<08)

where o is gas saturation.

Fig. 3 shows the calculation results. Curve I is dimension-
less gas consumption under the formation conditions q(t); II
is change in average weighed pressure in the seam P(t); III
is change in space of pores with gas having high average gas
saturation a(t); and IV is volume of gas in the seam normal-
ized to the standard conditions. Analysis of the data explains
that pressure in UGS during the operation transfers to a cyclic
mode rather rapidly; moreover, amplitude changes in terms of
pressure variations during different cycles are not higher than
several percent. In this context, formation pressure excess
over a reservoir boundary while gas injecting is 5% (P = 10.3
MPa). Subsequently, when following idle period is over the
pressure equalizes (P = Px); in the period of gas extraction,

formation pressure is 3-5% less than its boundary pressure (P
=9.5-9.3 MPa) depending upon the operational UGS cycle.

Dimensionless gas consumption under the formation
conditions, being the ratio between product of its viscosi-
ty consumption and boundary pressure product per seam
thickness and permeability, also increases up to 0.13 while
injecting. It is almost matches 1100 m*/day gas consumption.
During following idle time, gas consumption decreases van-
ishing to the period end. By the end of extraction stage, gas
flow rate increases annually. It was 0.08 (-678 m*/day) in the
first year; 0.11 (-932 m?*/day) in the second year; 0.13 (-1100
m?/day); and 0.14 (-1185 m?/day). It should be mentioned
that after gas extraction and following idle time, its consump-
tion was equal to zero again.

By the end of injection period, dimensionless space of
pores with gas as well as during following idle time increased
cycle by cycle. It was 2.5 in the first year; 4 in the second year;
4.8 in the third year; and 5.2 in the fourth year. The values
correspond to a radius of a reservoir zone differing in high
gas saturation, i.e. 17.7; 22.4; 24.5; and 25.6 km. In this regard,
values of gas volume within the seam normalized to the stan-
dard conditions correspond to 1; 1.5; 1.8; and 2.1, respective-
ly. It is also possible to mention a phase shift between W(t)
and q(7) arising owing to the availability of elastic zone III
(Fig. 1) with the formation liquid being contracted.

Conclusion

Numerical hydrodynamic model of underground gas
storage within a horizontal aquifer has been developed; the
model takes into consideration two-phase nature of liquid
and gas filtration. Processing of the obtained results has made
it possible to substantiate the approximate method calculating
formation gas volume, consumption, and pressure at different
stages of storage development as well as during its operation-
al cycles. According to the calculation results in the software
environment Maple for a hypothetic case, it has been identi-
fied that gas pressure in the storage transfers to a cyclic mode
rather quickly under a minor (i.e. several percent) amplitude
change during different cycles. In this context, formation
pressure excess over a reservoir boundary while gas injecting
is 5%; in the period of gas extraction, formation pressure is
3-5% less than its boundary pressure. In the injection peri-
od, gas consumption is almost constant; in turn, its flow rate
during extraction increases year by year. In addition, space of
pores with high average gas saturation also increases annually.

The proposed methods calculating the basic hydrody-
namic UGS parameters in aquifers make it possible to identify
the optimum ratio between buffer gas volume and active one
in the storage as well as determine the fundamental technical
and economic indicators of its operation at the design stage.
The abovementioned may be applied to make business plans
and investment proposals concerning seasonal accumulation
of gaseous hydrocarbons in the natural environment. Further
research is expedient to test adequacy of the developed meth-
ods while comparing the obtained calculation results with ac-
tual operational data of the operating UGSs.
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Symulacja filtracji w celu oceny wskaznikéw hydrodynamicznych podziemnego

magazynowania gazu

Celem badan jest opracowanie i przetestowanie modelu matematycznego magazynowania gazu w warstwie wodonosnej ze stabo
przepuszczalng miedzywarstwg, przy zalozeniu filtracji plasko-réwnoleglej i osiowo-symetrycznej. W artykule dokonano oceny
gazowo-hydrodynamicznych wskaznikéw eksploatacyjnych podziemnych magazynéw gazu w warstwach wodonosnych poludnio-
wo-wschodniej Ukrainy. Zastosowano kompleksowe podejscie polegajgce na zebraniu, usystematyzowaniu i analizie rzeczywistych
danych, dotyczgcych wlasciwosci filtracyjnych i fizykomechanicznych skat otaczajgcych, wplywajgcych na powstawanie osadow na-
turalnych i technogenicznych, a takze analityczne i numeryczne metody rozwigzywania réwnan przesuniecia kontaktu gaz-woda
w réznych warunkach. Model gazowo-hydrodynamiczny podziemnego magazynowania gazu w niejednorodnej warstwie wodonosnej
zostal uzasadniony w celu obliczenia jego cyklicznej pracy w pokladzie tréjwarstwowym z uwzglednieniem przeplywow krzyzowych
przez stabo przepuszczalng zapore. Wyniki obliczeti wskazujg na istotny wplyw charakterystyk warstwowego srodowiska porowatego
na kontakt gazu z wodg przez okreslone poktady. Nowq technikq linearyzujgcg uktad réwnan rézniczkowych do identyfikacji cisnie-
nia w zbiorniku jest uogélnienie wczesniej stosowanych procedur poprzez wprowadzenie ,,schematow brzegowych”. Wyniki obliczeti
wskazujg na istotny wplyw warstwowego srodowiska porowatego na kontakt gazu z wodg przez okreslone poktady. Uzyskane wyniki
mogq byé wykorzystane przy dokonywaniu ocen na etapie projektowania magazynéw gazu w warstwach wodonosnych.

Stowa kluczowe: warstwa wodonosna, magazynowanie gazu, filtracja, kontakt gazu z wodg, niejednorodnos¢
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Abstract
Underground mines of Kryvyi Rih iron ore deposit apply room mining systems or systems with bulk caving of ore and overlying rocks
in a ratio of 35% to 65%. Most mines prefer room mining systems with pillar caving due to high, technical and economic indicators.
However, when mining certain areas, the problem arises of hanging wall rocks stability. Under the same mining and geological
conditions of the deposit, stopes are stable in some areas, but in others waste rocks get in the stope from the side of the hanging wall
when a slight exposure is created. Thus, in conditions of instable rocks of the hanging wall, development and improvement of the
technology involving room mining is an urgent issue. Analysis of researchers reveals factors that significantly indluence stability of the
hanging wall rocks and ore. The developed methods enable determining stability parameters and applying an improved option of room
mining system in conditions of the instable hanging wall with the help of a protective ore pillar located at the instable hanging wall.
Calculations performed demonstrate that application of the proposed mining system enables an increase in the iron content in the
mined ore mass by 0.94%, the increased amount of the ore mass extracted and a profit of 18.73 thousand euros for the whole of a block.

Keywords: mining system, stress, methods, pillar width, rock strength, losses, dilution

1. INTRODUCTION

Kryvyi Rih iron ore deposit (Ukraine) is represent-
ed by narrow strips of metamorphic rocks stretching for
about 100 km from south to north. In terms of stratigraphy,
Kryvyi Rih series of rocks is divided into four formations:
schist-amphibolite (Ko), lower arkose-phyllite (K1), middle
iron ore (Kz) and upper schist (Ks) ones [1-5]. The main
productive thickness is the iron ore formation (Kz) which
consists of seven pairs (ferruginous and schistous horizon)
of rocks alternating with each other. The main ferruginous
layers of the iron ore formation (Kz) mined by the under-
ground method are: the fourth (PR1Sx*), the fifth (PR:Sx*f)
and the sixth (PR1Sx®f). Within these layers, deposits of rich
ores are located, which are represented by a wide variety of
shapes (seam-, lens-, pillar- and nest-like) and their combi-
nations, [6-8].

Almost all rich iron ore deposits are composed of hema-
tite and differ in physical and mechanical properties and the
ratio of mineral varieties. Martite ores are characteristic of
the northern group of mines. The ore is 2-3 points stronger
than in the southern district. Stability of rocks depends on
their physical and mechanical properties, the most import-
ant of which are: strength, mineral composition, fissuring,
porosity, etc. Physical and mechanical properties and el-
ements of occurrence can change dramatically within one
mine block [9-11].

In Kryvyi Rih iron ore basin, iron ore is mined by room
mining systems and systems with bulk caving of ore and
country rocks [12-14].

The system with bulk ore caving is the most widely applied
in mining the deposits. However, this system is characterized
by significant ore dilution. [15-17]. In most cases, these min-
ing systems are improved by optimizing structural elements
of the block or by changing parameters of ore breaking and
drawing [18-20]. Availability of a great number of options
of the system with bulk caving enable their classification ac-
cording to methods of breaking, transportation and location
of the compensation room in the block [1, 8, 16]. It should be
noted that the specific volume of subsidiary development sys-
tems with bulk caving is 4-7 m/1000 t, however, due to more
intensive extraction, the cost of maintaining the workings is
reduced by 15-20% as compared with room mining systems.
However, this option of the mining system is characterized by
the following disadvantages: the volume of pure ore mined
does not exceed 35-55%; sharp fluctuations in the iron con-
tent in the mined ore mass lead to its sorting on the surface;
significant ore losses on the footwall of the deposit; depres-
sion craters are formed on the surface [18-20].

When applying room mining systems, the iron content in
the mined ore mass increases, but so do ore losses in pillars
(up to 35-50%) and the volume of subsidiary workings (6-7
m/1000 t).
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Fig. 1. Mining the deposit with the hanging wall rocks blasting: 1 — crown; 2 - drilling drift; 3 — undercutting space; 4 — collecting sublevel drift;
5 — caved hanging wall rocks filling the mined out room; 6 — workings of the transportation level; 7 — block raise from which special workings are
created for vertical concentrated charges placement

Rys. 1. Eksploatacja ztoza z odstrzalem skat wiszacych: 1 — korona; 2 — sztolnia wiertnicza; 3 — przestrzen podciecia; 4 — zbieranie dryfu podpozio-
mowego; 5 — zawalone wiszace skaly wypelniajace wyrobisko; 6 — wyrobiska transportu poziomego; 7 — podwyzszenie bloku, z ktdrego tworzone sg
specjalne wyrobiska do pionowego umieszczania tadunkéw skoncentrowanych
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Fig. 2. Mining ore deposits in contact with clay rocks: a — with bulk blasting of the hanging wall; b - with local blasting of waste rocks of the hanging
wall; I, I, IIT, IV - stages of mining; 1 - caved rocks; 2 — workings of the draw level; 3 — crown; 4 - auxiliary draw workings; 5 - sand-clay rocks; 6 -
ore massif; 7 - caved ore; 8 - inter-room pillar; 9 — undercutting room for mining the “triangle” of the footwall and the crown

Rys. 2. Eksploatacja z16z rudy w kontakcie ze skatami ilastymi: a - z masowym wysadzaniem wiszacej $ciany; b - z miejscowym wysadzeniem skat
plonnych wiszacej sciany; I, II, III, IV - etapy wydobycia; 1 —skaly zawalu; 2 - wyrobiska wydobywcze; 3 - korona; 4 — wyrobiska pomocnicze;
5 - skaly piaskowo-gliniaste; 6 — masyw rudy; 7 —urobiona ruda; 8 - filar miedzykomorowy; 9 - pomieszczenie podrebowe do urabiania ,,trojkata”
spagu i korony

This mining system can only be applied in deposits rep-
resented by stable rocks of the hanging wall or with no less
than medium ore stability and strength. While designing a
block, optimal structural elements for this mining system are
determined by the industry methodology developed by the
Research Mining Institute (Kryvyi Rih, Ukraine).

According to practical data, mining of room reserves is
45-65%, which enables obtaining the maximum iron content
in the mined ore mass. However, during mining of pillars, ore
losses increase to 50%, and the iron content in the mined ore
mass decreases by 3-15%.

Room mining systems have the following disadvantages:
the two-stage extraction of ore, availability of a large volume
of voids, significant ore losses and dilution during mining of
pillars, high costs for maintaining mine workings, restricted
conditions of application [12, 14].

It should be noted that in order to ensure stability, in prac-
tice, the volume of reserves in stopes with the instable hang-
ing wall is reduced to 40-42%.

To increase efficiency of mining deposits with insta-
ble ores and rocks of the hanging wall, an option of com-
bined mining is used, which involves simultaneous ap-
plication of the room system and a system with bulk ore
caving.

This option enables extraction of about 50-70% of pure
ore from a block, but losses and maintenance costs for mine
workings increase significantly [21-23].

2. ANALYSIS OF RESEARCHES AND PUBLICATIONS

The rock massif of Kryvyi Rih iron ore basin is not ho-
mogeneous. Application of room systems to mining rich ores
causes, among others, a problem of providing conditions that
exclude emergence of uncontrolled and randomly created ar-
eas of rock massif displacements.

To ensure stability of the rock massif, artificial structures
are created, ore pillars are left unmined [12], or various meth-
ods of additional strengthening of instable local areas of the
deposit are applied [24-26]. At the same time, a complex of
mining operations is provided for that require significant la-
bor and material costs, ultimately influencing economic effi-
ciency and expediency of stoping.

One of possible options for stoping is application of the tech-
nology involving partial destruction of the hanging wall rocks to
ensure replacement of the volume of ore mass with rocks, Fig. 1.
However, in this case, extraction indicators deteriorate sharply,
especially at deposit dips of 45-55 degrees, [27-29].

This is due to the fact that the ore mass is replaced with a
relatively limited layer of rocks near the plane of the hanging
wall, which results in a significant part of the caved ore left
on the footwall. Creation of auxiliary sublevel transportation
workings dramatically increases the costs for preparatory and
subsidiary workings, complexity of their maintenance, espe-
cially in instable fissured rocks, which results in increased ore
mining costs.

The monograph [30] describes the technology of creat-
ing a rock “pillow”, proposed by B.I. Rymarchuk, as one of
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Fig. 3. System of sublevel bulk caving with transportation in drifts and a compacted layer of caved ore: 1 — drilling drift; 2 - long blasthole rings for
creating an overcompacted ore layer; 3 — access ort of the upper level; 4 — scraper level

Rys. 3. System podpoziomowego zawalu z transportem w sztolniach i zageszczong warstwa zawatu rudy: 1 - sztolnia wiertnicza; 2 - diugie pierécie-
nie otwordw strzalowych do tworzenia zaggszczonej warstwy rudy; 3 — wejécie na gorny poziom; 4 — poziom zgarniacza

the ways to combat clay rushes or uncontrolled destruction of
rocks from the hanging wall side.

Fundamental flowsheets for mining the ore deposit,
which allow reduction of the amount of additional mining of
overlying rocks, are given in Fig. 2. These flowsheets differ in
conditions of their application that depend primarily on the
ore deposit dip, the ore deposit thickness, as well as location
of instable rocks in the hanging wall.

The idea behind the technology presented in Fig. 2,a con-
sists in the following: at the first stage, the ore reserve is mined
out near the hanging wall I. During caved ore drawing 7, rocks
of the hanging wall move simultaneously with the caved ore
creating a caving zone.

After the upper sublevel is mined out, a crown 3 is drilled
and blasted. With the help of the auxiliary draw working 4, the
reserve of the crown is removed, while a displacement zone
III is created. The disadvantage of this technology includes
significant ore losses and dilution ranging from 16 to 25-45%.

The main feature of the flowsheet b, (see Fig. 2) is the local
blasting of waste rocks of the hanging wall and their moving
into the mined out stoping space. At the same time, between
the caved rocks 5 and the “triangle” of the footwall 9, the ore
massif (pillar) 8 is left.

Bulk ore caving and the use of a compacted layer, Fig. 3, is
also a commonly used option. This technology enables reduc-
tion of caved ore losses and dilution in the instable area from
the hanging wall side.

The idea behind this mining system is as follows. The
mined block is divided into two technological areas; I - for
bulk caving of the ore massif; II - for mining using a com-
pacted ore layer.

On the contact of the caved ore with rocks, an additional
drilling drift 1 is driven which is necessary for creating a
compacted layer, by drilling the ore area of the hanging wall
with long blasthole rings 2. To create a protective layer above
the main reserve of the ore massif in the upper part of the
block, previously driven workings of the above lying levels
3, 4 are used.

The ore massif of the main reserve is caved first. To do
this, a drilled ore massif is broken on the previously creat-
ed compensation room. Then, the long blasthole rings from
the hanging wall and above the main block are exploded with
delay. Consideration should be given to the fact that when
breaking the massif onto a compressed medium, the optimal
thickness of the broken ore layer is the main parameter.

According to V.R. Imenitov, displacement of broken ore
(rock) after explosion of the first set of blasholes in the com-

pressed medium is 2.0-2.5 m and reaches 3.0 m when blasting
4-5 sets of blastholes [31-33]. With average ore strength and
thick deposits, compaction of the massif is 25-30 m.

To create a compacted layer, parameters of drilling and
blasting (the line of least resistance and the distance between
hole toes) must be reduced by 15-20% compared to the mass
breaking of the main massif. Excessive amount of explosives
in the ore massif in the peripheral zone of the block inevitably
leads to an additional compaction of the broken ore mass by
3-5 m. The broken ore layer thickness in the hanging wall and
in the upper part of the caved massif depends on the ratio
of primary loosening of the main massif and its compaction
factor [34-36].

However, it should be noted that the ore layer II from the
side of the hanging wall is caved last. Therefore, at a consid-
erable pressure of hanging wall rocks, when the main massif I
is destructed, its additional destruction occurs. Ill-timed de-
struction of the ore layer from the hanging wall side can result
in significant losses and dilution during ore drawing from the
main massif.

3. PURPOSE
The presented study aims to determine the minimum per-
missible thickness of rocks of the hanging wall, which ensures
stability of the rocks depending on rock pressure. For this, the
following tasks should be solved:
1. To investigate the influence of the initial field of mas-
sif stresses on stability parameters of the rock massif.
2. To develop methods for determining the minimum
permissible thickness of rocks of the hanging wall at
which it is advisable to apply a system with bulk ore
caving and a compacted layer in conditions of instable
rocks of the hanging wall.

4. METHODS

To determine stability parameters of structural elements
in Kryvyi Rih iron ore basin, the method of calculated func-
tional characteristics is used, numerical values of which de-
pend on basic factors associated with dimensions of struc-
tural elements and their stress-strain state [37]. Geometrical
parameters are determined by using two types of functional
characteristics: equivalent exposure spans; dimensionless
characteristics for determining the width of the inter-room
and the thickness of the inter-floor pillars.

Actual values between the equivalent spans of exposures
in the room and their dimensions are described by the for-
mulas:
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Fig. 4. Dependencies of the width of the protective layer on the exposure span in the stope and the ultimate compression strength of rocks: 1-5 - the
ultimate strength of rocks of 140, 120, 100, 80 and 60 MPa respectively
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Fig. 5. Dependencies of the permissible thickness of the hanging wall rocks on the depth of mining operations and the ultimate strength of rocks at the stope
width of 15 m and the deposit dip of 60 degrees: 1,2, 3, 4 and 5 - the ultimate compression strength of 80, 100, 120, 140 and 160 MPa respectively
Rys.5. Zalezno$ci dopuszczalnej migzszosci skal wiszacych od glebokosci eksploatacji i wytrzymalosci skat przy szerokosci przodka 15 m i upadzie
zloza 60 stopni: 1, 2, 3, 41 5 - $ciskanie graniczne odpowiednio 80, 100, 120, 140 i 160 MPa

- for horizontal exposures

aM, - (1)
- for vertical exposures

bM, . (2)
JPr M
- for inclined exposures

L (3)

l .
! Na® +b

where a, b are the dimensions of rooms along the strike and

m, =

m, =

downdip respectively; M,, M, are the horizontal and normal
thickness of the deposit respectively.

The influence of the stress-strain state of the massif on pa-
rameters of rooms and pillars is taken into account in the classifi-
cation of deposits according to the proposed methodology, [37].

As a rule, permissible spans of exposures are established
on the basis of experiments conducted according to a special
method [38-40]. The use of calculation methods is limited by
certain conditions, e.g. heterogeneity of roof rocks. However,
the results obtained should be considered as preliminary, re-
quiring further experimental clarification. The most likely are
the results obtained by the methods of calculating roofs repre-
sented by undisturbed or weakly layered rocks. In this system,
the mined-out space is supported by ore pillars.

Based on the analysis results, it is established that the advan-
tage of the methods developed by S.G. Borisenko, in comparison
with the NDGRI (Research Mining Institute of Kryvyi Rih Nation-
al University) methods, consists in considering the weight of not
only overlying rocks but also those of the hanging wall [41-43].

5. RESULTS
To obtain high indicators of ore mass extraction during
mining reserves by room mining systems, it is necessary to

ensure stability of exposures and pillars within the entire pe-
riod of mining the stoping block. Therefore, when mining ore
deposits by room systems, structural elements of the stop-
ing block should be refined and the thickness of rocks in the
hanging wall should be taken into account.

When applying a room mining system, various stresses
(tensile or compressive) act on pillars.

From the strength of materials theory, it is known that if
a sample is evenly loaded over time, normal stresses increase
in it to the ultimate compression strength. As soon as normal
stresses exceed the ultimate compression strength, either lin-
ear strains occur or the room pillar is destructed. Thus, in or-
der to preserve integrity of the rocks of the inter-room pillar,
the following condition must be met.

{ag%s{aﬂ},

se0, 4

where o is normal stresses, MPa; okr is critical stresses, MPa;
[ost] is the ultimate compression strength of rocks, MPa; € is
linear strains.

If the pillar is under action of compressive and tensile
stresses throughout its lifetime, normal stresses in it first
increase and then decrease. Repeated stresses cause linear
strains in the pillar that significantly reduce the ultimate com-
pressive strength of rocks.

If the pillar undergoes increasing stresses, normal stresses
increase, according to (4); if stresses decrease, normal stresses
do not reach the ultimate strength of rocks, the pillar is not
destructed and the following condition is met
[c<o, =0,<<[0,]

(5)

ls#O.

where ov is the destructive pressure, MPa.
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Fig. 6. Dependencies of the permissible thickness of the hanging wall rocks on the depth of mining operations and the stope width at the rock strength of 12
and the deposit dip of 60 degrees: 1, 2, 3, 4 and 5 — widths of the stope of 10, 15, 20, 25 and 30 m respectively
Rys. 6. Zalezno$ci dopuszczalnej migzszoéci skat wiszacych od glebokosci eksploatacji i szerokosci przodka przy sile 12 i upadzie ztoza 60 stopni: 1,
2,3,415 - szerokosci przodka odpowiednio 10, 15, 20, 25i 30 m
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Fig. 7. Dependencies of the permissible thickness at the rock strength of 12 and the width of the stope of 15 m: 1, 2, 3, 4 and 5 - ore deposit dips of 45, 50, 55,
60 and 65 degrees respectively.
Rys. 7. Zaleznosci dopuszczalnej migzszosci przy wytrzymatosci skaly 12 i szerokosci przodka 15 m: 1, 2, 3, 4 i 5 - upaly zloza rudy odpowiednio 45,
50, 55, 60 i 65 stopni

Taking into account the above, parameters of structural
elements at different stages of block mining can be deter-
mined for the first option (the stoping block is mined from
the foot- to the hanging wall).

At the first stage of block mining, parameters of the stope
(the width of the stope along the strike, the height and width
of the pillar, the length of the inclined exposure span, the
height of the level (sublevel) are determined by the NDGRI
methods [17].

Then, in the conventional way, certain technological op-
erations are performed in the stoping block: preparation,
drilling and blasting, selection of the mode of caved ore mass
drawing and transportation. It should be noted that after
caved ore drawing from the first stope, inter-room ore pillars
and the crown are not caved at this stage. Therefore, when
determining exposure and pillars lifetime, it is necessary to
take into account the total time needed for mining the stoping
block (taking into account the second stage).

Maximum permissible thickness of the protective ore lay-
er is obtained by the formula

lay K.
R CAT (©)
where | is the maximum permissible exposure span, m; a is
the width of the stope, m; y is the volumetric weight of ore, N/
m?* Kz is the factor of safety (accepted 1.5-2.0); Kstr.o is the
factor of rock structural weakening by fissures (accepted from
0.65 to 0.95).

Based on (6), the dependencies of the width of the com-
pacted layer on the exposure span in the stope and the ulti-
mate compressive strength of rocks are built (Fig. 4).

Fig. 4 demonstrates that an increase in the exposure span
from 35 to 70 m requires the increase in the width of the pro-

tective layer from 9 to 18 m at the rock compression strength
of 140 MPa.

If longitudinal compressive forces acting along the in-
clined exposure plane of the pillar are withstood without its
integrity failure, lateral stresses and strains in the direction of
previously mined out stopes, the thickness of the inter-room
pillar is determined by the formula

_HyaK,;K_cosc
C TR,

J3r.o

m (7)
where H is the depth of mining, m; o is the ore deposit dip,
degrees; n is the number of pillars per stope.

The dependencies of the permissible thickness of waste
rocks from the hanging wall side when applying room mining
systems on the depth of mining, the width of the stope and the
ore deposit dip are shown in Fig. 5-7.

The above dependencies demonstrate that the permissible
thickness of waste rocks from the hanging wall side increases
directly proportional to the increase in the mining depth, the
width of the stope and inversely proportional to the increase
in the ultimate compressive strength of rocks and the ore de-
posit dip.

Fig. 5 demonstrates that with an increase in the depth of
mining from 200 to 1600 m, the permissible thickness of the
hanging wall rocks, which enables maintaining their stabil-
ity for the period of mining out the stope, must be at least
1.3-20.5 m at the decreased ultimate compressive strength of
rocks from 160 to 80 MPa and the width of the stope of 15 m.

At an increase in the width of the stope from 10 to 30 m
and the depth of mining from 200 to 1600 m, the thickness
of the hanging wall rocks at the rock ultimate compressive
strength of 120 MPa and the deposit dip of 60 degrees must be
atleast 1.1-27.4 m, Fig. 6. Thus, at the increased mining depth
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and the ultimate compression strength of 120 MPa, to ensure
its stability, the width of the stope should be: at the depth of
700 m - ak = 30 m; at the depth of 850 m - ak = 25 m; at the
depth of 1050 m - ak = 20 m; at the depth is 1400 m - ak =15
and at the depth of 1600 m - ak = 10 m.

The dependencies shown in Fig. 7 demonstrate that with
an increase in the deposit dip from 45 to 65 degrees, the per-
missible thickness of the hanging wall rocks must be at least
15-8 m at the depth of stoping works of 1200 m.

Thus, application of room mining systems is limited by
the ultimate compressive strength of rocks, the thickness of
the hanging wall rocks, as well as the height of the caved layer,
the deposit dip and the rock stability factor.

Based on the results of the presented study; it is established
that application of the room system to mining ore deposits is
reasonable if the thickness of the hanging rocks exceeds 6 m.

According to the study conducted, an option of the room
mining system is developed, Fig. 8.

The idea behind the proposed mining system consists in a
certain order of mining operations depending on mining and
geological conditions of the deposit.

At the first stage, a stope of the reduced by 10-15 m width
is created across the strike leaving the ore thickness in the
hanging wall. The parameters of the stope at the first stage are
determined by the NDGRI methods [17].

The thickness of the protective layer from the hanging wall
side is determined by the above described methods. Calcula-
tions by (6) and (7) for the conditions of the HVARDIISKA
underground mine of the JSC KRYVBASZALIZRUDKOM
enable obtaining the minimum width of the ore pillar based
on the rock thickness in the hanging wall:

_— 90x50%3.6x2.0 N
4x100x12x0.65

w _1260x3.6x50x1.8x2xcos60
i 1000x2x14x0.65

m;

23 m

Thus, if the thickness of the rocks of the hanging wall does
not exceed 23 m, an 11 m thick ore pillar is left. Therefore,

dimensions of the stope are as follows: the length along the
strike is 50 m, the width is M-m=35-11=24 m.

The mine block is drilled by circular long blasthole rings
from the drilling drift to the full height of the level. The ver-
tical compensation room is created in the middle part of the
block, and it should be noted that the slot raise is located at
the footwall.

After caving the stope reserve, the crown and the inclined
pillar at the hanging wall are drilled. The crown is caved first,
and then the pillar is caved on the compressed medium.

Caved pillars are drawn in direction from the hanging to
the footwall. According to G.M. Malakhov theory of drawing,
ore moves in a 8-12 m wide stream parallel to the angle of the
hanging wall to the drawpoint. The inter-room pillar is mined
out after the caved ore is drawn.

Advantages: a smaller volume of drilling workings; fewer
redeployments of the drilling rig, as all holes in the ring are
drilled from the same drilling level; additional fragmentation
of ore due to collision of ore pieces caused by exploding op-
posite long blasthole rings; a significant amount of pure ore
extracted.

Disadvantages: uneven fragmentation of the massif (ex-
cessive fragmentation of ore at the start of long blastholes and
increased oversized yield at the toes); increased costs for drill-
ing long holes; application in strong and stable ores and rocks
of the hanging wall.

General technical and economic indicators are given in Tab. 1.

Analysi of the calculation results show that application of
room mining systems with a protective layer on the side of
the instable hanging wall enables reduction of ore losses from
16.3 to 12.4%, an increase in the iron content in the mined
ore mass from 58.44 to 59.38% and an increase in profits from
105.27 to 111.54 euros/t.

6. CONCLUSIONS
As a result of the study, the following conclusions can be drawn:
1. Based on the study conducted, it is established that
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Tab. 1. Technical and economic indicators

Tab. 1. Wskazniki techniczne i ekonomiczne

No. Indicators u/m data proposed option
1 Balance reserve of ore in block, kt 604.80 604.80
2 Ore reserve by elements, kt

- in stope 264.60 181.44

- in inter-room pillars 151.20 151.20

- in crown 113.40 113.40

- in pillar of protective layer of hanging wall 0 106.92

- in compensation room 75.60 51.84
3 Useful component content, %

- in massif 63 63

- in rocks 38 38
4 Average useful component content in mined ore, % 58.44 59.38
5 Losses, % 16.30 12.40
6 Dilution, % 18.25 14.50
7 Ore mass extracted, kt 619.23 619.65
8 Mining cost, euro/t 150 170
9 Income, thousand euros 198.15 216.88
10 | Profit, euro/t 105.27 111.54

the method for determining structural elements does
not take into account the thickness of rocks that sig-
nificantly influences stability.

The methods are proposed for determining the sta-
bility parameters of the structural elements of the
mining system that enable the use of a room mining
system.

The technology of the room mining system with the
use of a protective layer of the ore massif from the
side of the instable hanging wall is developed that en-

sures stability of the stope and an increase in the iron
content in the mined ore mass by 0.94%, resulting in
an estimated profit growth by 6.27 euros/t.
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Rozwdj technologii wydobywania rudy z niestabilnymi wiszgcymi skatami

Kopalnie podziemne ztoza rudy zelaza w Krzywym Rogu stosujg systemy urabiania komorowego lub systemy z zawalem rudy i nadle-
glych skat w stosunku 35% do 65%. Wigkszos¢ kopalti preferuje systemy eksploracji komorowej z zawalem filarowym ze wzgledu na
wysokie wskazniki techniczne i ekonomiczne. Jednak podczas eksploatacji niektérych obszaréw pojawia sig¢ problem ze stabilnoscig
wiszgcych skat. W takich samych warunkach gorniczo-geologicznych ztoza stopnie na niektorych obszarach sq stabilne, ale na innych
skaty ptonne dostajqg si¢ do stopu od strony wiszgcej Sciany, gdy powstaje niewielkie odstonigcie. Dlatego tez w warunkach niesta-
bilnych skat wiszqgcej Sciany pilnym zagadnieniem jest rozwdj i doskonalenie technologii eksploatacji komorowej. Analiza badan
ujawnia czynniki, ktére znaczgco wplywajg na stabilnosé wiszgcych skat i rudy. Opracowane metody umozliwiajg wyznaczenie para-
metrow statecznosciowych oraz zastosowanie udoskonalonego wariantu systemu eksploracji pomieszczenia w warunkach niestabilnej
Sciany wiszgcej za pomocq filaru ochronnego rudy, znajdujgcego si¢ przy niestabilnej Scianie wiszgcej. Z przeprowadzonych obliczeti
wynika, ze zastosowanie proponowanego systemu urabiania umozliwia zwigkszenie zawartosci zelaza w wydobywanej masie rudy
0 0,94%, zwigkszenie ilosci wydobywanej masy rudy oraz zysk w wysokosci 18,73 tys. euro za caty blok.

Stowa kluczowe: system wydobywczy, naprezenia, metody, szerokos¢ filaru, wytrzymatos¢ skaly, straty, rozcieticzenie
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Abstract

Purpose. The problem of determining the contours of the area in which rock heaving occurs is important in the design of underground
excavations. The solution of such problems is usually performed either in an elastic-plastic formulation using numerical methods, or
using semi-empirical methods, which, as a rule, form the basis of regulatory documents. When writing this article, an attempt was
made to use the approach described in work Determining the parameters of a natural arch while forming support load of a horizontal
roadways to find answers to such questions: is it possible under these conditions to heave rock at all; what are the outlines of the
heaving area.

Theoretical studies of geomechanical processes occurring in the vicinity of horizontal excavations using analytical and numerical
mathematical methods. Analysis and generalization of the results of theoretical studies. Simple analytical dependencies are obtained
that allow calculating the boundary of the base area in which rock heaving occurs and the stability coefficient of this area. As a stability
coefficient, it is proposed to use the ratio of the projection onto the vertical axis of the forces holding the heaving rock mass to the
projection of the forces that shift this mass. It has been established for the first time that the maximum depth under the excavation,
where the heaving of the rock occurs, is directly proportional to its strength, calculated using the strength criterion of O. Shashenko,
multiplied by half the width of the excavation and inversely proportional to the specific adhesion of the rock. It was also established
for the first time that the coefficient of rock stability in the area of its heaving is directly proportional to its strength, calculated using
the strength criterion of O. Shashenko, and back - to rock pressure at the calculated depth. The results obtained in the course of this
work make it possible, using mathematical methods, to perform: forecast of the stability of horizontal excavations in the area of rock
heaving, taking into account the depth of the excavation, its geometric dimensions, specific gravity and strength properties of the rock;
the boundaries of the rock heaving area, taking into account the depth of the excavation, its geometric dimensions, specific gravity and
strength properties of the rock.

Keywords: excavation, Mohr-Coulomb strength criterion, strength criterion O. Shashenko, rock heaving, arched effect, rock pressure

1. ANALYSIS OF ACHIEVEMENTS IN THIS AREA

From the practice of operating underground mine excava-
tions, it is known that in their lower part, rock heaving occurs.

A large amount of research in this direction was carried
out by M. Protodyakonov, P. Tsimbarevich, M. Pokrovsky, M.
Evdokimov-Rokotovsky, V. Orlov, D. Rostovtsev, A. Labas, O.
Gurdus, I. Chernyak, O. Shashenko and representatives of his
school (O. Solodiankin, S. Hapieiev, O. Sdvyzhkova), as well
as other scientists [1, 2, 3, 4, 5, 6, 7].

These studies differ in approaches to assessing the causes
of the heaving process, the acting forces, etc. and as a result -
results that contradict each other.

In our opinion, when studying the process of rock heav-
ing, the answers to such questions are very important:

1. Does the heaving process take place under giv-

en specific conditions (i.e. at the calculated depth,

with given excava-tions sizes, given rock properties,
etc.).
2. If so, what area of the base is subject to heaving.

In our opinion, answers to these questions can be ob-
tained using the arch effect hypothesis (it was proposed by
M. Pro-todyakonov) and the interpretation of this hypothesis
set out in [10].

2. MATERIALS AND RESEARCH METHODS
The research task was formulated as follows.:
1. A horizontal excavation is arranged inside the base
(fig. 1).
2. The rock pressure in the upper part of the excava-
tion and the lateral pressure are taken by the support,
which is able to move vertically. At the same time,
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Fig. 1. To determine the area of destruction of rock under a horizontal excavation. Note. The following designations are adopted in the figure: 1
- holding structure; 2 — heaving area; 3 - load-free from loads adit surface; 4 — heaving deformation direction; - vertical pressure; - horizontal
pressure; - arch lifting boom; - half the width of the excavation span; - coordinates

Rys. 1. Okres$lenie obszaru zniszczenia skaly pod wykopem poziomym. Na rysunku przyjeto nastepujace oznaczenia: 1 — struktura podtrzymujaca;
2 - obszar wypietrzania; 3 — wolna od obcigzen powierzchnia wyrobiska; 4 — kierunek wypietrzania; — nacisk pionowy; - ci$nienie poziome; —
wysiegnik do podnoszenia tuku; - polowa szerokosci przesta wykopu; - wspétrzedne

movements of the support and its elements in the
horizontal direction are excluded. This is achieved by
embedding foundations into the rock and (or) hori-
zontal spacers (fig. 1).

3. There is no support at the bottom of the excavation
(fig. 1).

4. The shape of the contour of the area of the rock fall
above the excavation is known (more precisely, its
equation Y(x). At the same time, the parameters of
this are unknown and they should be determined in
the course of solving the problem.

5. The rock destruction mechanism is shear. There-
fore, its behavior during destruction obeys the Cou-
lomb-Mohr strength condition.

6. The strength characteristics of the rock are known
(specific cohesion ¢ and the angle of internal friction
¢ or the strength of the rock for uniaxial compres-
sion R_and uniaxial tension Rp)

The specific gravity of the soil (rock) is known y.

8. The horizontal and vertical pressures at the estimated
depth are known (fig. 1).

9.  We need:

9.1. Find out if rock heaving takes place in this par-
ticular case.

9.2. Determine the boundary separating the de-
stroyed and undestroyed rocks in the roof of the
excavation (fig. 1).

In order to determine the zone in which rock heaving
takes place, we will take the following assumptions:
1. Rock strength obeys the Coulomb-Mohr law [8]:

o R(:_Rp 1
T=0c-tgle)+c=—- +—- JR.-R,.
() 2 |-'RC-RP 2 Ve (1)

Here: 1 - breaking stress;
0 - normal stress;

-
p

=z ] - rock internal friction angle;
»

@ = arcsin

1
¢=5 % Rp — specific cohesion;
R_ - soil compressive strength;
Rp — the same, in tension.

2. Equation of the boundary for the heaving region using
the Heaviside step function in the first approximation can be
represented as a lancet arch:

7(x) =£-,\--[1 - U[a—x)]_f-[z —3] [v(a-x)-v(2-a-x)] 2)

Next, consider the holding and shearing forces acting at
some point M (fig. 3).

Since the reason for the destruction of the rock is shear,
the forces holding and shifting the rock are directed tangen-
tially to the curve Y(x) at point M (fig. 2).

We also take into account that

B= }‘I')Q -, 3)
(this follows from the scheme in figure 2).

In view of symmetry, in the future we will consider the left
side of the arch.

First, we find the differentials of the forces acting at the
point M. To do this, consider infinitely small increments of
the abscissa dx , ordinate dy u arcs ds (fig. 2 and fig. 3). We

have:
fg[:x] = d}(i/\) = f; o =cm:fg|:%_x):| =a?‘dg(§}
aj‘:dx-!g[a]:dx-i; (ﬁ'=\(d24\'—(f23'=£-'\[(12—f2. . (4)

Next, we find the differential of the shearing and holding
forces. The shear force differential dT  is equal to:

J

difmr=1?u-cos[ﬁ]-(ﬁ'=Pv-5{n[a)-d\'=Eu- — -l (5)
T +a
The normal force differential dN is equal to:
a
dN=}{‘-:ﬁ'-cos[:x)=Pv- TR - (6)
f +a

Driving force differential dT ; is equal to:

[4

g = a-15(s) - = B, 15(p) - cos(e) -

a _;"2—{22

R;-r‘g[@)-v{ -dx +c- -dx

2 :

(7)
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Noie: The following designations are adopted in the figure: o — angle of inclination of the generatrix of the wedge to the

abscisza axis; ﬂ:;,.f:_a; a= T -8 Pv and .F:r: — vertical and horizontal components of rock pressure, respectively,

[}

acting within one meter of the excavation length (they are measured in &V % T.q and T4 - shearing and holding wedge

loads, respectively, at a certain point on the wedge surface.

m

Fig. 2. To the definition of shearing and holding forces (scheme). a) scheme for determining the holding and shear forces from a vertical load P ;
b) the same, from the horizontal

Rys. 2. Do definicji sit $cinajacych i trzymajacych (schemat). a) schemat wyznaczania sit trzymania i $cinania od obcigzenia pionowego P ;
b) jak w a), od obcigzenia poziomego.

Pv

R R TR

Ph

d

¥

dy

ds

Fig. 3. To the definition of differentials of shearing and holding forces (scheme). Note: this figure should be read together with figure 2

Rys. 3. Do definicji rézniczek sit $cinajacych i trzymajacych (schemat). Uwaga: ten rysunek nalezy czyta¢ razem z rysunkiem 2

After that, we find the projections of the holding and
shear forces on the vertical axis.
Projection of shear forces on the vertical axis T is equal to:

a a
; ! S
Ty =2 1dT,;-cos(g8)=2-]5B,- - -cos( )
o R (8)
ot

-2.B

'v'fz_az

Projection of holding forces on the vertical axis T, is equal to:

op
2 %)

=2-f-c—2-f—3?v-fg[gu]-a——y-a-f

2
a +

a
Tud,y =21 dlyg - cos(B) + Oy =
SR

Here Q_ = y-a-f - the weight of the rock enclosed within the
heaving zone, and y - specific gravity. In order to simplify (9)
and provide some margin of safety, we set Q= 0.

Equalities (8) and (9) make it possible to estimate the
strength of the rock subjected to heaving by introducing the
stability coefficient in the form of the ratio of the projection
onto the vertical axis of the holding forces to the projection
onto this axis of the shearing forces:

gy (275 nle)

Tdy JS-B -a

(10)

T

This approach allows you to quite simply establish in what
state (stable, indifferent or unstable) the base area under the
excavation is located.

So, if the rock in the heaving zone is in a stable state, k
=(T

ud‘),)/(Tsdyy) > 1. If the rock in the heaving zone is in an in-

dif-ferent state, then k = (T, d’y)/(Ts d,y) = 1. Finally, if the rock
in the heaving zone is in an unstable state, then k = (T, )/
(T, C]’y) <1
From equalities (8)-(10) it follows that, given differ-

ent values of the height of the arch lifting boom f we obtain
dif-ferent values of the stability coefficient k .

However, of interest are such values of the arch lifting boom
f at which the value of the stability coefficient will be minimal.

From a mathematical point of view, the above statements
are the formulation of the problem of finding the minimum of
a certain functional [9].

To find the function k = (T, d’y)/ (T, d,y) < 1 take from the func-
tional (10) the first partial derivative with respect to the variable
and equate the function thus obtained to zero. We have:

ﬂ__c-az —Pv-az -ig(gu]—c-jz

7" P ra - ()
where:
_3’1':2 = =(ajc)- Pv-c-fg[ga}—cz . (12)

Next, we find out which of the values (12) corresponds to
the minimum or maximum of the functional (10).

To do this, we find from (10) the second partial deriva-
tive with respect to the variable f and substitute the values of
the arch lifting arrow (18) into the expression obtained in this
way. We have:

5259(=2_a c+ B, -ig(9) (13)
2

&r - Pv'f3 .
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Tab. 1. The results of determining the stability coefficient of the rock and the depth of the heaving area (see the scheme in fig. 1)

Tab. 1. Wyniki wyznaczenia wspofczynnika statecznosci skaly i glebokosci strefy wypietrzania (patrz schemat na rys. 1)

Ne Depth of the roof | Excavation width | Depth of heaving Minimum stability
- of the 2-a, deformation area | gactor ku , fractions of a
excavation, m m from unit
1 10 6 3,26 11,53
2 100 6 5,04 1,78
3 200 6 6,47 1,14
4 250 6 7,07 1,00
5 300 6 7,63 0,90
Next we find: 1. When the bottom of the excavation is located at depths
22 , 5.2 of up to 250 meters, the rock is in a stable state (because Ku>1).
. { a . .
fi“}l e =T \I ) B (14) 2. When the bottom of the excavation is located at a depth
2\ @ B, -a” 4P, -t o +- . .
va vig\e)ese of 250 meters, the rock is in an indifferent state (because Ku=1).

According to [9], functional (10) has a minimum at the
value of the lifting arrow equal to:

f=£afﬂ‘]-«.i11- -c -fg({;a]—cz ]

Next, we find the minimum value of the stability coeffi-

(15)

cient of the excavation during heaving of the rock. To do this,
we substitute into formula (10) the value of the depth of the
heaving region (15). We have:

cr[a2 —fz)—ﬁ,raz —fg(gu) B

Kymin = lim fudy |
Lmin < |
F=Ai\ Ty ) F=4 f-B-a

=B, B c-1g(p)+

It is also appropriate to note that despite the fact that the

(16)

above results were based on the Coulomb-Mohr criterion, the
stability coefficient is numerically equal to its double strength,
calculated in accordance with the strength criterion of O.
Shashenko [1, 2, 3, 4, 5, 6, 7], divided by the vertical compo-
nent of rock pressure at the estimated depth.

In rock mechanics, it is customary to operate with such
strength characteristics as the strength of the rock in uniaxial
compression R_and its strength in uniaxial tension R . There-
fore, it is advisable to consider the results obtained above us-
ing strength characteristics ¢ and ¢ the results with strength
characteristics R and R .

To pass to new characteristics, we use relations (1). We have:

o for the maximum depth of the base in which heaving

takes place:

f=a 1_%-(1/RP'_1/RC];

o  for the minimum value of the stability coefficient:
1
kumin = Re-Ro+PA(R.—R, ) [P, (18)

To illustrate our results, consider the problem of deter-

(17)

mining the size of the heaving area at the base of horizontal
exca-vation with a span of 6 meters located at various depths
equal to 10, 100, 200, 250 and 500 meters using the following
initial data: specific gravity of the rock y = 20 kN/m?; rock com-
pressive strength — Rc = 5000 kPa; compressive strength — Rr =
900 kPa. These strength values are typical for sedimentary rocks
such as siltstone, mudstone, marl, chalk, and weak limestone in
a fully water-saturated state [11].

The results of calculations by formulas (17) and (18) are
summarized in Tab. 1. Analysis of the data presented in Table
1 allowed us to draw the following conclusions:

3. When the bottom of the excavation is located at a depth
of more than 250 meters, the rock is in an unstable state (be-
cause Ku<1). In this case, for example, when the bottom of
the excavation is at a depth of 300 meters, the lower boundary
of the heaving area is at a depth equal to 300+7,63=307,63
meters.

In our opinion, this information is very important in the
design of underground excavations. In particular, from the
data presented in the table 1, it follows that there will be no
rock heaving up to a depth of 250 meters.

At the same time, if the bottom of the excavation is at
a depth of 300 meters, in order to avoid heaving, the rock
should be fixed at a depth interval of 300...307,63 meters.

3. CONCLUSIONS

In general, the research materials presented in this paper
made it possible to draw the following conclusions.:

1. It is shown that the modification of the theory of the
arch effect by M. Protodyakonov proposed by the authors of
[10] can be used to determine the geometric dimensions of
the heaving zone of rocks in underground excavations.

2. To solve this problem, it is proposed to introduce the
so-called stability coefficient k , numerically equal to the ra-
tio of the forces holding the rock in the zone of its heaving to
the shearing forces. In this case, if the k >1 rock in the heav-
ing zone is in a stable state, k =1 - in an indifferent state, and
ifk <1 - in an unstable.

3. It has been established that the maximum depth of the
soil heaving area is numerically equal to the strength criterion
of O. Shashenko [1, 2, 3, 4, 5, 6, 7], divided by the specific
cohesion of the soil and multiplied by the excavation span
width. This result is obtained for the first time.

4. Tt is shown that the rock stability coeflicient in the area
of its heaving is numerically equal to the strength calculated
in accordance with the strength criterion of O. Shashenko [1,
2,3,4,5,6, 7], divided on the vertical component of the rock
depth and multiplied by two.

5. Application area of the obtained results: Forecast of the
state in which the rock is located in the lower part of the ex-
cavation (i.e. is heaving or not). Approximate determination
of the boundaries of the base area in the vicinity of an exca-
vation, in which rock heaving takes place. Initial data for the
first approximation when solving problems of determining
the parameters of the heaving area of the soil by numerical
methods using the iteration process.
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Ekspresowa metoda wyznaczania parametrow wypietrzania skat
Problem okreslenia konturéw obszaru, w ktérym wystepuje wypietrzanie skal, jest istotny w projektowaniu wyrobisk podziemnych.
Rozwigzanie takich probleméw jest zwykle wykonywane albo w preparacie sprezysto-plastycznym metodami numerycznymi, albo
metodami potempirycznymi, ktére z reguly stanowig podstawe dokumentow regulacyjnych. Piszgc niniejszy artykut, podjeto probe
wykorzystania podejscia opisanego w pracy: Determining the parameters of a natural arch while forming support load of a horizontal
roadways do znalezienia odpowiedzi na nastgpujgce pytania: czy w tych warunkach w ogole mozliwe jest wypietrzanie skat; jakie sg
kontury wypietrzania obszaru.
Zastosowano nastgpujgce metody: teoretyczne badania proceséw geomechanicznych zachodzgcych w sgsiedztwie wyrobisk pozio-
mych z wykorzystaniem analitycznych i numerycznych metod matematycznych; analiza i uogdlnienie wynikéw badan teoretycznych.
Otrzymano proste zaleznosci analityczne pozwalajgce na obliczenie granicy obszaru bazowego, w ktorym wystepuje wypietrzanie
skaty, oraz wspolczynnika statecznosci tego obszaru.
Jako wspdtczynnik statecznosci proponuje sig przyjgé stosunek rzutu na os pionowgq sit utrzymujgcych falujgcy gérotwor do rzutu sit
przesuwajgcych ten masyw. Po raz pierwszy ustalono, ze maksymalna glebokos¢ pod wyrobiskiem, na ktérej wystgpuje wypietrzanie
skat, jest wprost proporcjonalna do jej wytrzymatosci, obliczonej wedtug kryterium wytrzymatosciowego O. Szaszenki, pomnozonej
przez polowe szerokosci wyrobiska, i odwrotnie proporcjonalna do przyczepnosci wltasciwej skaty.
Po raz pierwszy ustalono réwniez, ze wspélczynnik statecznosci skaty w obszarze jej wypietrzania jest wprost proporcjonalny do jej
wytrzymatosci, obliczonej za pomocg kryterium wytrzymatosciowego O. Szaszenki, i odwrotnie — do cisnienia na obliczonej gleboko-
Sci. Uzyskane w toku pracy wyniki pozwalajg, metodami matematycznymi, na wykonanie: prognozy statecznosci wyrobisk poziomych
w rejonie wypietrzenia skat z uwzglednieniem glebokosci wyrobiska, jego wymiaréw geometrycznych, ciezaru wlasciwego i wlasciwo-
Sci wytrzymatosciowych skaly; granic obszaru falowania skat z uwzglednieniem glebokosci wyrobiska, jego wymiaréw geometrycz-
nych, ciezaru wlasciwego i wlasciwosci wytrzymatosciowych skaty.

Stowa kluczowe: wyrobisko, kryterium wytrzymatosciowe Mohra-Coulomba, kryterium wytrzymalosciowe O. Shashenki, wypietrzanie
skat, efekt tukowy, cisnienie skat
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Abstract

The paper proposes solution of the topical scientific problem that consists in developing a geometrical method of predicting quality
indicators of iron ore deposits, applying a mathematical model of a multidimensional random geochemical field which is realized on
the basis of self-organizing prediction methods. The authors develop a multidimensional heuristic prediction algorithm that uses a
polynomial of arbitrary power and enables description of any functional dependency. It is demonstrated that a system of equations
of a multidimensional random geochemical field should be used to mathematically describe elements of the rock massif. The grapho-
analytical model of the deposit is built using geostatistical methods. It is determined that at Kryvbas deposits the kriging method is the
most suitable for assessing and improving reliability of the input geological data since detailed geological exploration is carried out by
means of an irregular grid of boreholes. An important aspect of geometrization of iron ore deposits is geometrical prediction of their
quality indicators for solving tasks of long-term and current planning in order to provide the most efficient performance of the mining
enterprise to improve rationalization of deposit development.

Keywords: geometrization, mining geometrical methods of prediction, geostatistical methods, kriging, heuristic algorithms of prediction,

multidimensional random geochemical field

1. Introduction

Sustainable economic development based on scientific
and technological achievements is impossible without fur-
ther development of the mining industry which requires ex-
pansion of the raw material base of mining enterprises [1],
improvement of mining technologies [2-5], substantiation of
mining methods [6, 7], selection of rational technical means
of mining [8, 9]. This, in turn, requires improving the scien-
tific basis of predictions and geological assessment of mineral
deposits, increasing completeness of mineral use and apply-
ing an integrated approach [10-12]. To solve these problems,
it is necessary to create deposit models that provide reliable
mining and geological data obtained by geometrical methods.

Geometrical graphs depicting the quality of deposits en-
able establishing a certain relationship between components
of the useful mineral, thus determining these components’
location. This is of great importance for the deposit design
and operation [13-15]. Such graphs make it possible to plan
extraction of minerals with a certain composition necessary
for their mining and processing.

Sustainable safe economic development dependent on
the use of subsoils [16-18] requires deepening of mining op-
erations as well as industrial processing of ores with the low
iron content and complex mineral composition. Application
of flowsheets and equipment of large unit capacity results
in increased quantitative and qualitative losses of the useful
component [19] that affect processing, and decreased concen-
trate quality due to inefficient processing caused by uneven
ore quality. The quality composition of ore most greatly influ-
ences the cost of the final product of metallurgical treatment.

At the same time, it should be borne in mind that technical
and economic indicators of metallurgical treatment can be
improved by not only the increased iron content but also
achievement of a high degree of ore blending on the basis of
geometrical assessment of the massif.

Increased depth of mining results in a stress-strai state of
the rock massif [20-22], as well as the need to find reliable
materials for timbering mine workings [23]. The problem of
stability and geometric monitoring of the rock massif is gain-
ing topicality [24-26].

A particularly important aspect of appying geometriza-
tion of iron ore deposits is geometrical prediction of their
quality indicators for solving tasks of current and long-term
planning in order to provide the most efficient performance
of the mining enterprise in terms of ore blending and to im-
prove rationalization of deposit development. It is also of great
importance to carry out mining operations with the minimal
impact on the environment and the rock massif [27-30]. This
can be achieved based on a clear understanding of rock prop-
erties and geological indicator distribution in the massif.

Mining and geometrical graphs of location of the deposit
parameters are widely used in solving a wide range of practical
problems of exploration, design and operation of the deposit,
but in some cases they do not meet practical requirements in
terms of both their accuracy and efficiency of geological-sur-
veying data use. Poor quality of assessment of geological data
in the subsoil plays a major role here. Reliability of geological
data assessement in conditions of high variability of distribu-
tion of the indicators in the massif can be increased through
geostatistical methods of assessment [31-33].
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Tab. 1. Comparison of methods of assessing subsoil ore quality

Tab. 1. Poréwnanie metod oceny jakosci rud podglebia

A t error (%) obtained by methods of
Distribution of . weighing P
components in the av:iet:?nr‘::i?c inversely as wae(:(g:::lr:ziﬁnd discrete universal
massif square of - 9 kriging kriging
average . anisotropy
distances
Femag 12.1 11.8 11.5 9.6 8.3
Fetot 18.1 18.2 18.1 16.4 16.4
Si 8.5 8.6 8.4 8.5 -

Many methods of geometrization are based on a simpli-
fied representation of a mathematical model of geological
location in the form of a geochemical field and a random geo-
chemical field. In this case, methods of geometrization of de-
posits based on principles of self-organization can most com-
pletely describe models of location of mining and geological
parameters in the subsoil [34-36]. Such models enable de-
scription of complex patterns of location of indicators which
makes it possible to predict location of geological indicators
in the subsoil with great accuracy and, on this basis, plan the
rational performance of the mining enterprise. Development
of such methods are dealt with in the present paper.

2. Methods
The authors develop a methodology of geometricization
of the iron ore deposit and prediction of quality indicators
of its reserves on the basis of self-organizing algorithms [37].
Depending on the coordinates of space X, y, z and time t,
regularity of location of the parameter P can be described by
the general type function (PK. Sobolevsky geochemical field):

P=f(x,y,z,1) ey

If location of the parameter ¢(P) is random, the mathe-
matical model of its location can be written as a random geo-
chemical field:

P=f(x.y.2.0) +¢(p) 2)
H(PI ()8, (8. (p):5,(p)}: ). ). Sip). i)

where

are dispersions of the parameter by the space and time i co-

ordinates.

These models, with the help of which a number of major
theoretical and practical problems have been solved, can no
longer be considered adequate in terms of complexity to the
objects under study. Existing geometrization methods have
therefore a number of serious limitations which either cannot
be overcome in principle within the framework of the applied
mathematical models or cause great theoretical and practical
difficulties.

In addition, the predominantly linear interpolation used
in mining plotting can lead to significant parameter errors
in the inter-borehole space. Application of other types of
interpolation (square, cubic, etc.) for this purpose does not
always yield good results, as there are no reliable techniques
for determining the type of interpolation corresponding to
the complexity of the surface under consideration. Besides,
plotting models with nonlinear interpolation is very labo-
rious.

The above leads to the search for a more perfect and com-
plex model of parameter location and new methods based on
it to solve a wide range of mining and geometrical problems.
A multidimensional random geochemical field is the model of
this type. This model is successive and logically develops and
refines available mathematical models of location.

Kryvbas iron ore deposits have a very heterogeneous geo-
logical structure. The patterns of indicator location are multi-
faceted. Therefore, for their description, a multidimensional
random geochemical field is accepted as a mathematical model:

P=f(p)+d(p) 3)

where p{x,y,z,t,pl,pz,---,pm
and 5(p){5x(p);5 (p);52(p);é}(p);5p1;5pz;~~,5pm}

From equation (3) it follows that the value of the geologi-
cal parameter P consists of the multidimensional vector f ()
that describes the pattern of the parameter location depend-
ing on the space-time coordinates X, y, z, t and other geolog-
ical parameters p1; pz2; ps; ...; pm, as well as multidimensional
dispersion of location ;(p).

Practically, building model (3) is possible using principles
of heuristic self-organization of mathematical models of com-
plex systems. Given the limited amount of data in individual
areas, the Group Method of Data Handling (GMDH) is the
most preferred procedure for predicting the indicator within
their boundaries.

The idea behind the GMDH is that a mathematical model
of a complex system is built gradually, in the process of so-
called multi-layer selection. Before building a model, a list of
possible equation arguments and elements of the future equa-
tion (base function) is specified. According to the algorithm
based on the suggested selection criteria by means of multiple
searches, equations (their variables and coefficients are select-
ed) are built that optimally correspond to complexity (vari-
ability) and degree of study of the modeled object.

In the GMDH procedure, all the input data

n — n

(Bl {x,/}izl,
where P is the predicted indicator; x ={x1, x2, ..., X_} are possi-
ble arguments of prediction equations; i = 1, 2,..., n are of in-
dicators P and x observation points, are divided into two sets:

learning (B} ; {}, }I and control {E}L; {}f}:l ,atthatr + k=n.

On the first set of points, the equation is built (the mod-
el is learning), on the second one, which is an external com-
plement, the quality of the obtained equation, its predictive
properties are controlled.
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Fig. 2. Variability of the Fetot content at different sampling intervals

Rys. 2. Zmiennos¢ zawartoéci Fetot w réznych interwatach probkowania

An important feature of the GMDH is that complete mul-
tidimensional description of a natural object is replaced by
several layers of specially selected individual descriptions
(base functions) compiled for pairs of input arguments:

P=a +aix +axx;
o g c

P=a +aix +azx +a.x X ; (4)
o g c 3gc

P=a +aix +a:x +a.x X + a_x*
o g c 3g ¢ 5" ¢

The building of a mathematical model starts with the least
squares calculation of coefficients of any of the individual de-
scriptions at the points of the learning set:

A :ﬁ(l)(xhxz);l’z :fz(l)(xl’xz)a p=s" (%1% ) (5)

where s = ¢,m; (1) is the selection layer number

At control points, which do not participate in calculating
the coefficients of these models, their quality is checked by
the criterion of the mean square deviation of the measured Pi
from Pci calculated by the equations (5) of the values of the
predicted indicator:

S0 _ 1k o c
O = ;Elfsi 16 =h-F. (6)

Next, all the equations (5) are ranked by criterion (6) and
the best of them (by minimum values &%) are accepted as argu-
ments in equations (4) on the second layer of model selection,
after which coefficients of new dependencies are calculated at
the points of the learning set:

=1 BB vy = BR), vy = £ (P ). (7)

At the points of the control set, criterim;fiz) (6) is calcu-
lated again for each equation of (7) and T of the best equa-

tions are ranked and selected according to it. If ?si.‘,jm >3(;)m, it is
necessary to proceed to the third layer of the selection, where
all the described procedures are repeated. The model is built
until the inequality E(kf;) >S§€2i“ is met.

Complexity of the built equation increases from layer to
layer of selection due to the increasing number of input vari-
ables and their power. When applying the first description
from equations (4), only the number of accountable argu-
ments increases, when applying the second and third ones the
power is additionally taken into account.

Each individual description (4) is a function of two
variables, this allowing reliable dependencies to be built on
a small number of experimental points (7-10 points). The
mathematical models of type (3) obtained in the described
way are optimal both in terms of complexity and in the de-
gree of study of the indicator to be predicted and arguments
related to it. From a great number of arguments of the system
“deposit’, the method allows selecting only those ones that
are actually related to the indicator to be predicted and estab-
lishing the type and strength of this relationship. The found
equation describes the pattern of location of the indicator to
be predicted. The value (6) evaluates the prediction error of
this equation and is the multidimensional dispersion of the
model.

Further modeling of the deposit is performed with
the help of a multidimensional heuristic prediction algo-
rithm (MHPA) developed by the authors. This algorithm
realizes equations of a mathematical model of a multi-
dimensional random geochemical field with maximum
efficiency.

The idea behind the algorithm consists in finding the op-
timal type of function of indicator location, which gives the
minimum deviation of the total of the absolute values of the
calculated values from the actual ones.
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F(X15 X0 50000 X,) = AP [f1 (X5 X0 50000 X, ) F S (K15 X5 50005 X ) e 9)
et [ (XX e )]+ KD

(10)

P(X1, %5500 %,) = P [E (X, X0 50005 X, )+ Fy (X1, X 50005 X)) + oo
"'+F;1 (xl’xZa“"xn)]p + hpa

where a, b, ¢, d, k, h are numerical coefficients.

Functions (8)-(10) are a polynomial powers and coeffi-
cients of which can have both integer and fractional or neg-
ative values. Degrees, in turn, may be functions of the same
kind as the whole polynomial. The increase in the order of
powers or the number of variables that are added to the poly-
nomial is not limited.

The procedure of the algorithm application is as follows.
There is a grid of detailed exploration boreholes at the de-
posit. It is necessary to find a functional relationship be-
tween the quality indicators that are determined by the bore-
holes and the magnetic iron content in the blasted mass and
then to extend it to the untreated areas of the deposit. In the
inter-borehole space, the values obtained from the detailed
exploration boreholes are interpolated to points with known
magnetic iron values in the blasted mass and are accepted
as arguments. It is reasonable to accept indicators with the
distribution law similar to that of the one to be predicted
as polynomial arguments. In this case, this is the total and
magnetic iron content in detailed exploration boreholes.
Distances from the point to the nearest detailed exploration
borehole must be taken as arguments, since accuracy of in-
terpolation decreases with the increased distance from the
borehole. Introduction of these distances enables improve-
ment of regularity of change in accuracy and determination
of corrections.

The total of deviations of calculated absolute values from
actual ones at all points of the deposit with known quality in-
dicators is accepted as the criterion of the algorithm efficien-
cy. Individual deviations are introduced into the total with
the weight inversely proportional to the distance from a given
point to the nearest borehole. Thus, more accurate results of
the function building have a higher priority when assessing
the quality of the predictive function built.

The algorithm consists of several basic algorithms, such
as the algorithm of double increase (decrease) of a numeri-
cal coefficient based on increasing the absolute value of the
coefficient at the argument until the optimum condition of
functions (8)-(10) is met, and a modified half-interval algo-
rithm improving results of the previous algorithm. Perfor-
mance of both algorithms, as well as the sequence of their use,
is regulated by the system of conditional transitions, which
makes it possible, when the results of finding numerical coef-
ficients of the predictive function decrease, to proceed to ad-
dition of new coefficients, or to another method of searching
for the optimal type of already available coefficients. In this
algorithm, numerical coefficients are changed and values of
the predictive function are fixed by a special method. With
the help of the above algorithms, numerical coefficients are
searched for again, starting with the one that gives the largest
change in the predictive function and shows the greatest sen-
sitivity. Then, the coeflicient that gives the least change and
sensitivity etc. is considered. If this search method does not
produce positive results, consideration begins with the coeffi-
cient that gives the least change when it is excluded. Thus, the
optimal method and direction of the search for the type of the
predictive function are determined. Then transition to the al-
gorithm of data grouping by values of deviations and building
local predictive functions for individual areas of the deposit is
made according to the above-described methods.

122

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society



Tab. 2. Dependency of Femag on Fetot content based on blasted rock mass sampling data

Tab. 2. Zaleznos¢ zawartosci Femag od Fetot na podstawie danych z prob wysadzonych gérotworu

Ferruginous

horizon Predictive function
PR1SX4f

PRisx% Femag=0.98 Fewtr — 6,24
PRisx*" Femag=0.87 Fert — 0.14
PRisx*™ Femag=0.70 Fewt + 4,10
PRisx*B Femag=0.85 Fetot + 0.68
PR1Sx4? Femag=1.34 Few: — 18.48

Tab. 3. Dependency of concentrate yield (¥) on Femag content based on blasted rock mass sampling

Tab. 3. Zalezno$¢ plonu koncentratu (X) od Femag na podstawie danych z préb wysadzonych gérotworu

Ferruginous
horizon
PR:1sx*f

Predictive function

PR1sx*®

/=1.37 Femay + 3.84

PR1sx*P

7=1.38 Femag + 4.16

PRisx*

y=1.20 Fémag + 10.72

PR1sx*?

y=1.65 Femag + 3.74

PR1sx*?

7=1.58 Femag — 0.32

When dividing by zero or finding an even power root
of a negative value, which may occur at individual points of
the deposit, any constant value that best satisfies the efficien-
cy criterion is conditionally accepted in the algorithm. This
makes it possible to describe a discontinuous functional de-
pendency. Based on the nature of the polynomial, any func-
tional dependency can be described.

Geometrization and modeling of mineral deposit quality
indicators are based on geological data assessment. Table 1
presents comparison of the most frequently used methods of
geological data assessment.

As is seen from Table 1, geostatistical methods of assess-
ment, including kriging, are the most efficient for assessing
geological data.

Advantages of geostatistical methods include a clear math-
ematical statement; possibility of analytical formulation of cal-
culations and high degree of their unification; when calculating
reserves, the average values of indicators are compared with the
geometrical shape of blocks and their spatial location, and an-
isotropy of mineralization is considered as well.

Kriging solves two main tasks: assessment of ore reserves
and determination of this assessment accuracy.

The average content in a block is determined by the for-
mula:

z =£‘,ai~z(xi) (11)

where Z(Xi) is the useful component content in samples, %; a
is the weighting coefficient (kriging).

The coefficient a is determined by solving the system of
kriging equations. The value a depends on qualitative charac-
teristics of variability of the content within the ore body under
study and to which the block belongs. In this case, the main
goal consists in finding such weighting coefficients that enable
the best assessment of the content and the least assessment
error.

There are several types of kriging, its selection depends
on geological exploration and sampling data, mining systems,
dimensions of blocks under assessment and their geometrical
location.

Thus, it is reasonable to apply geostatistical methods to
processing the input data and the modeling results.

3. Results and their discussion

The developed methodology was applied to assess Skele-
vatske deposit in Kryvbas.

At Skelevatske deposit of ferruginous quartzites, the fer-
ruginous horizon PR sx*f is being mined. It comprises seven
geological subhorizons, the productive thickness includes five
of them - PRlsx4f2, PRlsx“f“, PRISX4f4, PRISX4f5, PRlsx4f6. Two
subhorizons PR sx*f' and PR sx*f” are not mined due to high
rock heterogeneity.

At the deposit of ferruginous quartzites, there is a close
relationship between the magnetic iron content in the ore and
the yield of concentrate from the ore and, in turn, between the
total iron content and that of magnetic iron. In most cases,
samples are taken for the content of total and magnetic iron.
Therefore, it is necessary to find the relationship between the
content of these components and the technological parame-
ters of ores mined. During the detailed exploration of the de-
posit, the content of Fe ., in ores was not determined, so the

dependency of e on Fe  was analyzed.

Areas with the regular character of variability of average
useful component contents are singled out. Each of the se-
lected areas is assigned the general value of the indicator to
be predicted in it. This indicator is taken as the relationship
between the magnetic iron and the concentrate yield from the
ore. On this basis, predictive mining and geometrical model-
ing is performed.

Variability of the geological data on which prediction is
based depends largely on location of the deposit parameters.
Variability of the indicator can be detected and is considered
standard. Different methods of assessing variability may pro-
duce ambiguous results. If the distance between the sampling
points exceeds the critical geological exploration interval, the
geological exploration grid is considered unusable because
it does not reveal the nature of location of indicators in the
subsoil. This requires so-called exploration grid thickening,
i.e. addition of extra sampling points, which is expensive and
not always feasible. However, it is possible that the method of
assessing the geological exploration grid is not suitable for as-
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Fig. 5. Predictive functions of the dependency of the Femag content in the blasted mass on the Femag content based on geological exploration
borehole sampling

Rys. 5. Funkgje predykcyjne zaleznosci zawartosci Femag w masie po odstrzale od zawartoéci Femag z proby geologicznych otworéw wiertniczych

sessing the current grid, since the regularity of the geological
indicators location is not consistent with assessment capabil-
ities of this method. This raises the problem of selecting the
method of exploration grid assessment.

The share of random and regular variability at a given ex-
ploration interval can be derived from the relation:

2 _ 2 2
Osuc =0 —0y

(12)
where o2 is the standard; o is the observed variability.

The dependency of assessment of the observed variability
on the sampling interval, and the standard can be determined
from the expressions:

1 1
o 3 (t — 1)

" 21 (13)

o 1o -2
T (14)
where E:lzu,. is the arithmetic average of series of observa-

n
tions of the parameter; n is the sampling interval.

To determine the radius of auto-correlation, the auto-cor-
relation function is applied, its individual values are calculat-
ed by the formula

N-k

z

m z (u; =)ty — 1)

pr()=k)= (15)
where u =%Zu,- is the arithmetic average of a series of obser-
vations of the parameter; ¢” is the dispersion of this series; k =
1,... N - 1 is the exploration interval; N is the total number of
exploration grid pitches along the section.

Assessment based on successive differences of the indica-
tor slightly dependent on the nature of the pattern of quality

indicators location is given in Figures 1, 2. As is seen from

Figures 1, 2, the minimum critical geological exploration in-
terval for magnetic iron at Skelevatske deposit is 600 m, which
corresponds to the exploration grid parameters.

Figures 3, 4 demonstrate that the autocorrelation coeffi-
cient states the sinusoidal character of variability of the reg-
ular component of spatial location of indicators. This testifies
to the non-linear nature of the existing pattern of component
location. This enables the conclusion that the autocorrelation
coeflicient based on deviation from the sample average does
not provide reliable assessment of geological data in Kryvbas
conditions.

According to the GMDH procedure, the main regularities
of distribution of geological indicators in the ferruginous sub-
horizons of the deposit are determined.

Preparatory operations include allotment of geologically
homogeneous areas for prediction, selection of the variable
scope needed for the prediction equation, and selection of
points of the learning and control sets.

The stage of homogeneous geological areas allotment is
necessary to improve accuracy of prediction equations. The
areas should be allotted considering degrees of exploration,
major tectonic disturbances, wedging-out, geological types of
ore, etc. It should be noted that as the area and number of
exploration boreholes decrease, the equation more accurately
describes the local pattern in the predicted area, but it is un-
suitable for identifying more general regularities throughout
the minefield. The reverse is true for the increased prediction
area (the number of exploration boreholes). The method en-
ables finding coefficients of the equation even by 8 - 10 indi-
cator measurement points. However, practice shows that the
optimum number of exploration points in a homogeneous
area is between 20 and 40 boreholes.

The variable scope needed for a prediction equation is
chosen based on possible genetic relationships with the pre-
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Fig. 6. Grapho-analytical model of isolines of the predictive content of Femag in the blasted rock mass in the PivdGZK open pit

Rys. 6. Grafo-analityczny model izolinii predykcyjnej zawartosci Femag w odstrzelonym gérotworze w odkrywce PivdGZK

- -

Fig. 7. Graphical visual model of the predictive Femag content in the blasted rock mass in the PivdGZK open pit

Rys. 7. Graficzny model wizualny predykcyjnej zawarto$ci Femag w odstrzelonym gérotworze w odkrywce PivdGZK

dicted indicator. In the case under study, in accordance with
the geological concepts of genetic unity of the rocks forming
Skelevatske deposit of ferruginous quartzites, as well as the
need to predicrt technological parameters of the mined ores,
such indicators as the total (Fe ) and magnetic iron (Femag)
content in the ores and concentrate yield (y) are accepted as
possible arguments for prediction equations. This is explained
by the fact that the indicators have a regular character of lo-
cation confirmed by the results of substitution of the obtained
equations into the areas with known values of the indicators
(Tables 2, 3).

Further modeling of the deposit was performed with the
help of a multidimensional heuristic prediction algorithm
(MHPA), developed by the authors. The magnetic iron con-
tent in the blasted rock mass was modeled. The contents of
magnetic iron by exploration grid boreholes were taken as
arguments of the predictive function. As a result of the algo-
rithm performance, data grouping was made and three func-
tional dependencies were found on the deposit, (Figure 5 (a),
(b), ().

Kriging methods were used to create a grapho-analytical
model of the deposit using the found predictive functions.
The prediction results were interpolated to nodes of the 50x50
m square grid, then graphical models of the deposit were built
(Figures 6, 7).

As a result of the study, prediction of spatial lcation of
magnetic iron in the blasted rock mass is obtained. This is
the most important technological indicator on which sustain-
able performance of the mining enterprise depends. Knowl-
edge of spatial location of this indicator enables current and
long-term planning of the enterprise, selection of optimal pa-

rameters of mining operations and improvement of mineral
mining efficiency.

The developed prediction methodology has been imple-
mented at the PivdGZK open pit and is used to estimate cur-
rent and predictive reserves of the deposit and to plan mining
operations in the open pit.

4. Conclusions

The article shows solution of the actual scientific and
technical problem of geometrization of qualitaty indicators of
iron ore deposits. As a result, a geometrical model of the de-
posit is built, which makes it possible to describe patterns of
spatial location of the most important quality indicators and
to predict their change in the process of mining development.

The article shows that equations of random geochemical
field are the most suitable for describing the character of lo-
cation of quality indicators of deposits with high anisotropy
of geological characteristics. These equations can be solved
using self-organizing analytical methods of prediction.

A mining and geometrical method of predicting qual-
ity indicators of iron ore deposits is developed based on a
mathematical model of a multidimensional random geo-
chemical field which is implemented using self-organizing
analytical prediction methods. A new multi-dimensional
heuristic prediction algorithm is develop that uses a poly-
nomial of arbitrary power and enables description of any
functional dependency. It is determined that geostatistical
methods are the most suitable for assessing and improving
reliability of the input geological data, since detailed geo-
logical exploration is carried out by means of an irregular
borehole grid.
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As a result of the deposit geometrzation, a grapho-analyt-
ical model of the deposit is built. It enables geometrical pre-
diction of quality indicators of the deposit to solve the tasks of
long-term and current planning to provide the most efficient
performance of the mining enterprise in terms of ore blend-
ing and to improve rationalization of deposit development.

The most promising directions of geometrization of qual-

sessment. These techniques require further development and
extension of its application area.
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Modelowanie i predykcja wskaznikow jakosci rudy zelaza

W artykule zaproponowano rozwigzanie aktualnego problemu naukowego polegajgcego na opracowaniu geometrycznej metody
prognozowania wskaznikéw jakosci z16z rud zelaza, z zastosowaniem modelu matematycznego wielowymiarowego losowego pola
geochemicznego, realizowanego z wykorzystaniem samoorganizujgcych metod predykcyjnych. Autorzy opracowujg wielowymiarowy
algorytm predykcji heurystycznej, wykorzystujgcy wielomian o dowolnej potedze i umozliwiajgcy opis dowolnej zaleznosci funkcjo-
nalnej. Wykazano, ze do matematycznego opisu elementéw masywu skalnego nalezy zastosowa¢ uktad rownan wielowymiarowego
losowego pola geochemicznego. Model grafoanalityczny ztoza jest budowany metodami geostatystycznymi. Stwierdzono, ze w przy-
padku z16z Kryvbas metoda krigingu jest najbardziej odpowiednia do oceny i poprawy wiarygodnosci wejsciowych danych geolo-
gicznych, poniewaz szczegotowe badania geologiczne prowadzone sg za pomocg nieregularnej siatki otworéw wiertniczych. Waznym
aspektem geometryzacji 210z rud zelaza jest geometryczne przewidywanie ich wskaznikéw jakosciowych dla rozwigzywania zadari
planowania dtugoterminowego i biezgcego w celu zapewnienia jak najbardziej efektywnego funkcjonowania przedsigbiorstwa gérni-
czego dla poprawy racjonalizacji zagospodarowania zloza.

Stowa kluczowe: geometryzacja, gornicze metody predykcji geometrycznej, metody geostatystyczne, kriging, wielowymiarowe losowe pole
geochemiczne, heurystyczne algorytmy predykcji
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Abstract
The paper presents the study and a functional analysis of requirements of the world metallurgical industry to the quality of underground
iron ores at underground mines of Ukraine. There are found dependencies of the impact of the shape and parameters of compensation
spaces on their stability and broken ore quality indicators. It is proved that a vertical trapezoidal compensation room possesses the
highest stability and is stable within the range of all the considered depths, even in ores with hardness of 3-5 points. Less atabiity is
demonstrated by a vertical compensation room of a vaulted shape with minor falls in the abutment of the room vault in ores with
hardness of 3-5 points at the depth of 2000 m, and a tent-shaped one where falls of varying intensity occur in the lower part of
inclined exposures of the tent in ores with hardness of 3-5 points at the depth of 1750 m or more. The horizontal compensation room
is of the lowest stability; falls occur in ores with hardness of 3-5 points at the depth of 1400 m, and at the depths of 1750-2000 m it
remains stable only in harder ores. It is established that the use of compensation rooms of high stability makes it possible to achieve
their maximum volume, increase the amount of pure ore extracted, reduce its dilution, enhance the quality of the mined ore mass and

concequently increase its price and competitiveness of marketable products.

Keywords: underground mining, iron ore, compensation rooms, stress-strain state, stability, quality

1. INTRODUCTION

Today, Ukraine posesses significant reserves of rich iron
ores which are mined by the underground method. The main
problem of underground mining is a decrease in the quali-
ty of the extracted raw materials due to deepening of mining
operations.

In addition, completeness of extraction of broken ore and
its deteriorated quality are factors that significantly ipmact eco-
nomic results of underground mining. Currently, in Ukraine
underground mining of iron ore is accompanied with ore losses
and dilution at the level of 14-20% and 12-18% respectively. As
a result, up to 20% of underground iron ore is lost.

Such rather low extraction degrees are largely due to ob-
solete mining equipment and technology. This causes losses
of part of broken ore underground and dilution of a certain
part of the reserve with waste rocks. Mining technologies that
allow minimizing or even eliminating broken ore losses and
dilutiion are expensive and used only in particularly difficult
mining conditions.

Thus, achievement of maximum mining efficiency can be
provided by establishing the optimal ratio between values of
ore extraction indicators and the amount of allowable costs
for ore production.

In our opinion, the mined ore quality can be enhanced
by increasing the volume of compensation rooms, which will

increase the amount of pure ore extracted from them, reduce
ore dilution and enhance the mined ore mass quality. This re-
sults in the increased price and competitiveness of marketable
products.

2. PURPOSE

The presented paper aims to theoretically and experimen-
tally substantiate and develop efficient technological means of
controlling the quality of raw materials through the study and
selection of optimal shapes and sizes of compensation rooms.

For this, the following tasks are solved in the paper:

«  analysis of relevant researches and publications;

o substantiation of the research methods;

o presentation of the study results and corresponding

conclusions.

3. ANALYSIS OF RESEARCHES AND PUBLICATIONS.

Compensation rooms are known to be used when apply-
ing mining systems with breaking ore and country rocks to
compensate for the increased volume of ore during its bulk
caving [1-4,11].

Such systems are used in our underground mines in con-
ditions of insufficient hardness and stability of both ore and
country rocks. Iron ore deposits are mined mainly within the
depths of 1200-1400 m with further deepening to 1800-2000
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Tab. 1. Physical and mechanical properties of ore and caved rocks

Tab. 1. Wiasciwosci fizyczne i mechaniczne rudy i skat zawalowych

Parameters Units of Ore Caved rocks
measurement | 45 (r_3_5) 2P (f=4-6) 3P (f=5-7)
Young modulus MPa 22000 25000 28000 5000
Specific weight kg/m® 3700 3650 3600 2300
Compressive MPa 30 40 50 4
strength
Tensile strength MPa 3 4 5 0.2
Poisson ratio 0.30 0.28 0.26 0.24
Tab. 2. Pressure of caved rocks on the rock massif (computer-aided modeling)
Tab. 2. Nacisk skal zawalowych na masyw skalny (modelowanie komputerowe)
Parameter Unit of measurement P1 P2 P3
Pressure of caved rocks on massif,
vertical/lateral MPa 8.2/29 9.7/3.4 11.5/4
lp.m
Par
—
1
»

Fig. 1. Finite-element model with the horizontal compensation room

Rys. 1. Model elementéw skoniczonych z pomieszczeniem kompensacji poziome;j

m. Considering the above facts as well as negative effects of
rock pressure at deep levels, the problem arises of choosing
the most rational shape of compensation rooms [5-8,16].

It is established that the shape of the compensation room
significantly impacts the stress-strain state (SSS) of the rock
massif around it, which in turn impacts its stability [9-12].
Therefore, data on such disturbances is crucial both at the
stage of designing and in the process of mining the deposit
[11,13-15,17].

So, in practice, there is applied operational assessment of
values of actual stresses in the massif, prediction of the nature
of their change in creating compensation rooms [18-22]. This
information allows assessing the input data on enhancement
and development of new shapes of compensation spaces, se-
lecting the optimal parameters of compensation rooms and
determining the rational technology of their creation [23-
27,29,30].

4. METHODS.

The main idea of the presented paper consists in finding a
shape that would make it possible to avoid formation of areas
of high compressive stresses which, as a rule, are concentrated
around the corner areas of the rooms. It is also necessary to
avoid emergence of areas of tensile stresses that are the most
dangerous due to the fact that the tensile strength of rocks is
an order of magnitude less than the their ultimate compres-
sive strength [28,31-36].

The finite element method (FEM) and the specialized Ansis
2021-P2 software package are used for modeling [11,37-42].

In the course of the study, models of the following shapes
of compensation rooms are processed: horizontal, vertical
(rectangular, trapezoidal and vaulted), inclined (with differ-
ent angles of inclination of the roof of these rooms - 20, 35
and 50 degrees), tent, trench, elliptical (parabolic) and spher-
ical. For correct comparison, sizes of compensation rooms of
different shapes are the same.

For each shape of the compensation room, finite-element
models are developed that simulate mining of the extraction
panel. The size of the finite elements is 2 m. Fig. 1 exempli-
fies the finite-element model with a horizontal compensation
room.

To study the impact of ore hardness on the stress-strain
state of the massif and stability of rooms, 3 types of ores are
put in the model: with hardness of 3-5 (average 4), 4-6 (av-
erage 5) and 5-7 (average 6) points (Protodyakonov scale of
hardness).

The main physical and mechanical properties of ore are
given in Table 1.

The values of the caved rocks pressure on the ore massif
P1, P2 and Ps correspond to the mining conditions of Krivbas
deposits at the depth of 1400, 1750 and 2000 m respectively
and are given in Table 2.

5. RESULTS

The volume of each compensation room directly depends
on the coefficient of loosening and the volume of ore to be
caved during bulk blasting. Given that the compensation
room is located in the ore massif and does not come into con-
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Fig. 2. Isolines of the principal stresses o1 of the rock massif during creation of a horizontal compensation room in the panel: the pressure of caved rocks P1,
ores with hardness a) 3-5, b) 4-6, ¢) 5-7 points respectively

Rys. 2. Izolinie naprezen gléwnych o1 masywu skalnego podczas tworzenia poziomego pomieszczenia kompensacyjnego w panelu: cisnienie skat
zawalowych P1, rudy o twardosci a) 3-5, b) 4-6, ¢) 5-7 punktow

Fig. 3. Isolines of the principal stresses o1 of the rock massif when creating a vertical trapezoidal compensation room in the panel: pressure of caved rocks
P1, ores with hardness a) 3-5, b) 4-6, ¢) 5-7 points respectively

Rys. 3. Izolinie naprezen gtéwnych o1 masywu skalnego przy tworzeniu w panelu pionowego trapezoidalnego pomieszczenia kompensacyjnego:
ci$nienie skal zawalowych P1, rudy o twardosci a) 3-5, b) 4-6, ¢) 5-7 pkt.

tact with waste rocks, it is resonable to increase the volume of
compensation to increase the amount of pure ore extracted.
By increasing the proportion of high-quality pure ore to be
extracted from the compensation room during its creation,
we enhance the quality of the mined ore mass on the whole.

Nowadays, in underground mines of Kryvyi Rih basin,
the most common shapes of compensation rooms are classic
ones: horizontal, vertical and inclined. Many scientific and
technical developments are devoted to the search for other,
more efficient shapes. The latter include trapezoidal, which is
a kind of vertical room, tent, trench, parabolic (vaulted) and
other shapes. The main idea behind such studies is to find a
shape that would make it possible to avoid creation of areas
of very high compressive stresses which, as a rule, are con-
centrated around the corner areas of the rooms. The shape of
the rooms should reduce the possibility of emergence of areas
of tensile stresses that are the most dangerous as the tensile
strength of most iron ores is almost an order of magnitude
less than their ultimate compressive strength.

Fig. 2 shows the results of modeling and isolines of the
principal stresses o1 of the rock massif when creating a hor-
izontal compensation room in a panel in ores with hardness
1P, 2P and 3P respectively.

The figures demonstrate that the nature of distribution
of the stress field around the compensation room is fully
consistent with the classical ideas: areas of increased com-
pressive stresses are concentrated around the corner areas of
the room, and in the central part of the horizontal exposure
there is an area of reduced compressive stresses. This con-
firms adequacy of the developed models and the modeling
results obtained.

As is seen from the figures, at the same depth, with such
a slight difference in ore hardness, absolute values of stresses
do not practically differ from each other. Regarding the im-
pact of the depth of operations, a very significant increase in
the level of compressive stresses is observed in the corners of
the room, which is also a natural phenomenon since this is a
consequence of an increase in rock pressure.

Analysis of stability of the horizontal compensation room
in different conditions reveals that in ores with hardness of
3-5 points at the depth of 1400 m, the maximum values of
compressive stresses in the upper corners of the room practi-
cally reach the ultimate strength for these ores, i.e, in general,
the room remains stable, but small local ore falls are possible
in these areas. In harder ores at this depth, the room is stable.

With an increase in the depth of operations to 1750 m
in ores with hardness of 3-5 points, the compensation room
of this size loses its stability and fails, and in harder ores it
remains stable.

At the depth of 2000 m, stability problems may occur in
the form of small local ore falls in these areas. In harder ores
at this depth, the room remains stable.

At the depth of 2000 m, stability problems may occur in
such rooms when they are created in ores with hardness of
4-6 points, especially at increased fracturing degrees of the
ore massif.

The value of the maximum principal stresses in the rock
massif during creation of a horizontal compensation room is
determined by the formula:

0, = 24.678e%1608H,,

R*>=10.9987.
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Fig. 4. Dependency of the value of the maximum principal stresses on the shape of compensation rooms and the depth of mining operations

Rys. 4. Zalezno$¢ wartosci maksymalnych naprezen gléwnych od ksztattu komoér kompensacyjnych i glebokosci eksploatacji

where o1 is the value of the maximum principal stresses
H is the depth of mining operations, m;
R? is the value of approximation reliability.

The results of modeling and isolines of the principal
stresses ol of the rock massif during creation of the most
common vertical rectangular compensation room in the pan-
el in ores of different hardness (P1, P2 and P3) enable estab-
lishing the following.

Distribution of the stress field is characteristic of rooms of
this shape: areas of concentration of high compressive stresses
occur at the corners of the room, and areas of reduced com-
pressive stresses are located in the central part of the roof and
vertical exposures of the room.

At the same depth, at different ore hardness, values of
stresses do not practically differ from each other. As in the
previous option, there is a significant impact of the depth of
operations on the stress-strain state of the massif. But the level
of maximum compressive stresses is by15-20% smaller than
for similar conditions (equal ore hardness and depth of op-
erations) in the horizontal compensation room. A decrease
in compressive stress values is not so significant either, which
indicates higher stability of the vertical compensation room.
Only at the depth of 1750 m with the ore hardness of 3-5
points in the upper corners of the room there may occur small
falls, and at the depth of 2000 m volumes of falls will lead to
failure of the crown of the room and its filling with overlying
caved rocks. In harder ores, rooms remain stable throughout
the range of the depths under consideration.

In addition to other shapes of compensation spaces, the
authors propose an option of a vertical trapezoidal compen-
sation room, Fig. 3.

The studies conducted enable asserting that in the pro-
posed option, the nature of the stress field distribution is
close to the previous ones. At the same time, compared to
the previous option of the vertical rectangular compensa-
tion room, the level of maximum compressive stresses is
much lower (by 25-30%) than in the most problematic up-
per corners of vertical rooms. This can be explained by a
much smaller span of the roof of the room. As a result, com-
pensation rooms of vertical trapezoidal shape remain stable
at all the considered depths, even in ores of minimum (3-5
points) hardness.

The value of the maximum principal stresses in the rock
massif during creation of a trapezoidal compensation room is
determined by the formula:

oy = 18.739e"01%;
R> = 0.9877.

where o1 is the value of the maximum principal stresses
Hp is the depth of mining operations, m;
R? is the value of approximation reliability.

The graph of the dependency of the maximum principal
stresses value on the shape of compensation rooms and the
depth of mining operations is presented in Fig. 4.

6. CONCLUSIONS

Based on the modeling of the stress-strain state of the
rock massif around compensation rooms of various shapes
and its impact on their stability, the following conclusions can
be drawn:

1. The level of the stress-strain state of the ore massif
around compensation rooms with a small difference in ore
hardness mainly depends on the depth of operations, and
their stability is impacted by the value of stresses in particu-
lar conditions and physical and mechanical properties of ore
which directly depend on its hardness.

2. The highest stability, as compared to all the others, is
demonstrated by a vertical compensation room of a trape-
zoidal shape which remains stable within the range of all the
considered depths, even in ores with hardness of 3-5 points.

3. Less stabiity is demonstrated by a vertical compensa-
tion room of a vaulted shape with minor falls in the abutment
of the room vault in ores with hardness of 3-5 points at the
depth of 2000 m, and a tent-shaped one, where falls of varying
intensity occur in the lower part of inclined exposures of the
tent in ores with hardness of 3-5 points at the depth of 1750 m
or more but do not significantly impact its stability.

4. The inclined compensation room (roof inclination of
35-50°; minor falls occur primarily in ores of small (3-5 and
4-6 points) hardness but they do not impact significantly
its stability at all the depths), the vertical rectangular com-
pensation room (stability problems only occur in ores with
hardness of 3-5 points at the depth of 2000 m) and the in-
clined compensation room (with the roof inclination angle
of 20°) are somewhat inferior to the above mentioned ones.
Regardless of falls, trench, elliptical and spherical compensa-
tion rooms only fail in ores with hardness of 3-5 points at the
depth of 2000 m.

5. The horizontal compensation room demonstrates the
lowest stability, falls occur in ores with hardness of 3-5 points
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at the depth of 1400 m, and at greater depths (1750 and 2000
m) it remains stable only in harder ores.

6. The study conducted and practices of Kryvbas under-
ground mines that extract rich iron ores enable the conclu-
sion that so-called “unconventional” shapes of compensation
rooms, in particular vertical trapezoidal ones, should find
wider application.

7. Compensation rooms of higher stability enable their
volume increase in ores of low stability, which will lead to a
possible increase in the amount of pure ore extracted, reduced

ore dilution and, accordingly, enhanced quality of the mined
ore mass. This will result in the increased price and compet-
itiveness of marketable products of our underground mines.
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Badanie wplywu kompensacji na stabilnos¢ gérotworu oraz jakos¢ wydobywanej rudy
Artykut przedstawia studium i analize funkcjonalng wymagan Swiatowego przemystu metalurgicznego co do jakosci rud zelaza
w podziemnych kopalniach Ukrainy. Stwierdzono zaleznosci wplywu ksztattu i parametréw przestrzeni kompensacyjnych na ich
stateczno$¢ i wskazniki jakosci rudy. Udowodniono, ze komora wyrownawcza w ksztalcie trapezu pionowego charakteryzuje sig
najwigkszq stabilnoscig i jest stabilna w zakresie wszystkich rozwazanych glebokosci, nawet w rudach o twardosci 3-5 punktéw.
Mniejszg statecznosé wykazuje komora kompensaciji pionowej o ksztalcie sklepionym z niewielkimi spadkami w przyczotku sklepienia
komory w rudach o twardosci 3-5 punktow na glebokosci 2000 m. Komora z opadami o réznym natezeniu wystgpuje w dolnej czesci
nachylonych odstonig¢ namiotu w rudach o twardosci 3-5 punktéw na glebokosci 1750 m lub wigkszej. Pomieszczenie kompensacji
poziomej ma najmniejszq stateczno$é; spadki wystepujg w rudach o twardosci 3-5 punktow na glebokosci 1400 m, a na glebokosciach
1750-2000 m pozostajg stabilne tylko w rudach twardszych. Stwierdzono, ze zastosowanie komér kompensacyjnych o duzej stabil-
nosci umozliwia osiggnigcie ich maksymalnej objetosci, zwigkszenie ilosci wydobywanej czystej rudy, zmniejszenie jej rozrzedzenia,
poprawe jakosci wydobywanej masy rudy, a co za tym idzie, wzrost jej ceny i konkurencyjnosci rynkowe.

Stowa kluczowe: gdrnictwo podziemne, ruda zelaza, pomieszczenia kompensacyjne, stan naprezenie-odksztalcenie, statecznosé, jakos¢
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Abstract
The transition to smart mining has significantly increased the requirements for training modern mining engineers, this necessitating
digitalization of this process. Based on scientific research, virtual and augmented reality technology are the most effective and safe. The
article presents methods for using virtual and augmented reality technology in training mining engineers. The methods are successfully
implemented in laboratories of Kryvyi Rih National University (Ukraine) and have been proven effective during distance learning in
the context of the COVID-19 pandemic and the russian military aggression against Ukraine. Nevertheless, further scientific research
is needed to introduce modern digital technologies into mining engineers’ training at universities in order to form a competitive and

competent specialist.

Keywords: mining engineer training, Augmented Reality (AR), Virtual Reality (VR), digital transformation, distance education,
COVID-19 pandemic, russian military aggression against Ukraine

1. Introduction

Recently, there has been an increase in the number of
projects for the introduction of augmented (AR) and virtual
reality (VR) technology, which is actively used in many differ-
ent areas of human life, from industry to education.

Since both AR and VR are key components of the Industry
4.0 concept (Fig. 1), companies around the world are investing
heavily in their development. For example, Google and Mic-
rosoft, which initially focused their products on the consumer
market, have now provided for both industrial and educational
use of their technology. Industry 4.0, which is made up of cy-
berphysical systems, the Internet of Things and complex net-
works that combine industrial production with the latest infor-
mation and communication technologies, involves creation of
smart factories, such as network and automated ones [16].

In recent years, there has been a transition from tradi-
tional to smart mining, which has greatly improved mining
engineers’ capabilities to identify hazards and make further
decisions to ensure industrial safety [7; 24; 25; 26; 30; 32; 39].

The latest technologies in mining are expanding the
boundaries of practical training of future mining engineers.
Thanks to these technologies, the learning process can pro-
vide an advanced simulation of the production environment
that humans perceive almost as real.

AR and VR technology is being used to solve a variety of
problems in training mining engineers, from designing new
industrial lines and final products to supporting personnel
training in repairs. The technology applied to training can
change the role of the human factor by reducing the risks as-
sociated with improper operation of equipment while work-
ing at hazardous facilities.

Collaboration between universities and VR/AR manufac-
turers contributes to solving problems of forming competenc-
es of future mining engineers (Fig. 2).

The main advantage of using AR/VR in training mining
engineers is the fact that the technology allow teaching in AR/
VR environments close to the real one, through simulating
virtual scenarios [1]. Clearly, the introduction of AR/VR as
training technology requires new teaching methods that take
into account future engineers’ level of training and the chang-
ing role of educators [9].

2. Literature review

AR/VR technology is being actively introduced into the
mining industry. Many enterprises are already applying it to
increasing productivity and improving occupational safety.
Therefore, the introduction of the technology into the process
of training mining engineers is the need of the hour.

Australia, the United Kingdom and the United States are
leaders in using the VR learning environment for mining sim-
ulation, reconstruction and accident investigation, and indus-
trial safety. The UK has a long history of developing and using
virtual reality technology for mine safety training. VR prod-
ucts such as SafeVR and Vroom are well known for training
truck drivers at open pits [28].

Universities in Australia are actively introducing VR tech-
nology into the training of mining engineers:

- the University of Queensland is involved in research
to develop VR training applications with rig models, Instron
UCS rock testing models and ventilation models [18];

— the University of New South Wales is implementing iC-
inema, a VR environment with 18 modules, to improve teach-
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Fig. 1. The Four Industrial Revolutions [16]
Rys. 1. Cztery rewolucje przemystowe [16]

* developing educational programs for universities

¢ creating specialized training courses based on VR/AR

* conducting advanced training courses and professional retraining of mining engineers

e creating unified methods for implementing VR/AR in the educational process

« involving the academic community in developing practical tasks based on VR/AR

* popularizing the best educational practices of applying VR/AR to training minig engineers at
higher educational institutions

e establishing an international hub to disseminate VR/AR training technology in mining
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Fig. 2. Advantages of collaboration between universities and VR/AR manufacturers

Rys. 2. Korzysci ze wspolpracy uczelni z producentami VR/AR

ing and learning activities in mining [12]. iCinema-based
training allows students to recognize difficult work situations
and receive training in a safe environment. The technology
enables students to interact with the VR program that re-
sponds to movements in space and incorporates production
situations (Fig. 3).

Scientists at the U.S. National Institute for Occupational
Safety and Health have investigated how the mining industry
can effectively use gamification and VR to learn how to escape
fires. The Spokane Research Laboratory has developed fire
evacuation training software for a mine safety training course
(Fig. 4). The study notes that VR-based training significantly
improves students’ skills in determining proper evacuation
routes in a possible emergency [23].

The expertise of educational institutions and mining com-
panies in China includes VR technology applied to teaching
safety regulations in rescue operations. Scientists [19; 20]
have developed a cloud-based VR system for training min-
ing engineers. This system includes VR hardware, a projected
panoramic display system, a VR headset, a monitor, a tablet
and other devices (Fig. 5).

In the context of the COVID-19 pandemic and the rus-
sian aggression against Ukraine, lecturers from the Physics
Department of Kryvyi Rih National University have devel-
oped an AR-based manual for laboratory work in order to
provide distance learning for future mining engineers [3; 29;
37; 40]. Future engineers use their smartphones to recognize
AR markers, and the actual laboratory installation and its use
are displayed on the screen (Fig. 6).

To summarize the national and international experience,
we can say that in the process of training mining engineers,
many courses, training laboratories, and research centers for
mining research using AR/VR technology have been created
at universities to improve mining engineers’ training, prepare
them for employment, and reduce training costs.

3. AR/VR apps analysis

The latest AR/VR technologies for simulating mining pro-
duction processes expand the boundaries of practical mining
training. In the educational process, it is important to ensure
an advanced simulation of the production environment, per-
ceived by students as reality. Professional AR/VR-based train-
ing of future engineers allows students to participate in pro-
duction processes of a mining enterprise and be engaged in
their future professional activities.

The VR/AR development in mining is based on auto-
mation of technological processes in the context of digital
transformation of modern society. A significant effect of VR/
AR technology applied to practical training of engineers is
achieved through forming professional competencies in han-
dling mining equipment.

3.1. Experience of using VR in the training process of mining
engineers

Mobile communications, the Internet of Things, artifi-
cial intelligence, and cloud computing provide the informa-
tion infrastructure needed for smart mining. Thanks to these
modern technologies, next-generation VR systems for under-
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Fig. 3. iCinema at the University of New South Wales [12]

Rys. 3. iCinema na Uniwersytecie Nowej Potudniowej Walii [12]

Fig. 4. The VR application for trainees to view a simulated underground mine [23]

Rys. 4. Aplikacja VR dla stazystéw do ogladania symulowanej kopalni podziemnej [23]

Fig. 5. The VR Learning and Experiment Laboratory of the University of Mining and Technology in China [20]

Rys. 5. Laboratorium uczenia sie i eksperymentowania VR Uniwersytetu Gorniczo-Technologicznego w Chinach [20]

Fig. 6. Visualization for the laboratory work instruction

Rys. 6. Wizualizacja instrukeji pracy laboratorium

ground mining are being created to improve professional ad-
aptation and occupational safety processes of future mining
engineers [5; 10; 14; 22; 33; 36].

Scientist [6] studies the application of training with VR
tools and concludes that students using VR applications learn
four times faster than those learning in a classroom. The train-
ing was carried out using VR simulators (Fig. 7) to train op-
erators and simulators for maintenance, which are key virtual
reality training programs for the mining industry. These sys-
tems can monitor the training process and provide feedback
to students. Gamification is a feature of VR training, which
allows learning activities to be repeated until the desired level
of competence and productivity is achieved.

Maptek, in collaboration with LlamaZOO MineLife, has
developed VR digital tools to visualize production processes
at mining companies in Canada, Australia, and South Africa.
With the help of LlamaZOO MineLife, a digital model of an
underground mine has been created, which can be used with
a VR headset or a computer to explore the site (Fig. 8). This
technology can be used for educational purposes for profes-
sional training and retraining of mining engineers. The use of
digital models of mines makes the process of training mining
engineers closer to real-life working conditions and safer [34].

First Quantum Minerals has installed Cybermine 5
Full-Mission simulators from ThoroughTec at its under-
ground mine to train mining equipment operators. Simula-
tion booths (Fig. 9) are copies of real mining equipment, with
tools operating as they would in real mine transport. Simula-
tors allow operators to test and practice the skills needed in
an emergency (brake failure, fire, etc.). Notably, the two sim-
ulators can interact with each other to train teamwork in real
production situations [8].

Thus, VR is an important component of smart mining,
but there are a number of problems with introducing these
technologies into the process of training mining engineers.
They are expensive and there are no methods to assess their
effectiveness. The technologies also require prior training for
instructors and are complicated to adapt to different produc-
tion conditions in different regions.

3.2. Experience of using AR in the training process of mining
engineers

In the mining industry, AR technology is fast to develop,
thus contributing to the evolution of training methods and
tools for future professionals. When using AR, digital con-
tent is superimposed on the real-life production environment,
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Fig. 7. Virtual Reality is a Game Changer for the Mining Industry [6]

Rys. 7. Rzeczywisto$¢ wirtualna zmienia zasady gry w przemysle wydobywczym [6]
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Fig. 8. Using VR to monitor the performance of mining machines in real-time [34]

Rys. 8. Wykorzystanie VR do monitorowania pracy maszyn gorniczych w czasie rzeczywistym [34]

Fig. 9. The simulated mining cab [8]

Rys. 9. Symulowana kabina gornicza [8]
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Fig. 10. Hands-Free AR with Visual Instructions [27]
Rys. 10. Hands-Free AR z instrukcjami wizualnymi [27]

bringing the training process as close to production condi-
tions as possible. The advantage of the technology is that it is
not expensive. A smartphone is all that is needed.

AR simulators enable preparing future mining engineers
to work on the production floor without having to leave for
the industrial facility. AR can be used to create conditions for
the front-line mining experts to participate in remote consult-
ing of future mining engineers.

Developer [13] create an AR platform to simulate un-
manned mining in underground mines, revealing good re-
sults and stable operation. It has been noted that such pro-
duction has a number of advantages, namely high efficiency,
safety and low cost.

RealWear has developed an ergonomic device (Fig. 10)
that fits under a helmet and does not interfere with the use of
goggles in an industrial environment. The device helps work-
ers to access documents (instructions, drawings, etc.), speeds
up interactions with other employees, and facilitates naviga-
tion on the production floor [27].

DAQRI has developed an AR headset (fig. 11) for engi-
neers and technicians, that can be used to repair, maintain
and inspect industrial equipment. While working at the en-
terprise, instructions are displayed on the screen to direct the

employee. In addition, the worker can remotely connect to a
mentor or an expert to perform the task [38].

Plutomen designs and develops the innovative AR tech-
nology (Fig. 12) aimed at improving production processes,
training mining engineers, and eliminating space and time
constraints for communication between employees and ex-
perts. This technology allows experts who are located far
from technical equipment to observe a production situation
by means of employees’ AR glasses and remotely give them
advice on equipment diagnosis, repair, and control [17].

VSight develops applications based on AR technology
(Fig. 13) to provide real-time remote assistance to operators
in equipment maintenance and repair, drilling, as well as in
training future specialists [21].

SensPlus Buddy AR tools (Fig. 14) provide smartphone
communication for remote support of technicians at industri-
al facilities. Information is exchanged by sending images and
text, this greatly improving efliciency of equipment mainte-
nance and reducing the number of errors [29].

The TOMRA Visual Assist AR technology (Fig. 15) has
three types of support: telephone and email support, real-time
monitoring features, and remote login to the customer system
by a TOMRA service engineer [11].
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Fig. 11. The hard AR helmet of DAQRI [38]
Rys. 11. Twardy helm AR firmy DAQRI [38]

ARand VRIn
Mining Industry
—

Fig. 12. AR and VR in Mining Industry [17]
Rys. 12. AR i VR w gérnictwie [17]

Fig. 13. Industrial Remote Service Platform Powered by AR [21]

Rys. 13. Przemystowa Platforma Ustug Zdalnych obstugiwana przez AR [21]

Fig. 14. Communication support service SensPlus Buddy [29]

Rys. 14. Usluga wsparcia komunikacji SensPlus Buddy [29]

Consequently, the use of AR technology allows for advanced
operational readiness and improves the overall efficiency of the
mining engineers training process. However, further research is
needed to spur more innovative applications of virtual and aug-
mented reality-based learning. It is effective because AR-based
training can fully immerse future mining engineers in the pro-
duction environment, allowing them to perform production
tasks on simulators and receive advice from remote experts.
Practice-oriented training has a significant impact on the forma-
tion of professional competences needed to work in production.

4. Methods of using AR/VR technologies in training min-
ing engineers

Formation of professional competences, aimed at closing
the gap between university education and real-life produc-
tion, are key factors in training mining engineers.

Lecturers of Kryvyi Rih National University developed
training materials using AR technology when training mas-
ter’s degree students in Specialty 184 Mining (Shaft Sinking
and Drifting). The use of such materials is effective for inde-
pendent work of students during distance learning, especially
in the context of the COVID-19 pandemic and the russian
aggression against Ukraine.

We offer several methods for making AR-based training
materials for training mining engineers that contribute to
modernization and digitalization of mining education.

1. The videos with digital training materials relevant to
the topic of your class are freely available online, such as the
following resources:

o https://www.imaker.ca/portfolio;

o  https://www.herrenknecht.com/en/products/pro-

ductdetail/gripper-tbm/;

«  https://www.youtube.com/@HerrenknechtAG.

We offer as an example a video from Herrenknecht AG
(Fig. 16).

2. Various AR applications can be used to visualize train-
ing material, such as:
«  applications for creating AR (https://arize.io; https://
www.augment.com);
o free applications for creating QR code for (https://
goqr.me; https://www.qrstuff.com) (fig. 17).

3. Using the selected applications, you can create a QR
code or and AR object.
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Fig. 15. AR tool for remote assistance TOMRA Visual Assist [11]
Rys. 15. Narzedzie AR do zdalnej pomocy TOMRA Visual Assist [11]

Fig. 16. Shaft Boring Machine for Shaft Enlargement

Rys. 16. Wytaczarka watkowa do powigkszania watu

Fig. 17. Application for creating QR code (https://goqr.me)

Rys. 17. Aplikacja do tworzenia kodu QR (https://goqr.me)

Fig. 18. The QR code with a link to the video https://www.youtube.com/watch?v=hF6veu3zMbA
Rys. 18. Kod QR z linkiem do filmu https://www.youtube.com/watch?v=hF6veu3zMbA

When preparing training materials, we use applications
for creating a QR code (https://goqr.me) and receive it with a
link to our video (Fig. 18).

4. A QR code is added to the instruction for a laboratory
work on mining with a link to training.

While performing a laboratory work, students must per-
form the following sequence of actions: 1) open the Camera
application on the smartphone; 2) point the camera at the AR
marker or the QR code and scan it; 3) a training video appears
on the screen (Fig. 19).

This method of presenting the material has proven to
be very effective in distance learning in the context of the
COVID-19 pandemic and the russian aggression against
Ukraine [40]. Thus, when teaching the subject Blasting Safety,
lecturers use QR codes to visualize training materials. Stu-
dents simply scan the QR code (Fig. 20) and view different
types of explosions. It is essential to note that students remain
in a safe place and receive all the information.

It should be noted that the use of AR for performing lab-
oratory works by future mining engineers is an effective tool
to motivate students to study and develop their research com-

petences. Students can better understand abstract theoretical
models of production processes through AR visualization.
Thus, after analyzing the available materials, we can conclude
that the introduction of AR/VR technology into the training of
Ukrainian mining engineers is a promising direction for further
research. Prospects for further research include (Fig. 21):

5. Conclusions

Analysis of the data on the problem of training mining
engineers reveals that the international experience with the
use of AR/VR technology in mining is positive and shows a
developing trend.

AR/VR technology, as a smart mining tool, is an inno-
vative method of training mining engineers to control pro-
duction processes. The technology is particularly effective
for visualization of employee locations, safety monitoring,
and handling of mining equipment. It should be noted that
AR/VR technology is appropriate for building health-saving
competences at safety training courses of mining enterprises
aimed at preventing emergencies. An advantage of the AR/VR
technology in the process of training mining engineers is the
ability to visually present future production processes.
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Fig. 19. Visualization of training videos to perform laboratory works

Rys. 19. Wizualizacja filméw szkoleniowych do wykonywania prac laboratoryjnych
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Fig. 20. Types of explosions

Rys. 20. Rodzaje wybuchow

* desigigning AR/VR models of high-risk facilities at mining enterprises

* developing methods for assessing the adequacy of AR/VR models to real physical
characteristics and parameters of mining equipment and process

*» providing real-time assessment of the load and operating modes of minig equipment

* visualizing hard-to-reach objects

* providing remote expert suppoert for technical personnel

tools sing AR/VR

*» creating technical documentation, topographic maps, location plans, instructions, navigation

* viewing the mining process in a classroom during real-time training

mining enterprises

* introduing AR/VR-based training centers for mastering equipment of high-level complexity at
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* exchanging real-time data between universities and mining enterprices on mining operations

* reproducing accidents and emergencies to analyze and prevent them ]

Fig. 21. Promising research areas of the implementation of the AR/VR technology in training mining engineers in Ukraine

Rys. 21. Perspektywiczne obszary badawcze zastosowania technologii AR/VR w szkoleniu inzynieréw gérnictwa na Ukrainie

The methods of using AR/VR technology in the training
of mining engineers described in this paper have allowed Uni-
versity teachers to easily and effectively implement the tech-
nology in the educational process during distance learning

in the context of the COVID-19 pandemic and the russian
aggression in Ukraine. AR/VR-based teaching materials con-
tribute to modernization of the process of training competi-
tive specialists in the mining industry.
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Narzedzia rozszerzonej i wirtualnej rzeczywistosci w szkoleniu inzynierow gérnictway
Przejscie na inteligentne wydobycie znacznie zwigkszyto wymagania dotyczgce szkolenia nowoczesnych inzynieréw gérnictwa, co wy-
maga cyfryzacji tego procesu. Bazujgc na badaniach naukowych, technologia wirtualnej i rozszerzonej rzeczywistosci jest najskutecz-
niejsza i najbezpieczniejsza. W artykule przedstawiono metody wykorzystania technologii wirtualnej i rozszerzonej rzeczywistosci
w szkoleniu inZynieréw gérnictwa. Metody sq z powodzeniem wdrazane w laboratoriach Krzyworoskiego Uniwersytetu Narodowego
(Ukraina) i okazaly si¢ skuteczne podczas nauczania na odleglos¢ w kontekscie pandemii COVID-19 i rosyjskiej agresji militarnej
na Ukraing. Niemniej jednak potrzebne sq dalsze badania naukowe, aby wprowadzi¢ nowoczesne technologie cyfrowe do ksztatcenia
inzynierdéw gornictwa na uczelniach w celu uksztattowania konkurencyjnego i kompetentnego specjalisty

Stowa kluczowe: szkolenie inzynierow gornictwa, rzeczywistos¢ rozszerzona (AR), Rzeczywistos¢ wirtualna (VR), transformacja cyfrowa,
edukacja na odleglos¢, pandemia COVID-19, rosyjska agresja militarna przeciwko Ukrainie
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Abstract
Purpose. Determination of a dependency of a stress state for composite elastomer-cable tractive element with a broken structure on a
nonlinear dependency of shear modulus on deformations in the elastomeric shell.
Methods. Analytical solution of a model of a composite tractive element with disturbed structure and a deformation-dependent shear
modulus of an elastomeric shell.
Findings. Algorithm for determining a stress state of a composite tractive element with broken structure and a deformation-dependent
shear modulus.
Scientific novelty. Character of dependency for a stress state of a composite tractive element on a nonlinear dependency of shear
modulus on deformations.
Practical significance. A possibility to determine the dependency of a stress state of a composite elastomer-cable tractive element on a
nonlinear shear modulus allows considering the effect of this phenomenon on the tractive element strength and ensures an increase of
its operational safety.

Keywords: mineral resources, mining, lifting and transporting complexes, composite tractive element, damaged structure, elastomeric shell,

stress state, analytical solution

1. Introduction

Continuous improvement of technical systems in the fields
of mining technologies [1-9], transportation and hoisting
[10-12], deep-sea mining [13, 14], and dynamics of technical
systems [15-19] facilitate wider and more thorough develop-
ment of analytical and computational simulation methods of
processes and phenomena occurring within the systems. Cur-
rently, researchers in many countries are conducting complex
scientific studies aimed at developing methods and means of
modernizing lifting and transporting complexes with the aim
of increasing operational efficiency and safety of mining trans-
port equipment. Composite elastomer-cable tractive elements,
in particular rubber-cable ropes (also known as steel cord
belts), are widely used in hoisting and transporting machines
[20-24]. At the same time, these tractive elements have signif-
icant lengths. Conveyor belts of a closed shape are created by
connecting ends of belts. Cables at belt ends in such connec-
tions are not mechanically connected and interact through rub-
ber layers. Damage accumulates in ropes during use. One type
of damage is rupture of one of reinforcing elements (cables).
Rupture of continuity of cables and presence of non-continu-
ing cables, in accordance with the Saint-Venant’s principle, are
sources of disturbance of a stress-strain state in a rope (belt).

2. State of question and statement of research problem
Rope strength in the cross-section of cable breakage is
much lower [25-27], it is also lower in butt joints [28]. In pa-

per [29], it is suggested to determine a stress-strain state of
spatial structures reinforced with parallel elements by means
of electrical modelling. A method of determining character-
istics of materials with a system of regularly arranged paral-
lel reinforcing elements is suggested in the article [30]. The
papers [31-40] are devoted to investigation of features of a
rope (belt) stress state, considering its interaction with struc-
tural elements of a machine. Experience indicates that there
is a nonlinear dependency of stresses in elastic materials on
their deformations, and rubber is no exception to this. Rubber
layers in rubber-cable ropes ensure the connection of cables,
determine a mechanism of redistribution of forces between
the cables, which affects the operational characteristics of the
entire rope. In these papers, the issue of a nonlinear law of
rubber deformation is not considered. At the same time, it
constitutes an actual scientific and technical problem of con-
sidering the specified feature during the design and contin-
uous control of the condition of hoisting and transporting
machines with a rubber-cable tractive element. The solution
allows considering the influence of deformation character in
rubber on rope strength and provides a possibility of increas-
ing operational safety of rubber-cable ropes (belts).
Generally, the dependency graph of stresses on deforma-
tions has a shape of a curved line. The main factor in the oc-
currence of shear stresses in rubber layers of a rope or belt
is breakage of continuity of cables. Discontinuity of cables
occurs in the event of cable breakage and in butt joints of rub-
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ber-cable ropes and belts. In butt-joint connections, no cables
at both ends of the connected belts continue. A cable break
or a cable end is a source of stress-strain state disturbance in
a rope (belt). Well-known studies [26] indicate that deforma-
tions of rubber take place practically only in the layers adja-
cent to the broken cable. Deformation values are maximum
in the cross-section of cable continuity breakage and decrease
exponentially with increasing distance from the specified
cross-section.

3. Presentation of main research

Determining a stress-strain state considering the speci-
fied character of deformation changes and considering the
nonlinear dependency of shear displacements on rubber
shear stresses is a complex mathematical problem. Let's
simplify it. Assume that the dependency of rubber shear
stresses on its deformations is piecewise linear and consists
of two parts. As in the studies mentioned above, we assume
that the cables deform like rods. Rubber is subjected only
to shear stress. The rope is infinitely long. It has M cables
and is loaded with a tensile force P. The cable numbered
j has a continuity breakage. The cross-section with the
breakage is at a considerable distance from the rope edges.
Rubber shear modulus of layers adjacent to the damaged
cable at lengths 10 is different from the corresponding rub-
ber shear modulus of the remaining layers. The linear size
10 is much smaller than the rope length, on which the stress
state is changed because of a cable breaking. Direct the co-
ordinate axis along the rope. Its beginning (x = 0) is located
at the point where the cable breaks. Since the cross-section
(x = 0) is a cross-section of symmetry, the displacements
of cables are symmetrical. At the same time, the cross-sec-
tions of all cables except the ends of the broken cable do
not move. A gap is formed between the ends of the dam-
aged cable. Let's denote the displacement of the end of the
damaged cable Uo.

Let's single out a part of length 1 (0 < x <1 ). Consider it
the first one. Consider the part for which x > 1 the second
part. The first part of the rope is divided into three stripes
with an unchanged number of cables in each. Include stripes
that do not have a broken cable into the structure of the two
extreme stripes. Give them numbers one and three. The rope
part with the broken cable and the cables adjacent to it will be
included in the structure of the second stripe (Fig.1).

Consider the specified stripes as separate belts. A char-
acteristic feature of such rope stripes is that the properties of
elastic material between the rope stripes do not change. Shear
modulus of rubber in layers between cables is not variable in
our case. This allows using the conditions of their equilibri-
um and the form of solutions for stripes [26], considering the
number of cables in stripes and properties of elastic shell. Let's
make expressions that allow determining the internal forces
in cables and their displacements. Write down the expressions
for the extreme stripes in similar forms. In the expressions, we
will use additional indices to assign the parameters to one or
another rope stripe. Take into account that cross-sections of
cables of the extreme stripes do not move when (x = 0).

For a rope stripe with cable numbers

SN
Pl,i:EFZ Am(e Lm¥ |, l,mx)ﬁlqmCOS(,uLm(i*O.5))+P, (1)

m=1

Jj=2
ul,i _ Z Am (eﬁ],mx 76_ﬂ1’mx)C0S(/l]’m (1705))+ﬁ’
m=1

EF (2)

where i is cable number in the first stripe (1 < i <j-2); A, B_
are integration constants; E, F are, respectively, reduced ten-

sile modulus of elasticity and cross-sectional area of a cable in
a rope (belt); 4= %U*cosw,mﬂ ; h is distance between
the cables; b is rope thickness; d is cable diameter; G is shear

modulus of elastic (rubber) layer connecting the cables.
For the second rope stripe with cable numbers (j-1 <i<j+1)

2
pi=EF Y, [(Anwj—leﬁz’mx ’Bm+j—287ﬂ2'mx)ﬁ2,m cos( o m (i=j-1 -5))} +p, (3)
m=1

2

. ~Bom o P
D) (Am_”-_ze/iz,m’f + By je ﬂz,m)cos(m»m(z— /—1.5))+ﬁ, (4)
m=1
_rm. 2Gobk )
where #2m=737" Fom= (h_d)EF[l-wS(#z,m)], ,

k is coefficient, which considers the difference in shear modu-
lus of rubber for the second stripe.
For a rope stripe with cable numbers (j+1 <i< M)
M—j-1

p3i=EF z A+ j (eﬁlmx +‘;ﬁ3’mxjﬂ3,m COS(/I:;,m (i—j—l.S))-ﬁ-P, (5)

m=l1

Mﬁjil ﬂ3 mX —ﬂ3 mXx . . Px
3= D, Apyjl e —e 3 cos(y3’m(z—]—145))+ﬁ, 6)
m=1
Tm . ; b
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Fig. 2. Dependency of coefficients of uneven distribution of forces among cables with numbers i along the x-axis

Rys. 2. Zalezno$¢ wspolczynnikéw nieréwnomiernego rozkladu sit miedzy kablami o liczbach i wzdtuz osi x

These solutions correspond to the conditions of influence
absence of external factors on extreme cables in stripes on the
interval (0 < x < lo). The cables adjacent to the broken one are
included in two stripes — the extreme one and non-extreme
one. In the extreme stripes, there are no disturbances in cables
adjacent to the broken one, in accordance with solutions of
(1), (2) and (5), (6). They are loaded with only evenly distrib-
uted forces. Cables in the cross-section x = 0 are immovably
fixed. In a general solution, based on the principle of super-
position, we add their displacements as cables, which are part
of the middle stripe, to displacements of these cables without
considering the force of their external load.

The end of the middle cable in the middle stripe is dis-
placed by an unknown amount Uo under the action of an ex-
ternal force. Let's write the above in a form of a boundary
condition for the cross-section x = 0
uz,i =Up {? i: (7)

According to (7), the law of cable displacements corre-
sponds to the product of displacement of a middle cable and
the Dirac function 8. Let's take the Dirac function in a form
of a Fourier series on a given segment of cable numbers. From

expression (4), we have the following

2 : 2 & (3 :
mz::l(Amﬂ;z + Bm+j,2)cos(‘u2!m (1 - 0.5)) = EUOmZ::] cos[g,uz’m]cos(‘ulm (1 - 0.5)), (8)

(i=1,2,3).

From where
2
B+ j-2=3Y cos(1.542,m) = Ams j-25 )
(m=12).

From the condition that a load on the broken cable in the
cross-section of breakage is equal to zero from expression (3)

we have
3P Apt -2
Up = 3 +3— ) . (10)
2 mE F cos (] ‘5/12,m) COS(I'S”Z,m)
Accordingly, expression (9) takes the form
P
Bm+j—2 = +2Am+j—2' (11)

BomE Feos(1.5u1 )

Expressions of forces (3) and displacements (4) consider-
ing the general numeration of cables in the cross-section of a
rope take the following forms

~P2m*
Som* 5, P mxj Pe 7%
A L mt 9, - [ —
[ m+j 2[9 e Bom 905(1.5/12,”‘)}( op (12)
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2
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Using (1), (2), (5), (6), (12), (13), we write down the val-
ues of forces and displacements as single functions on the fi-
nite axis of cable numbers

M-1
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n=1
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Expressions (14), (15) are obtained for the first part of the
rope for (0 < x < lo). In cross-section x = lo the considered
part of the rope interacts with its second part. Write expres-
sions of forces (po,i) and displacements (uo,i) for the second
part in the forms [26]. At the same time, we consider that an
infinite increase in the value of the x-coordinate cannot lead
to an infinite increase in the loading forces of cables and their
displacements
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Fig. 3. Dependency of a product of rigidity and displacements of cables with numbers i along the x-axis
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Fig. 4. Dependency of tangents of shear angles of elastic shell between cables with numbers j along the x-axis relative to its average value

Rys. 4. Zalezno$¢ tangenséw katow $cinania powloki sprezystej miedzy kablami o numerach j wzdluz osi x wzgledem jej wartosci $redniej
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At the same time, in cross-section x=lo the condi-
tions of joint deformation of rope parts must be fulfilled

po,* :pi’ (18)
Uy = 4 (19)

From expressions (14), (15) and conditions (18), (19), we
have equalities

B, *ﬂ;lo = 2 5 =1y),
0,n€ A Pn (x=1lp) (20)
_B 2
BO,ne Bulo :Hun (x:lo). (21)

Subtract (21) from (20). We get a system of N - 1 equations
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The solution of obtained system of equations (22) allows
determining the unknown constants and internal loading
forces of cables, and their displacements. The known displace-
ments make it possible to determine tangential stresses in ma-
terial of the elastic shell located between the cables, which are
directly proportional to the tangent of its shear angle

Uj —Ujt]
,

P (1<i<M). (23)

tan(7;) =

With the use of obtained dependencies, stress-strain state
indicators are determined for a rope type RCB-3150 consist-
ing of six cables. The sixth of them is broken. The area length
10 is assumed equal to 0.1 m. Coefficient of change of shear
modulus is 0.5. The results of calculations are given below.
Figure 2 shows the dependency of a ratio of internal loads in
cables to the average load (coefficients of uneven distribution
of forces among the cables) along the x-axis.

Let's pay attention to the fact that x = 10 cm corresponds
to the boundary of rope parts. Presence of a boundary that di-
vides the rope into parts with different values of shear modu-
lus practically does not affect distribution of forces among the
cables. The loads on the broken cable increase as the x-coor-
dinate increases from zero. Cable adjacent to the broken one
is loaded more than the other cables. Its maximum internal
load - the coeflicient of uneven distribution of forces occurs
in the cross-section of cable breakage. This value reaches 1.53.
The value of coefficients of unevenness decreases with a cable
distance from the one adjacent to the broken one and with
distance from the cross-section of breakage. We compare the
values of force concentration coeflicients for cases of linear
and assumed nonlinear dependency of shear modulus on de-
formations. The analysis of results shows that an increase in
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Fig. 2. Dependency of coefficients of uneven distribution of forces among cables with numbers i along the x-axis

Rys. 2. Zalezno$¢ wspotczynnikow nieréwnomiernego rozkladu sit miedzy kablami o liczbach i wzdtuz osi x

1 - for a rope of five cables
2 - for a rope of seven cables

Fig. 6. Coefficients of force distribution among cables in ropes with a different number of cables

Rys. 6. Wspolczynniki rozktadu sit miedzy kablami w linach o réznej liczbie kabli

the area of action of the reduced shear modulus leads to an
increase in the maximum value of coefficient of uneven dis-
tribution of forces among cables. Therefore, when rope part
length is 100 mm, the excess of the force concentration coefhi-
cient reaches 15%. For a rope part length of 500 mm it reach-
es 5%. For the infinite growth of the area of lower rigidity of
rubber layers connecting the damaged cable with its adjacent
cables, the coefficient of uneven distribution of forces infinite-
ly approaches the corresponding coeflicient obtained without
considering the nonlinear law of dependency of shear modu-
lus on the mutual shear of cables.

Butt joints have cross-sections, in which the number of
cables changes, just as it changes in a rope with a broken cable.
Such a change in the number of cables leads to a mutual dis-
placement of cables in a rope cross-section. The cable with a
breakage moves the most relatively to the adjacent ones. This
is observed both in butt joints and in a rope with a broken
cable. Accordingly, the obtained results can be extended to
butt joints. Considering the nonlinearity of rubber shear de-
formations is expedient because the lengths of butt joint steps
are smaller than the sizes of areas of stress disturbance from
local change in the butt joint design.

The ratio between displacements of cables numbered i
and a displacement of the broken cable in the cross-section of
its breakage are shown in the Figure 3.

The displacements of cables shown in Figure 3 in the
cross-section x = 0 correspond to the assumed form of dis-
placements. As the distance from the cross-section of cable
breakage increases, the character of curvature of the rope
cross-sections changes — the amount of curvature decreases.
The established distribution of displacements made it possible
to find distributions of the tangents of shear angles of elastic
material between cables. Figure 4 shows the tangents of shear
angles of elastic shell between cables with numbers i along the
x-axis, relative to its average value.

The shear of cables occurred practically only between the
broken cable and the one adjacent to it. At the same time, ri-
gidity of rubber between the specified cables in a rope part
(0 < x < 10mm) is lower than the rigidity of other layers. The
maximum mutual shear does not change significantly on the
area (0 <x <1 (Fig. 5).

Figure 5 shows a slight deviation of tangents of shear an-
gles of elastic shell from the average value.

In practice, ropes of various designs are used, including
with a different number of cables. Figure 6 shows the depen-
dency of distribution of force distribution coeflicients among
cables in ropes with different numbers of cables.

The figure shows that an increase in a number of cables
in a rope does not significantly affect the maximum values of
internal loading forces of cables. The analysis of expressions
(19), (20) shows that the increase in the number of cables in
a rope over ten practically does not affect the value of maxi-
mum stresses in a case of breakage of the extreme cable. In
case of breakage of the middle cable, the maximum force in
adjacent cables practically does not depend on their number
when there are more than sixteen of them.

4. Conclusions

By analytically solving a model of a rubber-cable trac-
tive element with a broken structure and nonlinear defor-
mation-dependent rubber shear modulus, the dependencies
of changes in a stress state of a rubber-cable tractive element
with a broken structure in a form of a cable breakage are es-
tablished.

In a process of solving the model, an algorithm for deter-
mining a stress state of a rubber-cable tractive element with
a broken structure is formulated. A mechanism for changing
a stress state of a rubber-cable rope is established, consider-
ing the nonlinear deformation-dependent shear modulus of
rubber.
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It is established that an increase in area of action of the
reduced shear modulus leads to an increase in the maximum
value of a coeflicient of uneven distribution of forces between
the cables. With infinite growth of area of lower rigidity of
rubber layers connecting the broken cable with the adjacent
cables, the coefficient of uneven distribution of forces infinite-
ly approaches the corresponding coefficient determined with-
out considering the nonlinear law of the dependency of shear
modulus on deformations.

The obtained results can be extended to butt joints. Consid-
ering the non-linearity of rubber shear deformations is expedient
because lengths of butt joint steps are smaller than sizes of areas
of stress disturbance from a local change in butt joint design.

Considering the nonlinear deformation-dependent shear
modulus of rubber provides an opportunity to specify the
prediction of a rope stress state with a continuity breakage of
cables, increase safety and operational reliability of rubber-ca-
ble tractive elements.

The results are obtained using well-known methods of
theory of composite materials of a rubber-cable rope model
and its solution using analytical methods. The model con-
siders the nonlinear law of rubber deformation. This allows
considering the obtained results as sufficiently reliable and as
such that they clarify the idea of a mechanism of deformation
of rubber-cable ropes and belts.
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Badanie wplywu kompensacji na stabilnos¢ gorotworu oraz jakos¢ wydobywanej rudy
Artykut przedstawia studium i analize funkcjonalng wymagan swiatowego przemystu metalurgicznego co do jakosci rud zelaza
w podziemnych kopalniach Ukrainy. Stwierdzono zaleznosci wplywu ksztaltu i parametrow przestrzeni kompensacyjnych na ich
stateczno$¢ i wskazniki jakosci rudy. Udowodniono, ze komora wyrownawcza w ksztalcie trapezu pionowego charakteryzuje sig
najwigkszq stabilnocig i jest stabilna w zakresie wszystkich rozwazanych glebokosci, nawet w rudach o twardosci 3-5 punktéw.
Mniejszg statecznosé wykazuje komora kompensaciji pionowej o ksztalcie sklepionym z niewielkimi spadkami w przyczotku sklepienia
komory w rudach o twardosci 3-5 punktéw na glgbokosci 2000 m. Komora z opadami o réznym natezeniu wystepuje w dolnej czesci
nachylonych odstonig¢ namiotu w rudach o twardosci 3-5 punktéw na glebokosci 1750 m lub wigkszej. Pomieszczenie kompensacji
poziomej ma najmniejszq stateczno$é; spadki wystepujg w rudach o twardosci 3-5 punktow na glebokosci 1400 m, a na glebokosciach
1750-2000 m pozostajg stabilne tylko w rudach twardszych. Stwierdzono, Ze zastosowanie komér kompensacyjnych o duzej stabil-
nosci umozliwia osiggnigcie ich maksymalnej objetosci, zwigkszenie ilosci wydobywanej czystej rudy, zmniejszenie jej rozrzedzenia,
poprawe jakosci wydobywanej masy rudy, a co za tym idzie, wzrost jej ceny i konkurencyjnosci rynkowej.

Stowa kluczowe: surowce mineralne, kompleksy wydobywcze wyciggowe i transportowe, kompozytowy element trakcyjny, uszkodzona
konstrukcja, powloka elastomerowa, stan naprezeti, rozwigzanie analityczne
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Abstrakt

Podstawowym  kryterium wlasciwego funkcjonowania obiektow przemystowych jest utrzymanie réwnowagi w srodowisku
przyrodniczym. Dzialalnos¢ gornicza zawsze oddziatuje negatywnie na elementy srodowiska: na litosfere, hydrosfere, atmosfere
i biosfere. Zdarza sig, Ze obszary gornicze sgsiadujq z terenami chronionymi i przyrodniczo cennymi. Wydobycie wegla kamiennego
wywotuje diugotrwale i czesto nieodwracalne zmiany w przyrodzie. Dlatego tak wazne jest prowadzenie konsekwentnej rekultywacji
terenéw zdegradowanych. Podejmujgc dzialalnos¢ gérniczg, przedsiebiorstwa zobowigzane sqg do zidentyfikowania i opisania
przewidywanych wplywow na srodowisko przyrodnicze. Ocena oddziatywania na srodowisko powinna zawieraé dane na temat
wplywu na glebe, powietrze, wode, krajobraz i na cztowieka.

W artykule przeprowadzono oceng wplywu oddzialywania eksploatacji zl6z wegla kamiennego na Srodowisko przyrodnicze
z wykorzystaniem wielokryterialnej metody AHP i macierzy Leopolda. Stwierdzono znaczgce oddziatywanie analizowanych wplywow
w przypadku zajecia powierzchni, skfadowania odpadéw i dzialani rekultywacyjnych. Natomiast nie odnotowano negatywnego
wplywu kopalni wegla kamiennego na obszary chronione, co jest nastepstwem dtugofalowych dziatan proekologicznych zakladu.

Stowa kluczowe: wegiel kamienny, LW ,,Bogdanka”, oddzialywanie na srodowisko, macierz Leopolda

1. Wstep

Srodowisko przyrodnicze obejmuje zewnetrzng czesé
skorupy ziemskiej, cz¢$¢ atmosfery, hydrosfere, swiat roslin-
ny i zwierzecy. Srodowisko jest przeksztalcane przez czlowie-
ka poprzez dzialalno$¢ gospodarcza, przemystows i bytowa.
Dzialalno$¢ goérnicza powoduje przeksztalcenia w srodowi-
sku, ktdére okreslane sa mianem szkdéd gérniczych. Na nega-
tywne zmiany najbardziej narazone s litosfera i hydrosfera
[Koziot et al., 2011]. Gérnictwo oddzialuje na elementy $ro-
dowiska w sposdb bezposredni i po$redni. Wplyw bezposred-
ni to zajmowanie terendéw rolnych, lesnych i rekreacyjnych
pod zaklady gornicze i sktadowiska odpadéw. Oddzialywanie
posrednie to szeroko rozumiane wplywy eksploatacji gor-
niczej, w tym przeksztalcenia geomechaniczne, degradacja
gleb, zanieczyszczenia wod i atmosfery. Ocena oddzialywania
gornictwa na $rodowisko powinna zawiera¢ dane na temat
wplywu na czlowieka, faune i flore, powietrze, wodg, glebe
i na krajobraz. Po zakonczeniu procesu eksploatacji zt6z na
zakladach goérniczych cigzy obowigzek rekultywacji terendw
zdegradowanych [Sobczyk, 2007].

Kopalnia ,Bogdanka” jest polozona w Centralnym Re-
jonie Weglowym (CRW), w poéinocno-wschodniej, najlepiej
rozpoznanej cze$ci Lubelskiego Zaglebia Weglowego (fig.
1). Pod wzgledem geograficznym Centralny Okreg Weglowy
lezy w granicach Polesia Lubelskiego, a tylko niewielkie jego
fragmenty przechodza na Wyzyne Lubelska. Lubelski Wegiel
»Bogdanka” SA jest jedyna kopalnia eksploatujacag wegiel ka-
mienny w Lubelskim Zaglebiu Weglowym.

Lubelski Wegiel ,Bogdanka” SA jest jednym z lideréw
rynku producentéw wegla kamiennego w Polsce (fig. 2).
Sprzedawany przez Spolke wegiel kamienny energetycz-

ny stosowany jest przede wszystkim do produkcji ener-
gii elektrycznej, cieplnej. Odbiorcami Spétki s3 w gtownej
mierze firmy przemystowe, przede wszystkim podmioty
prowadzace dziatalnos¢ w branzy elektroenergetycznej, zlo-
kalizowane we wschodniej i pétnocno-wschodniej Polsce.
Kopalnia Lubelski Wegiel ,Bogdanka” SA prowadzi eks-
ploatacje w granicach obszaru goérniczego ,,Puchaczow V”
o powierzchni okolo 73 km?. W obszarze tym spoérod 18
bilansowych pokladéw wegla kamiennego, znajdujacych sie
pod nadkladem od 650 m do 730 m, do eksploatacji wyty-
powano 8 pokladéw o zasobach przemystowych. Kopalnia
posiada koncesje na eksploatacje¢ czterech poktadéw ozna-
czonych numerami: 382, 385/2, 389 i 391. Aktualnie eks-
ploatacja prowadzona jest w pokladach 385/2, 389 i 391
[https://www.lw.com.pl].

Gtéwnym celem pracy bylo dokonanie oceny wplywu
wydobycia wegla kamiennego na przykladzie kopalni LW
»Bogdanka” na srodowisko przyrodnicze. W tym celu wyko-
rzystano wielokryterialng metode AHP i macierz Leopolda.
Celem metody AHP bylo wylonienie elementéw $rodowiska,
na ktére w najwiekszym stopniu oddzialuje gérnictwo wegla
kamiennego. Prawda jest, iz eksploatacja wegla kamiennego
w negatywny sposob wplywa na $rodowisko przyrodnicze,
jednak nie nalezy zapominac o potencjalnych korzysciach ja-
kie przynosi dziatalno$¢ goérnicza, pod warunkiem ze wydo-
bycie prowadzone jest w sposéb zoptymalizowany, a tereny
zdegradowane poddawane sg efektywnej rekultywacji.

2. Obiekty ochrony przyrody
Infrastruktura kopalni oraz obszary gornicze Puchaczéw
V i Streczyn oraz obszar gérniczy Cycdw otoczone s3 tere-
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Fig. 1. Lokalizacja Lubelskiego Zaglebia Weglowego (fot. Lubelski Wegiel ,,Bogdanka” SA)
Fig. 1. Location of the Lublin Coal Basin (photo LW ,,Bogdanka” SA)

Fig. 2. Haldy weglowe Kopalni LW Bogdanka (fot. Lubelski Wegiel ,,Bogdanka” SA)
Fig. 2. Coal heaps of the LW Bogdanka Mine (photo Lubelski Wegiel ,,Bogdanka” SA)

Fig. 3. Obiekty ochrony przyrody w regionie LW ,,Bogdanka” (opracowanie wtasne na podstawie Chibowski, Dzierza, Kozub, 2021)
Fig. 3. Nature protection facilities in the area of LW "Bogdanka" (based on Chibowski, Dzierza, Kozub, 2021)

nami chronionymi. W najblizszym sasiedztwie zlokalizowa-
ne sg: Poleski Park Narodowy, Park Krajobrazowy Pojezierze
Leczynskie, Chelmski Obszar Chronionego Krajobrazu (fig.
3). Obszar goérniczy Ludwin w cze$ci wschodniej obejmu-
je swoim zasiegiem znaczne potacie Parku Krajobrazowe-
go Pojezierze Leczynskie. W jego tez granicach znajduje sig
réwniez rezerwat Brzeziczno wraz z wydzielonym Obszarem
Natura 2000. Polaczone obszary gornicze w czesci centralnej
i wschodniej obejmuja swoim zasiegiem niewielkie potacie
otuliny wspomnianego parku krajobrazowego, ktéra na tym
obszarze zostata wlgczona do obszaru Natura 2000 - ,,Jeziora
Usciwierskie” (KOD PLH 060009). Rejon ten wchodzi row-
niez w sklad obszaru ,,Mi¢dzynarodowy Rezerwat Biosfery —
Polesie Zachodnie”. Od strony wschodniej zlokalizowany jest
Poleski Obszar Chronionego Krajobrazu, a od potudniowego
wschodu - Chelmski Obszar Chronionego Krajobrazu [Chi-
bowski, Dzierza & Kozub, 2021]. Wplyw dzialalno$ci kopalni
LW Bogdanka na obiekty ochrony przyrody zostang oméwio-
ne w czgsci badawczej.

3. Metodyka pracy

Oceng oddzialywania eksploatacji kopalni wegla kamien-
nego na $rodowisko przeprowadzono w wykorzystaniem po-
faczenia wielokryterialnej metody AHP i macierzy Leopolda.
Stosujac metode AHP, uzyskano wielkosci oznaczajace wagi
(priorytety) poszczegélnych czynnikéw w realizacji celu.

Do oceny oddzialywan kopalni wykorzystano metode
AHP oraz metode macierzowa Leopolda. Metoda AHP polega
na poréwnaniu wplywu kopalni na elementy §rodowiska, kto-
re udalo sie zidentyfikowa¢ [Saaty, 2004; Biedrawa & Sobczyk
W., 2010; Giang Huong, 2014] Tymi atrybutami sa: litosfera,
hydrosfera, atmosfera, antroposfera, biosfera, estetyka krajo-
brazu. Atrybuty sa poréwnywane parami pod katem wplywu,
jaki wywiera na nie dziatalnos$¢ kopalni wegla. Presja okresla-
na jest cyfrowo od 1 do 9. Na podstawie tej warto$ci obliczone
zostaly wagi, ktore zostang uzyte w macierzy Leopolda.

Macierz Leopolda jest ilosciowym sposobem analizy
wplywu na $rodowisko badanej KWK , Lubelski Wegiel”. Jest
to sposob na identyfikacje i ilo$ciowe okre$lenie wielkosci
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Tab. 1. Macierz Leopolda dla LW Bogdanka
Tab. 1. Leopold matrix for LW Bogdanka
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hydrosfera 0,31 0,00 4,00/1,24 | 3,00/0,93 | 1,00/0,31 | 3,00/0,93 | 1,00/0,31 | 8,06
atmosfera 0,13 | 1,00/0,13 0,00 1,00/0,13 | 3,00/0,39 0,00 3,00/0,39| 2,21
antroposfera 0,04 | 2,00/0,08 | 1,00/0,04 | 5,00/0,2 |3,00/0,12|2,00/0,08|2,00/0,08| 1,48
biosfera 0,11 | 1,00/0,11 | 2,00/0,22 | 4,00/0,44 | 4,00/0,44 | 3,00/0,33 | 2,000,222 | 4,18
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presji wywieranej przez rézne elementy $rodowiska (litos-
fera, hydrosfera, atmosfera, antroposfera, biosfera i estetyka
krajobrazu), wynikajace z réznych dzialan (lub czynnikéw)
zwigzanych z dzialalno$cia kopalni wegla. Raport skupia si¢
na 13 rodzajach presji, ktére sa spowodowane dziatalnoscia
kopalni wegla: zajecie powierzchni, sktadowanie odpadoéw,
infrastruktura zakltadu goérniczego, sczerpywanie zasobow,
deforestacja, hatas, wibracje, odér odpadéw goérniczych, wody
W procesie przerébczym, dzialania rekultywacyjne, transport
kopaliny, deformacja powierzchni ziemi, emisja pylow i ga-
z6w. W uproszczonej formie macierzy Leopolda, tzn. macie-
rzy oddziatywan, poddano analizie wyszczegoélnione elemen-
ty $rodowiska. Oceniono podatno$¢ elementéw $rodowiska
na wymienione wczeéniej zagrozenia. Site wptywu wyceniono
w skali od 0 do 5 punktéw, gdzie 0 oznaczalo brak oddzialy-
wania, a 5 oddziatywanie bardzo silne [Sobczyk W., Kowal-
ska & Sobczyk, E.J., 2014]. Zastosowana metoda umozliwila
identyfikacje oddzialywan, ktére maja wplyw na komponenty
$rodowiska, a jednocze$nie pozwolita kwantyfikowac¢ site tego
wplywu. W wyniku pomnozenia sit oddziatywan przez wagi
poszczegdlnych elementéw srodowiska oraz kolejno zsumo-
wania wszystkich oddzialywan, uzyskano zagregowana war-
tos¢ sity oddzialywania obiektu na $rodowisko.

4. Wyniki przeprowadzonej analizy

Oddzialywanie analizowanych wplywéw na elementy $ro-
dowiska (fig. 4) jest znaczace w przypadku zajecia powierzch-
ni (4,28), skladowania odpadéw (3,85) i dziatan rekulty-
wacyjnych (3,75). Najstabsze oddzialywanie stwierdzono
w przypadku hatasu (0,45), wibracji (0,38) oraz emisji pytow

i gazow. Sktadowisko skaly plonnej jest zrodlem zjawiska py-
lenia, ale wylacznie podczas wietrznych dni. Pozostate dziata-
nia wykazywaly §rednie oddzialywanie.

Wplyw wydobycia wegla kamiennego na litosfere (13,53)
odzwierciedla sie w postaci sczerpywania zasobdéw, defo-
restacje niezbedna do rozbudowy infrastruktury zakladu
gorniczego (zaklad przerobki wegla), a takze skladowiska
skaly plonnej oraz skltadowania odpadéw gorniczych (tab.
1). Wymienione wyzej czynniki znajdujg odzwierciedlenie
w zmianie formy terenu. Oddzialywanie halasu (0,45), wi-
bracji (0,38) oraz odoru z odpadéw goérniczych (0,32) na an-
troposfere (1,48) jest niewielkie. Nie stanowia one istotnego
zagrozenia ze wzgledu na lokalizacje kopalni i skladowiska
odpaddw na terenach o znikomym stopniu zabudowy miesz-
kalnej. Pozostale rozwazane wplywy, jak emisja pylow i gazow
(1,33) oraz transport kopaliny (2,9), oddzialuja na atmosfere.
Emitorem jest obiekt unieszkodliwiania odpadéw wydobyw-
czych w Bogdance, ktory moze by¢ zrodlem pylenia w czasie
suchych i wietrznych dni. Emisja do powietrza pochodzi réw-
niez ze spalania paliw w silnikach spalinowych wykorzysty-
wanych w kopalni, proceséw spawania oraz wymiany czynni-
ka chlodniczego w urzadzeniach klimatyzacyjnych.

Z wyodrebnionych szesciu grup kryteriéw najbardziej
podatna na oddzialywanie eksploatacji wegla kamienne-
go w analizowanym obszarze okazala sie litosfera (13,53),
a nastepnie hydrosfera (8,06) (fig. 5). W przypadku Kopalni
»Bogdanka” oddzialywanie na hydrosfere wiaze si¢ z drena-
zem wod wglebnych w iloéci niezbednej do prawidlowego
funkcjonowania kopalni. Srednia roczna ilo§¢ wypompowa-
nych wdd z odwodnienia Kopalni Lubelski Wegiel ,,Bogdan-
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Fig. 4. Intensywnos¢ oddziatywania zdiagnozowanych rodzajéw wpltywow na elementy srodowiska

Fig. 4. The intensity of the impact of the diagnosed types of impact on the elements of the environment

Fig. 5. Roza wiatrow. Ocena oddzialywania obiektu na poszczegoélne elementy srodowiska

Fig. 5. Wind rose. Evaluation of the impact of the facility on individual elements of the environment

ka” SA wynosi okoto 24140 m*/dobe, mineralizacja taczna
$rednio ok. 1700 mg/dm?, przy zawartosci jonéw Cl- i SO, ?
okoto 1000 mg/dm®. Zawartos¢ jonow Cl- i SO,  kwalifikuje
wody dotowe do II grupy - wod przemystowych (wg podziatu
GIG) [Mirkowski & Badera, 2015]. Poprzez m.in. deforestacje
i sktadowanie odpadéw odnotowano znaczace oddziatywanie
na biosfere (4,18) oraz estetyke krajobrazu (2,88). Zmiany
zwigzane z deformacja powierzchni i rozbudows infrastruk-
tury gérniczej réwniez wplywaja na estetyke krajobrazu. Nie-
mniej prowadzone dziatania rekultywacyjne przyczyniaja sie
do poprawy krajobrazu. Pozostale rozwazane elementy, jak
emisja pytow i gazéw, spaliny pochodzace z transportu wegla
kamiennego, wplywaja negatywnie na atmosfere (2,21).

5. Conclusions

Ocena oddzialywania Kopalni Wegla Kamiennego LW
»-Bogdanka” wykazuje, ze najbardziej podatnym na zmiany
elementem $rodowiska jest litosfera. Silna presja obserwo-
wana jest w hydrosferze, gléwnie w wodach wglebnych. Po-
wstawanie szkéd goérniczych wokoél kopalni spowodowane
jest wydobywaniem wegla metoda z zawatem. Szkody te uwi-
daczniajg si¢ w postaci osiadania terenu i podsigkaniu wéd
gruntowych.

Zmiany w atmosferze zwigzane sa gtéwnie z emisja py-
16w i gazéw oraz transportem wegla kamiennego. Zrédlem
emisji zanieczyszczen do atmosfery jest zwatowisko odpadow
(hatda), a takze sklady wegla, punkty zaladunku wegla oraz
zaklad przerdbki wegla. Skladowisko skaly ptonnej powodu-

je nieznaczne pylenie, ktore nasila sie tylko w czasie suchych
dni. Jest to zjawisko bardzo zmienne, zalezne od warunkéw
atmosferycznych (silne wiatry), a jego zasieg moze siega¢ do
kilkudziesieciu metréw. Pylenie likwiduje si¢ poprzez zrasza-
nie haldy i jej biezacg rekultywacje.

Odnotowano znaczace zmiany w biosferze i w estetyce
krajobrazu, ktére spowodowane sa deformacja powierzchni,
sktadowiskami odpadéw (halda) i deforestacjg terenu, nie-
zbedng do rozbudowy infrastruktury gérniczej, m.in. zakladu
przerobki mechanicznej wegla kamiennego. W dziatalno$ci
kopalni wegla kamiennego obserwuje si¢ niewielkie zmiany
w antroposferze, gdyz kopalnia ulokowana jest na terenach
oddalonych od zabudowy mieszkalne;.

Wplyw kopalni wegla kamiennego na obszary chronione
jest niewielki. Jest to efekt dtugofalowych dziatan proekolo-
gicznych zaktadu, wdrozenia Zintegrowanego Systemu Zarza-
dzania Jakos$cig Srodowiskiem i bhp, zgodnie z wymaganiami
norm stanowigcych fundament systemu ISO 9001:2015, ISO
14001:2015 oraz ISO 45001:2018, jak réwniez biezacej dzia-
falnosci operacyjnej, minimalizujacej wplyw zakladu na §ro-
dowisko [GIG, 2004]. Na Obszarze Gorniczym ,,Puchaczéw
V> powstaly dwa duze zalewiska poeksploatacyjne: na pétnoc
od szybéw gléwnych Pola Bogdanka na powierzchni okoto
100 ha oraz w rejonie Pola Nadrybie okoto 30 ha. Zalewisko
w rejonie Nadrybia zostalo ujete w sie¢ ,Natura 2000” [Lysz-
czarz, 2005]. Podsumowujac, nalezy stwierdzi¢, ze wplyw
dzialalnosci kopalni wegla kamiennego LW Bogdanka na $ro-
dowisko przyrodnicza jest relatywnie niewielki.
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Impact of a Mining Facility on the Environment, on the Example of the Hard Coal Mine
LW Bogdanka (Poland)

The basic criterion for the proper functioning of industrial facilities is to maintain balance in the natural environment. Mining activity
always has a negative impact on the elements of the environment: the lithosphere, hydrosphere, atmosphere and biosphere. It happens
that mining areas are adjacent to protected and environmentally valuable areas. Hard coal mining causes long-term and often irrever-
sible changes in nature. That is why it is so important to conduct consistent reclamation of degraded areas. When undertaking mining
activities, companies are required to identify and describe the anticipated impacts on the natural environment. The environmental
impact assessment should include data on the impact on soil, air, water, landscape and humans.

The article eyvaluates the impact of hard coal mining on the natural environment using the multi-criteria AHP method and the Le-
opold matrix. A significant impact of the analyzed impacts was found in the case of occupation, landfill and reclamation activities.
On the other hand, no negative impact of the hard coal mine on protected areas was recorded, which is a consequence of the plant's
long-term pro-ecological activities.

Keywords: hard coal, LW "Bogdanka", impact on the environment, Leopold matrix
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Abstract

The study aims to analyze the measurement data of PM10 particulate matter in the Krakow agglomeration. It develops a model of the
backward trajectory of air masses to determine whether and to what extent natural phenomena, such as forest fires outside Poland,
affect the level of air pollution.

The article describes the process of pollutant dispersion in the Earth’s atmosphere and the principles of air monitoring in the Krakow
agglomeration. The study uses 2022 measurement data from ten monitoring stations of the Chief Inspectorate of Environmental
Protection in the Krakow agglomeration. Two periods of increased PM10 particulate matter were selected. On the basis of the
HYSPLIT software, which uses backward air trajectories, the influx of transboundary pollution was simulated. Then, by analyzing the
FIRMS fire information system, an attempt was made to document that the pollution sources considered were of natural origin and

that human activity did not in any way determine the emissions and their magnitude.

Keywords: particulate pollution, air pollution modeling, air quality assessment, environmental monitoring, forest fires

1. Introduction

The Earth’s atmosphere is the outer gaseous envelope
whose function protects living beings from rapid changes in
temperature, electromagnetic radiation, and the fall of meteo-
roids. The composition of the air depends on many factors
and can change depending on the climate, season, and even
time of day. Air is a homogeneous mixture of gases characte-
rized by its lack of odor, color, and taste and poor solubility
in water [5]. With the influx of various substances, both from
natural and anthropogenic sources, there is a change in the
natural composition of the atmosphere. The primary origin of
anthropogenic sources includes electricity and heat produc-
tion, domestic furnaces, industry, transportation, and agricul-
ture. In contrast, sources of natural origin include volcanic
eruptions, forests, savannahs, steppe fires, rock and soil ero-
sion, and biological processes. Among the substances emitted
into the ambient air are nitrogen oxides, sulfur oxides, carbon
monoxide, tropospheric ozone, volatile organic compounds,
PAHs, and, above all, PM10 (particles smaller than 10 pm in
diameter) and PM2.5 (very fine particles less than 2.5 um in
diameter). These pollutants can directly affect the environ-
ment, such as by causing smog, and indirectly by accumula-
ting toxic compounds in living organisms [1, 6].

Pollutants emitted into the environment are dispersed.
Three factors that affect the dispersion of pollutants include
meteorological, topographical, and technical factors. Undoub-
tedly, meteorological factors have a decisive influence, as clima-
tic parameters are subject to the most significant changes due
to atmospheric turbulence, vertical temperature gradient, wind
action, mixing zone thickness, and precipitation [9].

The air quality measurement system plays a crucial role
in identifying pollution. Poland’s measurements are carried

out as part of the State Environmental Monitoring program to
provide reliable information on the state of the environment.
Multi-year programs have been developed by the Chief In-
spectorate of Environmental Protection and approved by the
Climate Minister. Environmental monitoring is carried out in
all voivodships. The number of permanent measuring stations
depends on the number of inhabitants, the type and the so-
urces of emissions, and exceedances of permissible concen-
trations. The measurement stations are located according to
their purpose and the area of representativeness of the results
obtained in terms of the type of station. A distinction is made
between urban, suburban, traffic, industrial, non-urban, and
regional background stations [4].

The selection of the location of the measurement points
involves multistage planning and compliance with strict cri-
teria described in the Environmental Ministry Regulation of
September 13, 2012, on the assessment of the levels of sub-
stances in the air. The ordinance specifies location criteria on
a micro- and macro-scale. First, in the case of PM10, special
care is taken to ensure that the airflow within a few meters
around the air intake is not impeded by other obstacles in the
form of shrubs, trees, and buildings, and in the case of traffic
stations at least 0.5 meters from buildings and 25 meters from
the edge of the main intersections. Another crucial require-
ment is the elevation or height of the air intake station within
the range between 1.5 and 4 meters above ground level. The
design of the air intake station is also crucial for preventing
the re-intake of the discharged air. For the latter scale regar-
ding PM10, the station’s location should be selected in terms
of the study areas with the highest levels of substances to
which the population is exposed during the averaging period
of the results, as well as for those areas where the limit, tar-
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Tab. 1. The minimum number of continuous measurement points required to assess the air quality of PM10 particulate matter [8]

Tab. 1. Minimalna liczba statych punktéw pomiarowych wymagana na potrzeby oceny jakosci powietrza dla pytu zawieszonego PM10 [8]

Mini Number of Conti Measurement Points
Zone Population (in The level of substances in the air The level of substances in the air between
Th d exceeds the upper threshold estimate | the upper and lower thresholds estimates
PM10 Particulate Matter PM10 Particulate Matter

0-249 2 1
250 - 499 3 2
500 - 749 3 2
750 - 999 4 2
1000 - 1499 6 3
1500 - 1999 7 3
2000 - 2749 8 4
2750 - 3749 10 4
3750 - 3749 11 6
4750 - 5999 13 6
> 6000 15 7
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Fig. 1. PM2.5, PM10, NO2, and SO: in selected regions of Poland in 2020 [2]
Fig. 1. PM2.5, PM10, NO: i SOz w wybranych regionach Polski w 2020 r. [2]

get and long-term goal levels of substances in the air are esta-
blished. The minimum number of fixed measurement points
to measure PM10 particulate matter depends on the number
of residents (a directly proportional relationship) (Table 1).
Additionally, the results must represent the place of the im-
pact of transportation or industry. In the case of industrial
impact, the location of at least one measurement point should
be on the leeward side of the installation in the vicinity of a
nearby residential area [8].

Particulate pollution is hazardous to the environment.
Particulates adversely affect the health of humans and ani-
mals, disrupt the physiological functions of plants, and lead
to the destruction of building materials. Under conditions
of temperature inversion and high concentrations of sulfur
dioxide, winter smog can form. This phenomenon irritates the
respiratory tract and circulatory system of living organisms.
During an outbreak of acid smog in London in 1952, more
than 4,000 people died within a few days. The WHO confirms
the negative impact of particulate matter that causes many di-
seases and disorders. The more urbanized and industrialized
the area, the more significant the impact of pollution [3].

An example of an urbanized area is the Krakow agglo-
meration, which is struggling with many environmental pro-
blems [7]. Despite the ban on burning solid fuels, elevated
and exceeded concentrations of particulate pollutants are
observed in Krakow due to the lack of restrictions in the sur-
rounding communities. Local industry and transport contri-
bute a large share of dust emissions [1, 4]. According to the
2021 Regional Development of Poland Report by the Central
Statistical Office, dust emissions from establishments particu-
larly detrimental to clean air were observed in 37 large cities
in 2020. Figure 1 presents the values of the average annual

concentrations of air pollutants in Poland. The highest con-
centrations of PM10 particulate matter, right after the Ryb-
nik-Jastrzgbska agglomeration, were recorded in the Krakow
agglomeration (29 pg/m?) [2].

2. Purpose and Methods

The study aimed to analyze the measurement data of
PMI10 particulate matter in the Krakow agglomeration and
to build a model of the backward trajectories of air masses
to determine the contribution of natural phenomena to air
pollution.

The study used 2022 measurement data from ten Chief
Inspectorate of Environmental Protection monitoring sta-
tions in the Krakow agglomeration. During data analysis, two
periods lasting several days that exceeded limit levels or abo-
ve-average concentrations of PM10 particulate matter outsi-
de the heating period were selected. The monitoring stations,
both automatic and manual, are shown in Figure 2. If a station
made measurements using both methods, measurements per-
formed using the manual method were included in the analy-
sis of daily averages due to their higher precision. Among the
measurement stations were [11]:

1)
(international station code: PL0501A), with the coordina-
tes: 50.010575 N and 19.949189 E and an altitude of 223 m
above sea level. The station measures PM10, PM2.5, benzo(a)

Krakow urban background station, Bujaka Street

pyrene, arsenic, benzo(anthracene), benzo(b)fluoranthene,
benzo(j)fluoranthene, cadmium, dibenzo(a,h)anthracene, in-
deno(1, 2, 3-cd)pyrene, nickel, in PM10 with a 24-hour avera-
ging time and PM10, nitric oxide, nitrogen dioxide, nitrogen
oxides, ozone, sulfur dioxide, benzene with a 1-hour avera-
ging time;
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Fig. 2. Map of measuring stations in the Krakow agglomeration [11]

Fig. 2. Mapa stacji monitoringu w aglomeracji krakowskiej [11]
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Fig. 3. Measurement data from PM10 particulate matter monitoring stations in period one at 12:00 pm [compiled from 11]

Fig. 3. Dane pomiarowe ze stacji monitoringu pylow zawieszonych PM10 w epizodzie pierwszym dla godziny 12:00 [opracowanie na podstawie 11]
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Fig. 4. Measurement data from PM10 particulate matter monitoring stations in period two at 12:00 pm [compiled from 11]

Fig. 4. Dane pomiarowe ze stacji monitoringu pyléw zawieszonych PM10 w epizodzie drugim dla godziny 12:00 [opracowanie na podstawie 11]

2)  Krakow industrial station, Bulwarowa Street (in-
ternational station code: PL0039A), with the coordinates
50.069308 N and 20.053492 E and an altitude of 195 m above
sea level. The station measures PM10, benzo(a)pyrene, arse-
nic, cadmium, nickel, and lead in PM10 with a 24-hour ave-
raging time and PM10, PM2.5, benzene, carbon monoxide,
nitrogen oxide, sulfur dioxide with a 1-hour averaging time;

3) Krakow urban background station, Piastow Estate
(international code of the station: PL0642A), with the coordi-
nates 50.098508 N and 20.018269 E and an altitude of 239 m
above sea level. The station measures PM10 particulate matter
and benzo(a)pyrene in PM10 with a 24-hour averaging time
and PM10 with a 1-hour averaging time;

4)  Krakow transportation station, Dietla Street (inter-
national station code: PL0641A) with coordinates 50.057447
N and 19.946008 E and altitude 209 m above sea level. The
station measures PM10 particulate matter, nitrogen oxide, ni-
trogen dioxide, nitrogen oxides with a 1-hour averaging time;

5) Krakow urban background station, Swoszowice
District (international code of the station: PL0735A) with
coordinates 49.991442 N and 19.936792 E and an altitude of
236 m above sea level. The station measures PM10 particulate
matter and benzo(a)pyrene in PM10 with a 24-hour averaging
time and PM10 with a 1-hour averaging time;

6)  Krakow industrial station, Wadow Estate (interna-
tional station code: PL0670A) with coordinates 50.100569 N
and 20.122561 E and an altitude of 218 m above sea level. The
station measures PM10, benzo(a)pyrene, arsenic, cadmium,
nickel, lead in PM10 with a 24-hour averaging time and PM10
with a 1-hour averaging time;

7)  Krakow urban background station, Zloty Rog Street
(international code of the station: PL0643A) with coordinates
50.081197 N and 19.895358 E and an altitude of 218 m above
sea level. The station measures PM10 particulate matter and
benzo(a)pyrene in PM10 with a 24-hour averaging time and
PM10 with a 1-hour averaging time;
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1200 UTC 01 Jul 22
GDAS Meteorological Data
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Fig. 5. HYSPLIT model of backward trajectories of air masses from June 27 to July 1, 2022 [compiled from 12]

Fig. 5. Model HYSPLIT wstecznych trajektorii mas powietrza w okresie od 27 czerwca 2022 r. do 1 lipca 2022 r. [opracowanie na podstawie 12]

Fig. 6. FIRMS data on fires during the first period of increased concentrations of PM10 particulate matter between August 16-20, 2022 [10]

Fig. 6. Dane FIRMS o pozarach w czasie pierwszego epizodu zwigkszonego stezenia pyléw zawieszonych PM10 w okresie od 16 sierpnia 2022 r. do
20 sierpnia 2022 r. [10]

8)  Niepolomice urban background station, 3 May
Street (international station code: PM0125A) with coordina-
tes 50.035117 N and 20.212689 E and altitude 201 m above
sea level. The station measures PM10 particulate matter and
benzo(a)pyrene in PM10 with a 24-hour averaging time and
PM10 with 1-hour averaging time;

9)  Skawina urban background station, Ogrody Esta-
te (international station code: PL0273A) with coordinates:
49.971047 N and 19.830422 E and an altitude of 225 m above
sea level. The station measures nitrogen oxide, carbon dioxi-
de, oxides of nitrogen, PM10 particulate matter, sulfur dioxi-
de, and benzene with a 1-hour averaging time.

10) Zabierzow urban background station, Wapienna
Street (international station code: PL0728A) with coordina-
tes: 50.116028 N and 19.800639 E and an altitude of 238 m
above sea level. The station measures PM10 particulate matter
and benzo(a)pyrene in PM10 with a 24-hour averaging time
and PM10 with a 1-hour averaging time.

Daily average measurement data for the periods used for
the analysis:

1. From June 28 to July 1, 2022, when daily valu-
es of PM10 particulate matter from 15.1 pg/m’ to
47.7 pug/m® were recorded;

2. From August 24-27, 2022, when daily values of su-
spended particulate matter from 25.2 pg/m? to 59.4
pg/m® were recorded, and the 24-hour limit level of
50 pg/m® was exceeded at the station numbers: 1), 2),
3),4),7), 10).

The measured values of the individual monitoring sta-
tions in period one at noon are shown in Figure 3. On June
28, 2022, notably increased PM10 values were observed at
stations 2) and 4), reaching values of more than 75 pg/m®.
Analyzing historical weather data on that day on the We-
ather Spark platform (https://pl.weatherspark.com), the
following weather parameters were observed in Krakow: al-
most cloudless skies and a temperature of 30°C and at noon,
an average wind speed of 7.49 km/h, measured at the height
of 10 meters [13]. Such weather conditions and the lack of
precipitation favored the occurrence of high concentrations
of air pollution.
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Fig. 7. HYSPLIT model of backward air trajectories from August 23-27, 2022 [compiled from 12]
Fig. 7. Model HYSPLIT wstecznych trajektorii powietrza w okresie od 23 sierpnia 2022 r. do 27 sierpnia 2022 r. [opracowanie na podstawie 12]

Fig. 8. Map of FIRMS data on fires during the second period of increased concentrations of PM10 particulate matter from August 24-28, 2022 [10]

Fig. 8. Mapa danych FIRMS o pozarach w czasie drugiego epizodu zwiekszonego stezenia pytow zawieszonych PM10 w okresie od 24 sierpnia 2022
r. do 28 sierpnia 2022 r. [10]

The highest concentrations of PM10 dust were recorded
on August 25, 2022. Upon analyzing data from the mentioned
weather platform, the day was characterized by partial cloud
cover, an air temperature that reached 26°C, and an average
wind speed of 7.41 km/h [13]. As in the first period, the we-
ather conditions also contributed to the high PM10 values. In
the case of period two, equally increased values were observed
at all stations at noon, as confirmed by Figure 4.

Based on the HYSPLIT software (Hybrid Single-Particle
Lagrangian Integrated Trajectories, https://www.ready.noaa.
gov/hypub-bin/trajsrc.pl), using backward air trajectories, the
influx of transboundary pollutants was simulated in selected
periods of elevated PM10 concentrations. Based on European
Commission guidelines, the simulation included: 5-day bac-
kward trajectories of air masses, measurement data for noon,
a simulation of three elevations: 750 m above sea level, 1500
m above sea level, 2500 m above sea level, and a vertical wind
speed profile.

The next step was to analyze NASA’s Fire Information for
Resource Management System (FIRMS) to identify whether the
prevailing fires during the period affected the measurements.

This type of analysis allows us to determine whether elevated
concentrations of PM10 particulate matter in the Krakow me-
tropolitan area were of natural or anthropogenic origin.

3. Results and Discussion

During the analysis of the first HYSPLIT model of bac-
kward trajectories of air masses from June 28 to July 1, 2022
(Fig. 5), an influx of masses was observed from the south of
Poland. For preset heights of 750 m above sea level and 1500
m above sea level, trajectories could be observed coming from
Ukraine via Romania and Slovakia. However, in the case of
the highest altitude (2,500 meters above sea level), the masses
were coming from Spain, through the French coast and Italy,
to the Balkan Peninsula and Slovakia.

Observing the map of fires during the first period,
shown in Figure 6, despite individual fires in most countries,
special attention is drawn to the fact that there is a large out-
break of fires in Italy and Ukraine. A simulation of incoming
air masses shows that natural phenomena in these areas in-
directly affect the degree of air pollution in the Krakow me-
tropolitan area.
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Figure 7 presents the HYSPLIT model for August 23-27,
2022. In the second analyzed period, air masses were ob-
served from the east and the south. For the simulation’s pre-
set altitude of 750 m above sea level and 1500 m above sea
level, the masses came from Kazakhstan, Russia, and Ukra-
ine. The air masses at 2500 m above sea level came from so-
utheastern Europe. Therefore, it can be concluded with a high
probability that dust from areas on Poland’s eastern border
may have entered the Krakow agglomeration along with the
influx of air.

Considering the influx of air masses, let us note the large
fire outbreak in Ukraine and southern Europe. In the example
of the fire map shown in Figure 8, it is also possible to see
the spread of fires in most countries between August 24-28,
2022. Tt is estimated that the influx of pollutants from the fi-
res indirectly contributed to the increase in air pollution in
the Krakow metropolitan area during this period. In the first
and second periods, the sources were natural phenomena,
and emissions and their magnitude were not determined by
human factors.

4. Conclusions
The study made it possible to assess the daytime variabi-
lity of meteorological conditions and document that in the

analyzed periods of increased PM10 pollution in the Krakow
agglomeration, i.e., from June 2 to July 1, 2022, and from Au-
gust 24 to 27, 2022, the pollution sources considered were of
natural origin, as a result of spreading fires in eastern Europe.
Human activity in no way determined the fact of the emis-
sions themselves and their magnitude.

In the first period, a simulation with the HYSPLIT so-
ftware shows retrograde trajectories from Ukraine, through
Romania and Slovakia, and from Spain, through the French
coast, Italy, to the Balkan Peninsula, and Slovakia. However,
the second period shows an influx of air masses from Kazak-
hstan, Russia, and Ukraine, as well as from the southern part
of Europe. As mentioned above, the increase in air pollution
in the Krakow agglomeration was correlated with the spread
of fires in the regions.

Undoubtedly, air monitoring in Poland provides reliable
information on the state of the environment, giving residents
a sense of security and allowing them to respond to the pre-
sence of pollution, both from natural and anthropogenic
sources. Measurements of monitoring stations in 2022 con-
firmed the problem of PM10 pollution above the daily limit
value, so the developed models can be used in the future to
predict the impact, even distant natural phenomena far from
the surveyed area.
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Transgraniczne zanieczyszczenie powietrza w aglomeracji krakowskiej z zastosowaniem modelu
HYSPLIT

Celem badan byla analiza danych pomiarowych pytow zawieszonych PM10 na terenie aglomeracji krakowskiej oraz wykonanie mo-
delu trajektorii wstecznych mas powietrza w celu okreslenia, czy i w jakim stopniu zjawiska naturalne, takie jak pozary laséw poza
granicami Polski, wplywajg na stopieri zanieczyszczenia powietrza.

W artykule opisano proces dyspersji zanieczyszczei w atmosferze ziemskiej oraz zasady monitoringu powietrza w aglomeracji kra-
kowskiej. Do opracowania postuzono sie danymi pomiarowymi z 2022 r. z dziesieciu stacji monitoringu Glownego Inspektoratu
Ochrony Srodowiska, znajdujgcych si¢ na terenie aglomeracji krakowskiej, gdzie wytypowano dwa epizody zwigkszonego stopnia
zanieczyszczenia pylami zawieszonymi PM10. Bazujgc na oprogramowaniu HYSPLIT, ktéry wykorzystuje wsteczne trajektorie po-
wietrza, przeprowadzono symulacje naplywu zanieczyszcze transgranicznych. Nastepnie analizujgc system informacji o pozarach
FIRMS, podjeto si¢ préby udokumentowania, iz uwzglednione Zrodla zanieczyszczen mialy pochodzenie naturalne, a dziatalnos¢
cztowieka w zaden sposéb nie decydowala o emisji i jej wielkosci.

Stowa kluczowe: zanieczyszczenie pylowe, modelowanie zanieczyszczert powietrza, ocena jakosci powietrza, monitoring srodowiska,
pozary laséw
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Abstract
The purpose of the article is to characterize crisis management, including the main stages of the activities of anti-crisis headquarters.
The paper presents extensive examples of critical infrastructure and develops sample maps in QGIS software, which can be important
tools in conducting the activities of crisis management services. It presents A Free and OpenSource Geographic Information System
QGIS software for identifying selected critical infrastructure objects based on available GIS Open data from the Malaysian region and
Poland. The analysis presents selected geoprocessing tools for generating areas with a set distance from identified critical infrastructure
objects called buffers. Buffer layers are areas, visible on the generated maps, that can be used as a tool to visualize potential actions
for emergency management services. Identifying these buffer zones makes it possible to build strategies for implementing adequate
prevention or rescue actions during an emergency. Risk classification in specific buffer zones is presented, which can be used to
optimize the actions taken by crisis management services. A wide range of functionality of geographic spatial information systems is
demonstrated, which increases the efficiency of operations and optimization of decision-making in crisis management. The publication

can provide a valuable example of the use of available information systems in crisis management.

Keywords: geomatics, crisis management, critical infrastructure

1. INTRODUCTION

The dynamic development of civilization brings with it many
changes and megatrends, which at the same time have a positive
impact on the quality of life of society, but on the other hand,
bring dynamic changes for ecology on a global scale[1,2].

Progressive digitization and dynamic development of new
technologies is associated with a new era in the so-called Indu-
stry 4.0 and 5.0., however, it is still employees in the organization
that are the main foundations for further development [3-6].

Every human activity is associated with risk, therefore there
is a great need to reduce and prevent this risk, so as to effectively
limit potential material and moral losses. Therefore, the subject
of crisis management and the role of IT systems in the effective-
ness of these activities has been addressed in this article.

The dynamic development of information systems is widely
used in the practice of emergency management. Geographic in-
formation systems are tools that allow the collection, manage-
ment and analysis of data on the spatial location of objects and
phenomena, which involves working with layers containing the
data under study and allowing their visualization through maps
and 3D scenes.

In emergency management, GIS can, among other thin-
gs, provide secure access to up-to-date information necessary
for accurate decision-making[7, 8]. GIS are used in practice
to create, among other things, various types of hazard maps,
which depict the geographic area covered by a hazard, taking
into account various event scenarios; risk maps, also known as

a risk matrix or risk model, which provide a description of the
effects of a hazard on people, the environment, property and
infrastructure.

Tasks of GIS in emergency management GIS provides con-
siderable opportunities in managing, predicting and evaluating
facts in emergency situations; they are useful for decision-ma-
king in all management functions (planning, organizing, leading,
controlling). The application of GIS in emergency management
can consist of the following tasks:

«  managing information about actual and/or potential
threats, identifying and assessing sources of threats,
quick access to collected data, combining information
layers,

«  inventorying objects and events, integrating data obta-
ined from various sources,

o  performing in-depth spatial analyses, modeling and si-
mulations, creating thematic maps,

o hazard maps, e.g. forecasting the impact zone of clouds
of released toxic substances, flood hazard maps,

« analysis of land use, assessment of its exposure to po-
tential hazards, and resources of services, inspections
and guards that can take action,

«  emergency risk analysis, modeling of emergency deve-
lopment, identification of disaster-prone areas,

o planning of rescue operations, determination of points
of intersection of roads with the danger zone to deter-
mine the location of law enforcement patrols isolating
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Fig. 2. Stages of GIS project. Source: own elaboration

Rys. 2. Etapy projektu GIS. Zrédlo: opracowanie wlasne

the danger zone, coordination of the activities of vario-
us services during rescue operations,

o identification of address points for which evacuation
should be carried out, designation of places for evacu-
ation of the population in case of emergency,

o estimating the number of people in the threatened area,

o studying the distribution of fires and other incidents,

o -analysis of floodplains during floods (flood risk maps),

o monitoring changes and determining the amount of
damage,

o publishing maps and information on the Internet, and
others. These tasks form the basis of the activities carried
out by the services responsible for ensuring security. [9].

In this article, we will refer to the term critical infrastructure
defined as real and cyber systems including: facilities, equipment
or installations that are necessary for the minimum functioning
of the economy and the state. Examples of critical infrastructu-
re on a national and regional scale may include such systems as
energy, water, food, energy resources and fuels supply, commu-
nications systems, ICT networks, financial systems, rescue and
health systems, transportation systems, etc. Critical infrastruc-
ture plays a key role in the functioning of any state and is there-
fore subject to special oversight. As a result of events caused by,
among other things, forces of nature or as a consequence of hu-
man actions, critical infrastructure may be destroyed, damaged,
and its operation may be disrupted, so that the lives and property
of citizens may be endangered. The cause of damage to critical
infrastructure can be a disaster of various kinds, which is also
interchangeably referred to as a crisis that causes destabilization
and a sense of insecurity and can affect a community. Hence, the
protection of critical infrastructure is one of the priorities facing
government institutions of countries. The essence of the tasks re-
lated to critical infrastructure boils down not only to ensuring
its protection from threats, but also to ensuring that any damage
and disruptions to its functioning can be dealt with in the opti-
mal time and do not cause additional losses to citizens and the
economy. Hence, crisis management services are established in
countries, ready to respond in case of emergency in areas affec-
ted by disaster or other random events. Emergency management
services carry out activities in four main phases. In the first pha-

se, the services always carry out activities aimed primarily at
preventing undesirable events, and these activities are primarily
related to actions to eliminate, reduce or limit the effects of possi-
ble hazards. The second phase concerns preparatory activities re-
lated to advance planning of undertakings in the event of a threat
or disaster, and securing resources of forces and means to carry
out rescue operations. The third phase of activities is response,
the purpose of which is to halt the development of the emergency
situation, provide direct assistance to the injured and limit losses
and damage. The fourth stage of emergency management servi-
ces is reconstruction, which is the type of action in the event of a
disaster, which concerns material and moral undertakings aimed
at restoring the previous state of affairs, before the emergency.

The purpose of the article is to characterize crisis manage-
ment, including the main stages of the activities of anti-crisis he-
adquarters. The paper presents extensive examples of critical in-
frastructure and develops sample maps in QGIS software, which
can be important tools in conducting the activities of crisis ma-
nagement services. This paper presents A Free and Open Source
Geographic Information System QGIS software for identifying
selected critical infrastructure objects based on available GIS
Open data from the Malaysian region and Poland. The analysis
presents selected geoprocessing tools for generating areas with a
set distance from identified critical infrastructure objects called
buffers. Buffer layers are areas, visible on the generated maps, that
can be used as a tool to visualize potential actions for emergen-
cy management services. Identifying these buffer zones makes it
possible to build strategies for implementing adequate preven-
tion or rescue actions during an emergency. The publication can
provide a valuable example of the use of available information
systems in crisis management.

2. THE FUNCTIONALITY OF QGIS SOFTWARE

A significant part of objects, phenomena and processes occu-
rring in reality are spatial in nature, as they are defined by a speci-
fic place and time. All data on spatial objects, including phenome-
na and processes, located or occurring in space are called spatial
data. This data, properly analyzed and interpreted, is a source of
spatial information. Figure 1 shows the process of extracting from
the complex real world selected elements, for example, selected
critical infrastructure objects, with specific characteristics, which
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Fig. 3. Identification of critical infrastructure facilities in QGIS region Malaysia

Rys. 3. Identyfikacja obiektow infrastruktury krytycznej w regionie QGIS Malezja

Fig. 4. Determination of buffer zones for surveyed critical infrastructure objects in QGIS Malaysia region

Rys. 4. Wyznaczenie stref buforowych dla badanych obiektéw infrastruktury krytycznej w regionie QGIS Malaysia

after appropriate interpretation and analysis provide specific spa-
tial information, otherwise known as geo-information.

GIS is an acronym for Geographic Information System and
is usually defined as an organized set of computer hardware, so-
ftware, spatially (or geographically) referenced data, and people
(contractors and users), created to efficiently: storing/collecting,
sharing, processing, analyzing, and visualizing spatial (geo-
graphic) data.

The development of GIS began less than fifty years ago, when
Roger Tomlinson developed a model for collecting spatial data
and created the world's first GIS system - the Geographic Infor-
mation System of Canada. Its creation initiated the rapid deve-
lopment of GIS tools and analytical methods and techniques. In
the early days of GIS implementation, they were mainly applied
to professional projects for administration, management and
planning, and scientific research.

This is because geographic data is understood to be that
which is referenced to geographic coordinates, that is, it pre-
serves spatial relationships corresponding to a specific carto-
graphic mapping. Spatial data, on the other hand, can be mapped
in any datum that uses rectangular coordinates (x, y), so also
geographic reference, hence spatial data is considered to encom-
pass a broader set, including geographic data. GIS data represent
the results of measurements or otherwise acquired features that
characterize the location, type and characteristics of an object,
its size, composition, physical, chemical properties, legal status,
etc. Data are represented by numbers, letters, symbols or in any
other form suitable for entering into a computer and for further
processing and visualization. They can appear in the form of so-
-called discrete or continuous data, which correspond to the two
main types of layers, namely vector and raster data. Spatial in-
formation is supplemented by descriptive data, which as such is
non-spatial data, but contains characteristics of the previous two
types of data and is related to them.

3. METHODOLOGY AND DATA

This article presents the final GIS maps in which buffer zones
were applied to vector layers representing critical infrastructure
objects. The analysis was based on the four stages of GIS design
presented in Figure 2, which are Identifying targets, collecting
data, performing analysis, and generating maps with results.

The first stage of the research defined the purpose of the
analysis, i.e. Identification of buffer zones for selected critical in-
frastructure facilities. In the second stage of the research, data
for analysis was selected. Currently, there is a rapid development
of open access databases for various types of GIS data. In this
paper, open access data from the Malaysian territory GEO HUB
was used. A set of files necessary for loading into QGIS was do-
wnloaded from the database, which contained information on
hospital facilities located on Penang Malaysia island. Hospitals
are critical infrastructure facilities, as they provide life and he-
alth protection for the population from the selected territory.
The third stage of the study was analysis. The study uses selected
analytical tools available in GIS systems. Typical GIS software
systems have built-in analytical modules that are capable of per-
forming all data processing functionalities. They are organized in
the form of so-called toolboxes (literally translated as "toolbox")
or grouped in the form of sets of so-called plugins or extensions.
When a tool is selected, a dialog box appears, where the user de-
fines the parameters necessary to perform the operation. Often a
help window is also available, providing an explanation of how
the tool works.

The third stage of the research identified zones called buffers,
which is among the popular geoprocessing tools. We define buf-
fering as the operation of delimiting zones from selected objects
known as buffers. As a result of this operation, a polygon layer is
created with areas that are no farther than a given criterion from
the indicated objects. Many such polygons can be created, and
each polygon can correspond to a different distance, for example.
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Tab. 1. Risk matrix. Source: based on [9]

Tab. 1. Macierz ryzyka. Zrédlo: na podstawie [9]

1 HIGH
PROBABILITY 2 MEDIUM
3 LOW
A B C
LOW MEDIUM HIGH
RISK VALUE CONSEQUENCES

{ HOSPIS PULAL PINANG
RUMAH HOSPIS P ¥/
— HHOSPIS PULAU PINANG

GEORGETOWN SPECIALIST Hef
GEORGETOWN SPECIACIST HG,

4 f
OPTIXMAX EVE SPECIALIST HASPR

i I : & -
4 TAVISTARR TAl vl P ]
; KLNIKPA TTAM 2
<% = 2 :
= HOSPITAL LAM A - ool
HOSPITALLAM W B Lot iy :
¥ : LR
P \ o 7 Ty
S 7 i,

mult ring_buffer_hospitals
* I High risk
11 ] Medium risk
Low risk
7 ® Hospital_(Tahun_2021)

0 25 500m
— )

Fig. 5. Risk classification for buffer zones for the studied critical infrastructure facilities in QGIS area Malaysia. Source: own elaboration

Rys. 5. Klasyfikacja ryzyka dla stref buforowych dla badanych obiektéw infrastruktury krytycznej w obszarze QGIS Malezja. Zrédto: opracowanie wlasne

What's more, this distance can depend on the value indicated in
the given object's attribute. The fourth stage of the research is the
generation of the corresponding maps, which are a visualization
of the effects of the analyses made.

4. RESULTS
4.1 Case study 1 Malaysia

The first step in analyzing the data in the software is to im-
port the data and display it on a workspace. In the example stu-
died, open-access data in the data geohub portal from Malaysia
was used, with data on the location of hospitals on Penang Island,
among others, as an example of critical infrastructure. The data
was loaded as a vector layer as presented in Figure 3.

The second stage of the analysis was to use a standard ge-
oprocessing tool to determine buffers for identified critical infra-
structure facilities. Buffer areas in practice are an excellent tool
for visualizing protection zones for selected objects located in the
selected area as shown in Figure 4.

In the third stage of the analysis, risk classification was carried
out for a selected number of buffer zones of the analyzed critical
infrastructure objects. For this purpose, the multiring buffer tool
was used in the software, which is presented in Figure 5.

The activities of emergency management services can be de-
fined for the designated areas with a given buffer, and can also be
differentiated for individual groups of risk, i.e. for several buffers
categorized for the corresponding risk scale.

Risk, according to the Polish standard ISO 31000:2012, me-
ans the influence of internal and external factors on the uncerta-
inty of achieving the set goals. In relation to emergencies, risk can
be defined as an identified undesirable event that may occur with
a certain probability. To quantify risk (the probability of a specific
effect occurring at a specific time or in a specific situation) in
crisis management, the formula is used [9]:

R - risk,

P - probability of occurrence of a crisis situation,

S - value of potential losses, estimated destruction after the oc-
currence of a crisis situation.

When assessing probability and impact, the Risk matrices,
presented in Table 1, are applicable.

When using 3-point scales to assess the probability and im-
pact of risks, the matrix allows you to identify three types of risk
values (Table 1):

o small (blue color),

o medium (green color),

o large (red color).

If risk components are extracted, the values of these compo-
nents (partial risks, depending on the type of emergency) should
be defined, calculated and summed.

Categorization by distance makes it possible to create mul-
tiple security zones according to the identified threat level. In the
figure, processing tools were used to determine three zones: high
risk, medium risk and moderate risk for the analysed critical in-
frastructure in the Penang Malaysia island area.

As presented in the selected example, GIS software can be
widely used to support and organize the work of emergency ma-
nagement services. Its rich tools and functionalities allow effi-
cient visualization of various types of strategic plans and possible
actions for selected areas of analysis.

4.2 Case study 2 Poland

As presented in the selected example, GIS software can be
commonly used to support and organize the work of crisis ma-
nagement services. Its rich tools and functionalities enable effi-
cient visualization of various types of strategic plans and possible
actions for selected areas of analysis. The spatial geoinformation

R=PxS$S (1) system is commonly used in crisis management. The article pre-

sents the area of Poland, the city of Cieszyn, where GIS was used

where: to map flood hazards and landslide hazards, which was presen-
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Fig. 6. Flood map according to GIS system. Source: own elaboration based on open data: geoportal of the city of Cieszyn

Rys. 6. Mapa powodziowa wg systemu GIS. Zrédlo: opracowanie wlasne na podstawie danych otwartych: geoportal miasta Cieszyna

Rys. 7. Mapa osuwisk wg systemu GIS

ted in the fig 6 and 7. Areas of particular flood risk have been
classified into four categories: a) areas where the probability of
flooding is average and amounts to once in 100 years, b) areas
where the probability of flooding is high and amounts to once in
10 years, c) areas between the shoreline and the levee or natural
high bank, in which the route of the flood embankment, as well
as islands and sludge areas, were built, d) technical belt.

Areas of particular flood risk are identified through a series
of analytical and research works leading to the creation of flood
hazard maps and flood risk maps. On their basis, a flood risk
management plan is created.

Among the many geological hazards in the city of Cieszyn,
landslides occur in a significant number. In total, 82 landslides
are registered in the Landslide Protection System of the Polish
Geological Institute in the Cieszyn commune. Areas of active
landslides cannot be developed. On the map, active landslides or
periodically active landslides are marked in red, inactive landsli-
des are marked in grey.

5. CONCLUSION

The purpose of the paper is to present the functionality of
QGIS software for identifying critical infrastructure on a map
and the use of selected geoprocessing tools for determining
buffers, i.e. protective areas for selected critical infrastructure
objects.

As demonstrated in the given study, QGIS software enables
universal access to spatial information. Dynamic development

means that we should expect rapid development of mobile-GIS,
i.e. increasing access to GIS databases from mobile devices, using
these devices for acquisition, management and automatic upda-
ting of spatial databases in near real time. The variety of tech-
nical and organizational solutions of GIS indicates the need to
implement universally applicable, universal standards and norms
in this area. This article demonstrates the application of GIS in
security engineering, for example, for the purposes of decision
support in public administration, or in authorities responsible
for public security or emergency management. Properly selected
GIS software on the basis of prepared data can help solve many
security engineering problems by supporting the decision-ma-
king process. The study identifies potential critical infrastructure
objects, locates them on a map, and generates so-called securi-
ty buffers for these objects to which risk classification has been
made. The tools presented can find application in decision-ma-
king for specific actions in case of crisis events such as pandemic
and many others. Each zone with an appropriately assigned risk
type can be associated with a specific range of anti-crisis actions
and define specific actions of emergency management services
such as access controls or disinfection. QGIS maps provide ac-
cess to the operational picture and allow for a more efficient pro-
cess of optimal decision-making.
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Wykorzystanie narzedzi geomatycznych w zarzgdzaniu infrastrukturg krytyczng

Celem artykutu jest scharakteryzowanie zarzgdzania kryzysowego, w tym glownych etapéw dzialania sztabéw antykryzysowych.
W artykule przedstawiono obszerne przyklady infrastruktury krytycznej oraz opracowano przykladowe mapy w oprogramowaniu
QGIS, ktére mogg by¢ waznymi narzedziami w prowadzeniu dziatah stuzb zarzgdzania kryzysowego. Przedstawiono oprogramo-
wanie QGIS Free i OpenSource Geographic Information System do identyfikacji wybranych obiektéw infrastruktury krytycznej na
podstawie dostepnych danych GIS Open z regionu Malezji i Polski. W analizie przedstawiono wybrane narzedzia geoprzetwarzania
stuzgce do generowania obszaréw o ustalonej odleglosci od zidentyfikowanych obiektow infrastruktury krytycznej zwanych buforami.
Warstwy buforowe to obszary widoczne na generowanych mapach, ktére mogg postuzyc jako narzedzie do wizualizacji potencjal-
nych dziatati dla stuzb zarzgdzania kryzysowego. Zidentyfikowanie tych stref buforowych umozliwia budowanie strategii wdrazania
adekwatnych dziatai zapobiegawczych lub ratowniczych w sytuacji zagrozenia. Przedstawiono klasyfikacje ryzyka w poszczegolnych
strefach buforowych, ktéra moze postuzy¢ do optymalizacji dziatai podejmowanych przez stuzby zarzqdzania kryzysowego. Zade-
monstrowano szeroki zakres funkcjonalnosci systemow informacji przestrzennej geograficznej, ktory zwieksza efektywnos¢ dziatan
i optymalizacje podejmowania decyzji w zarzgdzaniu kryzysowym. Publikacja moze stanowic cenny przyktad wykorzystania dostep-
nych systeméw informatycznych w zarzgdzaniu kryzysowym.

Stowa kluczowe: geomatyka, zarzgdzanie kryzysowe, infrastruktura krytyczna
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Abstract
In river sedimentology and bathymetry study, high-resolution seismic approach equipped with a sub-bottom profiler is necessary.
Difference of acoustic impedances resulted by varies of sediment stratigraphy layers can be visualized through dynamic seismic
vibration. In marine environments, detection of young sediment as sand dunes or mud, mixtures of sand and clay, and clay formations
can help policy makers to launch policies or regulations in safety of water transportation as well as civil building infrastructure. We
have measured, analyzed, and interpreted an enormous collection of 2D seismic sub-bottom profiles in Can Gio offshore, Ho Chi
Minh City, Vietnam for understanding its shallow subsurface young deposits. Our approach is to combine three key seismic textural
attributes (i.e., Correlation, Variance, and Homogeneity) in the representation of color-blended attribute for picking distinguished
geological features. In our result, 2D seismic horizons representing boundaries of diverse types of sediments can provide a great input
for modeling 3D seabed and distribution of sand, sand-clay mixture, and clay sediments within the interest area. The sand layer useful

for mining in this area is strongly affected by channels stemming from Soai Rap river.

Keywords: high-resolution seismic, textural attribute, bathymetry, color-blend

1. Introduction

Reflection seismic method is useful in imaging geology
boundaries when using exploiting interactions between seis-
mic waves and difference of acoustic impedances (Ianniru-
berto et al., 2012, Bui Viet et al., 2013, Novak and Bjorck,
2002). Physics laws (i.e., Snell and Diffraction laws) can guide
knowledge of seismic waves responding from the boundar-
ies with underground structures. High resolution seismic
reflection is especially compatible with research works for
shallow marine sedimentology. Seismic waves emitted from a
sub-bottom profiler can propagate downward to seabed, meet
sediment formations, and bounce back to its fixed receiver.
Smaller energy source comparing to the explosion seismic
source, the high-resolution seismic method can only cover
quite shallow depth investigations/ scale just around several
tens of meters from the seabed.

The reflection signals reveal boundaries of sedimentary
matters as mud, sand dunes, clay mixtures, Holocene struc-
tures, seabed, river channel sedimentation processes or even
seagrass meadow distribution (Tanniruberto et al., 2012, Bui
Viet et al,, 2013, Le et al., 2020, Laws et al.,, 2019, Monnier et
al,, 2021). For improving the reflection seismic interpretation,
computation of seismic attributes can be used for revealing
many valuable structures or features hidden in abundant infor-
mation raw seismic data. Overlay image of two attributes (i.e.,
seismic amplitude and its cosine of phase) can really help to
interpret seismic horizons, faults, and channels (Le et al., 2016,
Chopra and Marfurt, 2007, Zhao et al., 2015, Le et al., 2019).

We have applied seismic attributes to research sand dunes,
young Holocene sediment and seabed by applying their dif-

ferent combinations. The interest area locates in Can Gio oft-
shore, Ho Chi Minh City, Vietnam.

Research projects applied in Can Gio offshore, Ho Chi
Minh City, Vietnam focus on seabed, young Holocene sedi-
ment and sand layers using high resolution seismic method
(Le et al., 2020, Bui Viet et al., 2013, Le Ngoc Thanh et al,,
2018). In our research, a workflow of processing seismic at-
tributes from conventionally processed data is applied to 3D
modelling sand dunes in Can Gio offshore, Ho Chi Minh City,
Vietnam. Moreover, the attributes are color-blended to repre-
sent hidden features of each sediment features.

2. Study area

Can Gio District location is important in the socioeco-
nomic development of Ho Chi Minh City because of its nat-
ural resources habitat (i.e., big rivers, mangrove Biosphere)
(Bao Tuoi Tre, 2020). Can Gio as the southmost isolated is-
land of Ho Chi Minh City has its area as 71,361 ha, containing
one third of Ho Chi Minh City area and its 70% area is man-
groves and rivers including Long Tau and Soai Rap ones and
Its shoreline length is 20 km (People's Committee of District
Can Gio Ho Chi Minh City, 2018). The data collection area is
the extended southern area, in Can Gio district, Ho Chi Minh
City, Vietnam (Fig. 1).

Late Cenozoic (KZ) sediments are widely distributed in
Ho Chi Minh City. It is divided into strata, including Pliocene
sediments, Early Pleistocene, Middle-Late Pleistocene, Late
Pleistocene, and Holocene. The thickness of the late KZ de-
posits varies depending on the morphology of the rock foun-
dation, ranging from a few tens to several hundred meters
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Fig. 1. Location of the survey area for research sediment structures in Can Gio, Ho Chi Minh City, Vietnam (Vietnam Department of Survey)

Rys. 1. Lokalizacja obszaru badawczego do badan struktur osadowych w Can Gio, Ho Chi Minh City, Wietnam (Wietnamski Departament Geodezyjny)

Variance

Magenta (M)

Red (R)

Correlation

The Color Space

Cyan (C)

Homogeneity

Yellow (Y)

Fig. 2. A representation of three seismic texture attributes (Variance, Homogeneity, and Correlation) compatible with three axes (blue, green, red) of
3D subspace normalized color cube modified from the work of Al-Shuhail et al. (2017). The corners of the cube are shown as red, green, blue, cyan,
magenta, yellow, black, and white

Rys. 2. Reprezentacja trzech atrybutéw tekstury sejsmicznej (wariancja, jednorodnos¢ i korelacja) zgodnych z trzema osiami (niebieska, zielona,
czerwona) tréjwymiarowego znormalizowanego sze$cianu koloréw podprzestrzeni zmodyfikowanego na podstawie prac Al-Shuhaila i in. (2017). Rogi
sze$cianu sg pokazane jako czerwony, zielony, niebieski, cyjan, magenta, zolty, czarny i biaty

(Nguyén Xuan Bao et al., 1994, H6 Chin et al., 2008, Le Ngoc
Thanh et al., 2018, Kitazawa et al., 2006, Kitazawa, 2007).

In Can Gio, bedrock is characterized by old alluvium
(Pleistocene sediments) (Nguyén Xuan Bao et al., 1994, H6
Chin et al., 2008, Le Ngoc Thanh et al., 2018, Kitazawa et al,,
2006, Kitazawa, 2007). It has only a single outcrop at Giong
Chua mountain, Thanh An commune. The ancient alluviums
are not exposed to the surface, often locating at depths around
tens of meters below the Holocene sediments. This ancient
alluvial surface is basin-shaped having the great depth more
than 40 m in the center of the district and shallower when
moving to the sea (at the 30/4 Beach, its surface depth as
about 18-20 m). Holocene sediments known as new alluvium
are mostly dominant in the ground surface in Can Gio. The
new Holocene alluvium includes middle Holocene marine
sediments, intertidal sediments, wind-Giong sediments, ma-
rine-swamp sediments, river-sea sediments or tidal sediments
(Le Ngoc Thanh et al., 2018).

Can Gio formation age is around 8000 to 7000 BP (David
et al., 2018, Fujimoto et al., 2011) with the sediment supply of
Saigon-Dong Nai River. Marine sediments in the study area
were formed by the middle Holocene maximal transgression
period (Le Ngoc Thanh et al., 2018). At that time, the sea cov-

ered most of the areas, except for the highlands of the ancient
alluvium. The material left behind by the advancing sea is
quite regular, continuous, and distributed under the reced-
ing marine sediments or younger sediments. Many shallow
drillholes as the depth a few meters can meet the sediments.
The marine sediments have layers of gray-green mud rich in
biological remains.

Sand in Can Gio consists of two types, Giong sand and
tidal sand (Le Ngoc Thanh et al., 2018). The Giong sand type
includes continuous dunes located behind the shoreline. Ma-
terial of the shore carried by the action of waves and other
factors can form Giong sand type. Its heigh is ranging from 1
to 3 m over the surface. Giong sand can be active or inactive.
The inactive ones are inland while the active one is set along
the shoreline known as the new Giong field. New Giong runs
from Dong Tranh cape to Ganh Rai cape and extends for more
than 10 km, and its thickness is about 3.5-6.5 m. The other
sand type is dependent on the tidal activity. The tidal beach
with the lowest height includes sediment stripes around the
fork, sea, especially bend of tide rivers. In the Can Gio shore-
line, the tidal beach whose maximum thickness is around 3 m
is upper soft clay zone (Le Ngoc Thanh et al., 2018).
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Fig. 3. Quality check of seismic data and 2D seismic interpretation. White arrows represent real signals that help formation of 2D horizons while
similar depths are detected proving the excellent quality of the high-resolution seismic data

Rys. 3. Kontrola jakosci danych sejsmicznych i interpretacji danych sejsmicznych 2D. Biale strzatki reprezentuja rzeczywiste sygnaty, ktore pomaga-
ja w tworzeniu horyzontéw 2D, podczas gdy wykrywane s podobne glebokosci, co dowodzi doskonalej jakosci danych sejsmicznych o wysokiej
rozdzielczosci

Seismic Amplitude
55 _ <

Seismic Amplitude
—
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Homogeneity
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Homogeneity, Variance, Correlation
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Fig. 4. Representation of 2D conventionally processed seismic amplitude and its seismic texture attributes as Homogeneity, Variance, and
Correlation for the 2D seismic profiles T55, T38, T28, and T67
Rys. 4. Reprezentacja 2D konwencjonalnie przetworzonej amplitudy sejsmiczne;j i jej atrybutow tekstury sejsmicznej, takich jak jednorodnos¢, wariancja
i korelacja dla profili sejsmicznych 2D T55, T38, T28 1 T67
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Fig. 5. Representation of 2D interpreted horizons overlaid with the color-blended representation of three seismic texture attributes as Homogeneity,
Variance, and Correlation (a, ¢, d) and the conventionally processed seismic amplitude (b) for the 2D seismic profiles T55, T38, T28, and T67. Sand
layer can be bounded by two 2D horizon top and bottom as seabed (blue) and sand bottom (yellow) lines
Rys. 5. Reprezentacja zinterpretowanych horyzontéw 2D natozona na mieszang kolorystycznie reprezentacje trzech atrybutéw tekstury sejsmicznej,
takich jak jednorodnos¢, wariancja i korelacja (a, ¢, d) oraz konwencjonalnie przetworzonej amplitudy sejsmicznej (b) dla profili sejsmicznych 2D T55,
T38, T28 1 T67. Warstwa piasku moze by¢ ograniczona przez dwie gorne i dolne linie horyzontu 2D jako dno morskie (niebieskie) i dno piasku (z6ite)

3. Methodology

Application of the high-resolution seismic method is well
known for researching shallow subsurface marine structures
(Bui Viet et al., 2013, Yutsis et al., 2014, Aiello et al., 2014,
Le et al.,, 2020). Physics laws such as reflection, refraction,
and diffraction have controlled the seismic wave propagation
through the Earth environments.

For researching the shallow marine depth, the Sub-bot-
tom profiler, namely SB-216 (EdgeTech, 2005) installed in a
ship is used to measure the seismic vibration data. Data col-

lection is conducted with 38 2D profiles covering the area up
to 300 km square in 2017. The underground marine structures
are imaged through researching characteristics of wavefield
propagation (i.e., traveltime and amplitude) with the sources
of frequency modulation having its length from 5 ms to 200
ms and frequency band from 2 to 16 kHz (EdgeTech, 2005).
Going deep down to the earth, the seismic echoes from the
reflectors are measured by specialized recording system (i.e.,
hydrophone) (Ianniruberto et al., 2012, Bui Viet et al., 2013,
Novak and Bjorck, 2002).
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Fig. 6. Representation of 2D conventionally processed seismic amplitude and its seismic texture attributes as Homogeneity, Variance, and
Correlation for the 2D seismic profiles T57, T59, T28, and T17
Rys. 6. Reprezentacja 2D konwencjonalnie przetworzonej amplitudy sejsmicznej i jej atrybutéw tekstury sejsmicznej, takich jak jednorodnos¢, wariancja
i korelacja dla profili sejsmicznych 2D T57, T59, T28 1 T17
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Fig. 7. Representation of 2D interpreted horizons overlaid with the color-blended representation of three seismic texture attributes as Homogeneity,
Variance, and Correlation (a, ¢, d) and the conventionally processed seismic amplitude (b) for the 2D seismic profiles T57, T59, T28, and T17. Sand
layer can be bounded by two 2D horizon top and bottom as seabed (blue) and sand bottom (yellow) lines

Rys. 7. Reprezentacja zinterpretowanych horyzontéw 2D nafozona na mieszang kolorystycznie reprezentacje trzech atrybutéw tekstury sejsmicznej,
takich jak jednorodnos¢, wariancja i korelacja (a, ¢, d) oraz konwencjonalnie przetworzonej amplitudy sejsmicznej (b) dla profili sejsmicznych 2D T57,
T59, T28 1 T17. Warstwa piasku moze by¢ ograniczona przez dwie gorne i dolne linie horyzontu 2D jako dno morskie (niebieskie) i dno piasku (z6lte)

Prior data interpretation, two analysis stages are applied
as processing and seismic attributes computing:

In data processing, transformation of raw data to inter-
pretable data in 2D visualization is done with the help of the
professional software packages, Reflexw (Sandmeier, 2020).
Conventional routines such as Substract - DC - Shift and Di-
vergent (div.) Compensation Gain are applied to all the 2D
seismic profiles (Le et al., 2020, Sandmeier, 2020). The Com-
pensation Gain filter helps to increase the weak amplitude of
seismic signals in deeper part when the waves lose their ener-
gy because of spherical energy dissipation (Sandmeier, 2020).

OpendTect (dGB Earth Sciences, 2015) provides tools for
computation of seismic attributes. The processed seismic data
and its seismic attributes are mutual support for seismic hori-
zons interpretation. In our research, representation of seismic
textures attributes and their combination via color-blending
are used to to reveal distinguished seismic patterns that reflect
marine sediments (i.e., sand or mixtures of sand clay). The
attributes are Variance, Homogeneity and Correlation.

3.1 Seismic Texture Attributes

2D horizons can be picked from strong seismic reflection
amplitudes (Yilmaz, 2001, Le et al., 2020, Le et al., 2019, Le
et al., 2016, Chopra and Marfurt, 2007). However, its seismic
texture attributes play important roles in depicting many hid-

den geological features that the conventional seismic ampli-
tude can miss. In our works, three texture attributes as Vari-
ance, Homogeneity, and Correlation (Le et al., 2019, Haralick
et al., 1973, dGB Earth Sciences, 2015) are used for data in-
terpretation. To process the texture attributes, two stages are
following included:

(i) Calculation of the grey - level - occurrence Matrix
(GLCM) (Hall-Beyer, 2007, Haralick et al., 1973, Wang,
2018). In this paper, the true seismic data (i.e., 2D matrix)
can be rescaled into a new 32-bit integer data whose values
range from 0 to (2%2-1). From equation 1, the new 32-bit data
is namely matrix G(x,y) and GLCM matrix is P, .

1,G(x,y) =iand G(x + Ax,y + Ay) =],
0, otherwise

R = 2h 23| )
where x, y are spatial positions and Ax, Ay are offsets in x and
y directions, respectively.

(ii) Specific equations for their texture definitions (Le et
al., 2019, Haralick et al., 1973, dGB Earth Sciences, 2015):

Variance = R0 X0 — p)? Py (2)
ity — yN-1yN-1_Pij

Homogeneity = 35y ¥j%0 17,5 3)
) _ ON-1vN-1 P j~Hxly

Correlation = 3! ¥ o, (4),
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Fig. 8. Representation of 2D seismic horizons interpreted from the seismic sections. Blue lines represent seabed, yellow for bottom of sand layer,
magenta for bottom of clay, and red for bottom of clay-sand mixture

Rys. 8. Reprezentacja pozioméw sejsmicznych 2D zinterpretowanych na podstawie przekrojow sejsmicznych. Niebieskie linie reprezentuja dno morskie,
z6lte dno warstwy piasku, karmazynowe dno gliny, a czerwone dno mieszanki gliny i piasku
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Fig. 9. 3D seabed represents geometry of Soai Rap channel (top and bottom images). The red color zones show its distinguished depth. For clarity, its
positions can be detected through positions of black arrows

Rys. 9. Tréjwymiarowe dno morskie przedstawia geometrie kanatu Soai Rap (zdjecia gorne i dolne). Strefy koloru czerwonego pokazuja jego wyrdznia-
jaca sie glebie. Dla jasnosci jego pozycje mozna wykry¢ za pomocg pozycji czarnych strzalek

where u; = Z?’:—Ol ?’;01 P j; Ho o O and o, are the means
and standard deviations for p and p (Haralick et al., 1973).
p, and p are sums of each row or column from the GLCM
matrix Pi,j’ respectively.

3.2 Color-blended Approach

The color-blended display technique is to form a color
- blended representation that provides significantly clear de-
tailed features (dGB Earth Sciences, 2015, Al-Shuhail et al.,
2017, Chopra and Marfurt, 2007). Three seismic attributes
as Variance, Homogeneity, and Correlation are rendered
with specific color bands as red, green, and blue, respectively
(Fig. 2).

The RGB model is commonly used on many visualiza-
tion applications. The three attributes with each color are put
into a RGB interface (Al-Shuhail et al., 2017). Each attribute
is defined in the range of [0, 255] for 8-bit integer value. In
other word, each RGB pixel have a scale of 24 bits. Then, each
RGB value composed of three RGB elements can have (2%)° =
16777216 colors that are shown in the Fig. 2.

3.3 Interpretation of 2D/3D Seismic Horizons
Interpretation of 2D seismic horizons for each type of
sediment plays a key role in forming its 3D horizon. Under-

standing a sediment layer needs interpretation of its top and
bottom 2D horizons.

A 2D seismic horizon is chosen from conformity of seis-
mic waveforms in its seismic data or its similar seismic pat-
tern (Le et al., 2016, Le et al., 2019, Yilmaz, 2001, Le et al,,
2020). The similar seismic pattern can be extracted from the
representation of seismic attributes as conventional seismic
amplitude, texture attribute or even combination of two/three
simultaneous attributes (i.e., color-blend attribute). Besides,
multiple noises (i.e., Fig. 3) are cumbersome for interpreting
seismic horizons, and they should be firstly detected before
further interpretation.

The workflow for building a 3D surface consists of (i) a
set-up of 2D interpreted seismic horizons and (ii) an inter-
polation algorithm. For the interpolation process, the Matlab
built-in function, scatteredInterpolant.m (MathWorks, 2019)
is used with linear approach. For converting two-way travel
time (TWT) to depth domain, sound velocities are assumed
to be 1500 m/s and 1550 m/s for sea water and shallow sedi-
ment environments, respectively (Le et al., 2020).

Data validity checking is important in deciding whether a
2D seismic line is good or not. For example, similar depths of
two or three 2D seismic lines in their meeting points should
be confirmed (Le et al., 2020) (see Fig. 3).
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Fig. 10. Representation of the sand depth bottom (a) and its thickness (b). Note that existence of Soai Rap channel (stemming from Soai Rap river)
can wipe out sand layer in the interest area. The red dashed ellipse refers to the sand zone with the smallest thickness

Rys. 10. Reprezentacja glebokosci dna piasku (a) i jego migzszoéci (b). Nalezy zauwazy¢, ze istnienie kanalu Soai Rap (wynikajacego z rzeki Soai Rap)
moze zniweczy¢ warstwe piasku w obszarze zainteresowania. Czerwona przerywana elipsa odnosi si¢ do strefy piasku o najmniejszej migzszosci
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Fig. 11. 3D Horizons of the clay-sand mixture and clay bottom

Rys. 11. Horyzonty 3D mieszaniny ifowo-piaskowej i dna ilastego

4. Results and discussion

Seabed interface is the easiest to pick because of its visible
reflection seismic amplitude. There does not need big effort to
interpret the 2D horizons and 3D interpolation can be straight-
forward calculated from the 2D results. 2D horizons for seabed
shown can represent boundaries of water volume and marine
sediments. The seismic amplitude, its seismic attributes as tex-
tures or color blend can quickly show the 2D horizons for each
seabed in any 2D seismic line (i.e., See Figs. 4 and 5). The water
volume is visualized through the first prominent white zones
from water level in seismic amplitude section, the cyan ones in
Homogeneity and Correlation sections, the first yellow zone in
Variance section and Color-blend sections (Figs. 4, 5 and 6).

For interpretation of other horizons relating to different
sediments, we have calculated different seismic attributes.
Figs. 5 to 8 are used to represent images of seismic amplitude
input and the seismic textures as Homogeneity, Variance, and
Correlation. The interpreted information are horizons of sea-
bed, sand Bottom, clay-sand mixture (Mixture of Sand and
Clay components), mud, and clay.

We have used different seismic attributes for specifying
the bottom of each sediment type. Color-blended attribute
and seismic amplitude are very useful in categorizing them.
One example shown in Fig. 8 can show the different pattern of
sand and clay type in both seismic and color blended images.
Then, all 2D horizons of the sediments can be shown in Fig. 9,
that would be input for 3D interpolation.

4.1 Seabed interpretation

3D interface interpolated from the 2D horizons (Fig. 9)
can reflect bigger view of Soai Rap channel that was indi-
cated in Thuan Nguyen et al ‘s work (2022). Overall, the sea
depth looks gradually increasing from 2 m to 16 m when
going far from the Can Gio shoreline although there’re some
channels wandering near the shoreline. According to the 3D
seabed interpretation (see black arrows in Fig. 9), the direc-
tion of the Soai Rap channel is strongly influenced by the
Soai Rap river.

4.2. Sand and other sediments’ interpretation
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Fig. 12. Representation of 3D Horizons of the Sand thickness, the seismic data for the 2D profile T18, and information in the four drills (Drill 1, 2,
3, and 4). Note sediment types in Drills 1, 2, 3, and 4 are extracted from documents of Ho Chi Minh City Institute of Resources Geography, VAST,
Vietnam (Le Ngoc Thanh et al., 2018)

Rys. 12. Reprezentacja horyzontéw 3D migzszosci piasku, dane sejsmiczne dla profilu 2D T18 oraz informacje z czterech odwiertéw (wiertlo 1, 2, 31 4).
Uwaga typy osadéw w wiertarkach 1, 2, 3 i 4 pochodza z dokumentéw Ho Chi Minh City Institute of Resource Geography, VAST, Wietnam (Le Ngoc
Thanh et al., 2018)
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Fig. 13. Sediment information extracted from Drill 5. Note that information of sediment types are extracted from documents of Ho Chi Minh City
Institute of Resources Geography, VAST, Vietnam (Le Ngoc Thanh et al., 2018)
Rys. 13. Informacje o osadach pobrane z wiertla 5. Nalezy zauwazy¢, ze informacje o typach osadéw pochodzg z dokumentéw Instytutu Geografii
Zasobéw Miasta Ho Chi Minh, VAST, Wietnam (Le Ngoc Thanh i in., 2018)

We focused on sand, clay, clay-sand mixture signatures
where we could build 3D horizons (Figs. 10 and 11). The sed-
iment information for the seismic layer interpretation can
be extracted from near drill holes in the shoreline (Le Ngoc
Thanh et al., 2018) (Figs. 12 and 13).

From the interpretation of the drill holes (Figs. 12 and
13), clay layer is upper the Clay-sand Mixture layer. Imaging
sand distribution is important because of its value. The near
shoreline drill hole in Can Gio peninsula can confirm the
sand existence in the shallow depth that is compatible with
seismic data. For the deepest drill hole 5 with 40 m in Thanh
An commune (Fig. 13), the sand, clay, clay-sand mixture are
existed that can be used for interpreting the seismic data.

According to sediment interpretation from the col-
or-blend attribute (i.e., Figs 3, 4, 5, and 12), sand looks like

respond to green components, clay looks mix of all three
colors (green, red, and blue), and clay-sand are seen mostly
blue. Note that picking all horizons needs to visualize differ-
ent pattern of seismic attributes including the conventionally
processed seismic and seismic attributes.

For the sand distribution (Fig. 10), the sand erosions may
exist because of the water flows of Soai Rap River and Soai
Rap channel. That is, two different zones of sand are separated
by the zone of the smaller thickness (See dashed red ellipse in
Fig. 10) which shares the similar location of Soai Rap channel
(See black arrows in Fig. 9).

The clay-sand mixture sediment has tendency to exist in
the entire interest area while the clay layer just appears in the
margin of Can Gio Peninsula (Fig. 11).
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4. Conclusion

3D image of seabed and sand sedimentation in area of
Can Gio district, Ho Chi Minh city, Vietnam can be present-
ed using application of 2D high resolution seismic data. We
have applied different seismic attributes for imaging sediment
types, especially sand zone. 2D seismic horizons are the input
for building 3D horizons. Distinguished Soai Rap channel can
be further expressed in the bigger picture. We can notice that
seismic interpretation of the sand, clay, and clay-sand mixture
layers is compatible to information of drill holes in Can Gio.
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Zastosowanie atrybutéw sejsmicznych odbi¢ o wysokiej rozdzielczosci do badania struktur 3D

plytkiej geologii morskiej
W badaniach sedymentologicznych i batymetrycznych rzek konieczne jest podejscie sejsmiczne o wysokiej rozdzielczosci wyposazone
w profiler poddenny. Réznice impedanciji akustycznych wynikajgcg ze zmiennosci warstw stratygraficznych osadéw mozna zwizuali-
zowad za pomocg dynamicznych drgan sejsmicznych. W srodowiskach morskich wykrywanie miodych osadéw, takich jak wydmy lub
bloto, mieszanki piasku i gliny oraz formacje gliny, moze pomédc decydentom we wprowadzaniu polityk lub przepiséw dotyczgcych
bezpieczenistwa transportu wodnego, a takze infrastruktury budynkow cywilnych. Zmierzylismy, przeanalizowaliSmy i zinterpreto-
walismy ogromny zbidr profili sejsmicznych 2D pod dnem w Can Gio na morzu w miescie Ho Chi Minh w Wietnamie, aby zrozumie¢
jego plytkie, podpowierzchniowe miode zloza. Nasze podejscie polega na potgczeniu trzech kluczowych atrybutéw tekstury sejsmicz-
nej (tj. Korelacji, Wariancji i Jednorodnosci) w reprezentacji atrybutu mieszania koloréw w celu wybrania wyrézniajgcych sie cech
geologicznych. W naszym wyniku, poziomy sejsmiczne 2D reprezentujgce granice réznych typéw osadéw mogg stanowié doskonaty
materiat wejsciowy do modelowania 3D dna morskiego i rozmieszczenia piasku, mieszanki piaskowo-gliniastej i osadéw gliniastych
w obszarze zainteresowania. Na warstwe piasku przydatnego do wydobycia na tym obszarze duzy wplyw majg kanaty wychodzgce
z rzeki Soai Rap..

Stowa kluczowe: sejsmika wysokiej rozdzielczosci, atrybut tekstury, batymetria, mieszanie koloréw
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Abstract
In recent years, significant changes have occurred in the mining industry in the qualitative and quantitative indicators of technical
means and materials used during the open mining of iron ore. Technical parks of loading and unloading and transport equipment
have been updated, new types of explosives have appeared. Currently, there are no methods for calculating emissions of pollutants into
atmospheric air from modern mining equipment.
In 1989, the "Methodology for calculating emissions of harmful substances from quarries taking into account the non-stationarity of
their technological processes” was developed, which today no longer takes into account the above-mentioned factors and needs revision
and additions.
"Methodology for determining emissions of pollutants into atmospheric air by open-pit mining works" was created on the basis
of "Methodology for calculating emissions of harmful substances from pits taking into account the non-stationary nature of their
technological processes” of 1989, as well as the data from industrial research and instrumental measurements of atmospheric air
pollution during various technological processes in pits at dumps and tailings storages, which have been carried out in recent years.
Thus, the developed "Methodology for determining emissions of pollutants into the air by open-pit mining works” includes the data
from the methodology of 1989, which are still relevant today, the data on technical characteristics and parameters of the equipment
presently used by open-pit mining works, as well as the results of scientific research conducted by the Research Institute of Labour
Safety and Ecology in the Mining and Metallurgical Industry of Kryvyi Rih National University.
The basis for development of the "Methodology for determination of emissions of pollutants into the atmospheric air by open-pit
mining works" is the need to determine the amount of emissions of pollutants into the atmospheric air from modern technological

processes and equipment of open-pit mining operations.

Keywords: opencast mining, methodology, emissions, non-stationarity, technological processes

Mining of iron ores by an open method, depending on the
accepted system of discovery and development of a deposit, is
associated with certain technological processes: drilling and
blasting of the mining massif, loading, moving and unloading
of the mining mass, as well as technological processes during
work on tailings and sludge storages and during dump for-
mation. Special mining transport equipment is used to carry
out technological processes in quarries, dumps, tailings and
sludge storages.

Drilling of shafts is carried out mainly by drilling ma-
chines of mechanical impact on the bottom of shafts. Machine
tools for drilling holes are used as machines for mechanical
impact, which pass the shafts with 160-320 mm diameter
down to the depth of 35 m, as well as drilling rigs of import-
ed production, such as Atlas Copco are used, which drill the
shafts with the diameter of 110-270 mm.

Explosive rocks in pits are carried out by separate blocks
with single-row or multi-row arrangement of shafts using var-
ious types of explosives. The amount of explosives detonat-

ed simultaneously in one mass explosion reaches more than
1,000 tons. When mass explosions are carried out, a signifi-
cant amount of dust and harmful gases are formed, which are
carried out of the pit space in the form of a dust and gas cloud
and dispersed over considerable distances. At the same time, a
part of the harmful gases remains in the blasted mining mass,
which is released into the atmosphere during its excavation.

Excavation of mining rocks and loading into vehicles is
carried out by excavators of ECG type, with a bucket capacity
of 4; 4.6; 8; 10; 12.5 and15 m?, as well as excavators of import-
ed production, for example, TEREX, CATERPILLAR, HITA-
CHI and Komatsu.

The movement of the mining mass from the mines to the
reception points and the delivery of auxiliary loads in the pit
is carried out by mining transport. Cyclic transport is mainly
used in pits. Cyclic types of transport include rail and road
ones. Diesel-powered dump trucks with a carrying capacity
of 27-230 tons are used as vehicles. Trains with 6-12 dump
trucks with a carrying capacity of 90-140 tons each with a
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capacity of up to 150 m>. Electric, diesel and diesel-electric
locomotives are used as traction [1, 2].

Overburden and substandard minerals, which are mined
in the pit during the development of the deposit, are removed
to dumps. The process of dump formation is determined by
the type of mining transport equipment that moves the rock
into the dump, and is divided into bulldozer, excavator and
conveyor dump formation. The dusty surfaces of the formed
dumps are also powerful sources of dust emission.

During washing of enrichment waste (tailings), as well as
during the construction of dams from tailings, separate areas
of up to 30-100 hectares or more are formed, which remain
dehydrated for several months a year. Dry beaches of tailings
are the intensive sources of dust emission. The fractional com-
position of the upper layer of the beaches of the tailings ponds
has a slight difference. Therefore, the intensity of dust blowing
from the surface of dry beaches will mainly depend on the
wind speed and the humidity of the tails.

In iron ore pits, the sources of release of harmful sub-
stances are mainly unorganized. In addition, almost all pro-
duction processes in pits are characterized by cyclicity, so the
sources of allocation are non-stationary in time.

When calculating dust emissions from dusty surfaces of
dumps and dry beaches of tailings, climatic conditions such
as material freezing, snow cover, and seasonal precipitation
should be taken into account.

Emissions of polluting substances into the atmosphere are
determined based on the application of the following methods:

o  instrumental ones, which use the results of direct
measurements of the concentrations of harmful
substances in emissions, as well as their parameters
(speed of movement, consumption, etc.). These in-
clude the method of sampling various pollutants, the
method of timing the working time and downtime of
equipment, etc.;

«  calculations using the results of analytical and in-
strumental methods. These include the method of
calculating the intensity of emission of pollutants,
determining the parameters of the dust and gas
cloud, the method of approximating functions, etc.

Technical indicators of technological processes (equip-
ment productivity, material consumption, parameters of
emission sources, etc.), as well as specific emissions of pol-
lutants per unit of process indicator, are determined by the
indicated methods.

By summing up the value of pollutant release from the
source over time, their annual indicators are determined for a
certain equipment or technological process.

For a qualitative and quantitative assessment of the impact
of technological processes and mining transport equipment
on atmospheric air pollution of pits and the convenience of
calculating this impact, a classification of pollutant emission
sources is necessary.

The sources of emissions are determined by each techno-
logical process. Depending on the goal, the source of emis-
sions can be:

e aseparate unit of equipment;

o  the sum of emissions from all technological equip-

ment involved in this process. In this case, the emis-

sion source model will represent a stylized (equiv-
alent) emission source with averaged parameters
(height, area, coordinates, etc.) and the sum of emis-
sions from all similar emission sources.

The linear dimensions of the emission sources are deter-
mined by the features of the technological process and the di-
mensions of the mining transport equipment and its quantity.

The height of the sources located in the pit is determined
taking into account the minimum height of the ground sourc-
es of unorganized emissions, which is equal to 2 m [1] or the
height of the discharge source (drawing height, body height,
etc.), and the height of the vane, where the wind speed is de-
termined (10 m).

For a single drilling rig, a model of a planar unorganized
source and a height, that takes into account the minimum
height of the ground source and the height of the weather
vane, is adopted.

Due to the rapidity of the rock blasting process (fractions
of a second), the maximum one-time emission of pollutants
during mass explosions, as a rule (for example, when setting
standards for pollutant emissions), is not determined. At the
same time, the actual amount of emissions in g/s may not have
a physical meaning if the emission itself will last less than 1 s.
But in cases where it is necessary to determine the impact
of mass explosions on the border of the sanitary protection
zone or on the border of the residential zone, it is necessary
to calculate the dispersion of polluting substances during the
mass explosion. For this purpose, equivalent maximum single
emissions of pollutants are defined, reduced to a twenty-min-
ute time interval, which values can be used as the input data
for the scattering calculation program. For each block that
is blown up, the equivalent pollutant emission reduced to a
20-minute interval is taken from a plane source with sides
equal to the length and width of the block and a height equal
to the depth of the shaft on the block, taking into account the
minimum height of the ground source.

For a single excavator slaughter a plane source with di-
mensions equal to the maximum scooping radius of the ex-
cavator is accepted taking into account the height of the vane.

The linear dimensions of the planar source of emissions
during the movement of motor vehicles on quarry or dump
roads are accepted depending on the dimensions of the dump
truck body and the number of dump trucks that are simulta-
neously in the pit or on the dump. The height of the source is
taken taking into account the height of the dump truck and
the height of the vane.

For railway transport operating in a quarry or on a dump,
a plane source with linear dimensions of the train (locomotive
and wagons) and heights taking into account the height of the
dump truck and the height of the vane is accepted.

For a bulldozer, given that the main place of its work in
a pit is an excavator pit, a planar type of source is adopted
with parameters similar to those of an excavator pit with a
source height that takes into account the minimum height of
the ground source and the height of the vane.

Depending on the type of landfill (excavator or bulldoz-
er), the source of pollutant emissions will be planar. The cy-
clicity of dust generation will be determined by the cyclical
operation of the technological equipment.
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In addition, dust is also released from the folded surface
during the formation of a dump. The rise of dust depends on
the type of mining mass, its granulometric composition, me-
teorological conditions, etc. The process of lifting dust from
the surface of the dump over time has a cyclical nature, which
depends on the above mentioned factors. The characteristic
dimensions of the planar source of emissions in this case will
be determined by the area of the sawing surface of the operat-
ing dumps, with the exception of the part where the techno-
logical processes are carried out.

In addition to the fixed stationary sources in the pit, there
will also be mobile sources (internal combustion engines of
mining transport vehicles — dump trucks, diesel locomotives
and bulldozers).Emissions from mobile sources should also
be taken into account when assessing the object's impact on
the air environment (calculation of dispersion). For this pur-
pose, mobile sources are presented in the form of convention-
al unorganized sources with defined spatial coordinates. For
the pit, these mobile sources have the same coordinates as the
corresponding ("Auto dumpcar”, "Dumpcar”, "Bulldozer")
unorganized sources.

Specific emissions of pollutants from mobile sources are
determined according to [2, 3] or by the characteristics of the
equipment.

The purpose of the developed "Methodology for deter-
mination of emissions of pollutants into the atmospheric air
by open-pit mining works" is the qualitative and quantitative
assessment of emissions of pollutants into the atmospheric air
during the conduct of open-pit mining works on the basis of
their specific emissions. The "Methodology..." determines the
emissions of pollutants into the atmospheric air from unorga-
nized sources of emissions, taking into account the non-sta-
tionarity of the operation of technological equipment and the
conduct of technological processes by open-pit mining works.
The "Methodology..." is intended as a normative document for
calculations and evaluation of emissions of pollutants into at-
mospheric air in pits, dumps and tailings.

The obtained results of calculations of emissions of pol-
lutants into atmospheric air according to the "Methodology..."
can be used:

o  for compilation of statistical reports and for develop-
ment of permission documents, provided for by the
legislation of Ukraine;

o for development of project and pre-project docu-
mentation for enterprises with open ore mining;

o  for planning the amount of damage to the environ-
ment and the measures for its protection.
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Metodyka wyznaczania emisji zanieczyszczen do powietrza atmosferycznego z robot gornictwa
odkrywkowego

W ostatnich latach w gornictwie zaszly istotne zmiany wskaznikow jakosciowych i ilosciowych srodkow technicznych i materiatow
stosowanych podczas odkrywkowego wydobycia rudy zelaza. Zaktualizowano parki techniczne zatadunku i roztadunku oraz sprzetu
transportowego, pojawily sie nowe rodzaje materiatow wybuchowych. Obecnie nie ma metod obliczania emisji zanieczyszczer do
powietrza atmosferycznego z nowoczesnych urzgdzen gorniczych. W 1989 r. opracowano ,,Metodyke obliczania emisji substancji
szkodliwych z kamienioloméw z uwzglednieniem niestacjonarnosci ich proceséw technologicznych”, ktéra obecnie nie uwzglednia juz
ww. czynnikow i wymaga rewizji i uzupetnien.

»~Metodyka wyznaczania emisji zanieczyszczen do powietrza atmosferycznego przez kopalnie odkrywkowe” powstala na podstawie
»Metodyki obliczania emisji substancji szkodliwych z wyrobisk z uwzglednieniem niestacjonarnosci ich procesow technologicznych”
z 1989 r. W ostatnich latach zostaly przeprowadzone instrumentalne pomiary zanieczyszczen powietrza atmosferycznego podczas
réznych proceséw technologicznych w wyrobiskach na hatdach i sktadowiskach odpadéw. Opracowana ,,Metodyka wyznaczania
emisji zanieczyszczer do powietrza przez roboty odkrywkowe” zawiera aktualne do dzis dane z metodyki z 1989 roku, dane doty-
czqgce charakterystyki technicznej i parametrow urzgdzen stosowanych obecnie przez kopalnie odkrywkowe (z prac wydobywczych),
a takze wyniki bada# naukowych prowadzonych przez Instytut Badawczy Bezpieczeristwa i Ekologii Pracy w Przemysle Gérniczo-
-Hutniczym Krzyworoskiego Uniwersytetu Narodowego. Podstawg opracowania ,Metodyki wyznaczania emisji zanieczyszczen do
powietrza atmosferycznego przez zaklady odkrywkowe” jest potrzeba okreslenia wielkosci emisji zanieczyszczet do powietrza atmos-
ferycznego z nowoczesnych proceséw technologicznych i urzgdzen kopalni odkrywkowe.

Stowa kluczowe: gérnictwo odkrywkowe, metodologia, emisje, niestacjonarnos¢, procesy technologiczne
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Abstract
Titanium ore is a critical raw material for the EU. Ukraine has significant titanium ore reserves, which are represented by several
genetic types and have a number of advantages: the possibility of extracting raw materials for various purposes; favorable mining
and geological conditions for most placer and residual deposits; complexity of objects. Ilmenite is the most important titanium
mineral, most typical for basic and ultrabasic rocks of the crystalline basement and sedimentary rocks. The value of titanium ores is
enhanced by the presence of valuable impurities(V, Sc, Ta, Nb). The quality of titanium ores is related to their degree of alteration.
The degree of alteration of ilmenite influences on the industry where the concentrates are used and the development of their processing
technologies. The authors have developed approaches to assessing this parameter and have shown the dynamics of changes in the
chemical composition of ilmenite in the weathered crust and sedimentary rocks. Based on the statistical processing of data from the
chemical analysis of titanium ores, it is shown that Sc has the highest concentrations in the ilmenite of the Korosten complex compared

to other geological bodies of the Ukrainian Shield, which provokes the need to improve the relevant technologies.

Keywords: titanium ores, alteration of ilmenite, impurities, leucoxenization

1. Introduction
1.1 Titanium deposits in the world and in the Ukraine

Titanium is one of the most important structural metals
today. Its use is an indicator of the technical level of an in-
dustrially developed country in the world. Titanium depos-
its of Ukraine are represented by several genetic types and
have a number of advantages: the possibility of extracting
raw materials for various purposes; high potential of titani-
um resources and reserves; favorable mining and geological
conditions for most placer and residual deposits; complexity
of objects. Reserves of primary deposits of Ukraine constitute
53.6% of all reserves, coastal marine zircon-rutile-ilmenite
placers — 27.2%, ilmenite alluvial placers — 8.9% and mantle
of weathering - 10.3% (Galetskyi, 2009). Placers and partial-
ly residual deposits represent the basis of modern extraction
of titanium-zirconium minerals in Ukraine. Today Mining is
carried out directly from buried coastal and alluvial placers.
Ilmenite is the most important titanium mineral of magmat-
ic origin, most typical for basic and ultrabasic rocks of the
crystalline foundation. Often, the development of continental
ilmenite deposits occurs together with its ore-bearing weath-
ering mantle.

The TiOz content of primary ores in Ukrainian deposits
varies from 4-5% in poor ores to 34.2% in massive ores (No-
sachivka deposit). Ilmenite in these ores is unaltered and is a
high-quality raw material for both pigment production and
metallurgy. Titanium-magnetite concentrate can also be used
for metallurgy, which is likely to be extracted from some de-
posits (Kropyvenka, Davydky). Ores from magmatic depos-

its are complex and contain V20s up to 0.042% (Fedorivske
deposit). The content of this component exceeds that of ores
from the Bjorkreim-Sogndal massif (Norway) and even the
Bushveld massif. V20s is also found in ores from the prima-
ry Stremihorod, Kropyvenka, Torchynske residual and other
deposits.

The Ukrainian subprovince of titanium and titanium-zir-
conium placer deposits was actively studied after the Second
World War. At that time, geologists of production organiza-
tions determined the chemical composition of ilmenite and
other titanium minerals from these placers for the first time.
In the works of E. Dudrovych (1977), M. Dyadchenko (1954,
1975), Komliev (2022), V. Ovcharenko (1977), G. Proskurin
(1981), S. Tsymbal & Yu. Polkanov (1975) S. Shvaiberov
(1989), substance composition, physical and chemical fea-
tures of individual placer minerals, including impurities in
titanium minerals. Impurities in titanium ores of Ukraine
have not been sufficiently studied, yet. During the exploration
of placers of the Volyn titanium district, the content of va-
nadium and scandium in ilmenite has been determined only
selectively (60-80’s of the 20th century).

1.2 The content of impurities in titanium minerals
Summary data on the content of impurities in titanium
minerals in placers of the world are given by Elsner H. (2010).
In this work, it is stated that the content of Nb2Os in ilmenite
concentrates can reach 0.2 wt.% (Capel, Western Australia)
and 0.26 wt.% (Madagascar), V20s — at the level of 0.09 wt.%
(Pulmoddai, Sri Lanka) to 0.25 wt.% (Egypt). In general, el-
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Fig. 1. Dynamics of changes in the chemical composition of ilmenite in sedimentary rocks of placer areas. 1 — intervals of values; 2 — prevailing
values; 3— mantle of weathering; age of sedimentary rocks: 4 -J2; 5-K16 - K2 ;7 - Pg2; 8 - Pg 2-3;9 - Pg3-N1; 10 - N1-2;11 — al; 12 - fI[; 13 -
gll; 14 — allI-IV; 15 -dIV
Rys. 1. Dynamika zmian sktadu chemicznego ilmenitu w skatach osadowych w rejonie zt6z 1 - przedzialy wartosci; 2 - dominujgce wartosci; 3-
plaszcz wietrzenia; wiek skat osadowych: 4 -J2; 5-K16 - K2 ;7 - Pg2 ;8 - Pg 2-3 ;9 - Pg3-N1; 10 - N1-2;11 - al; 12 - fII; 13 - gII; 14 - alII-1V;
15 -dIV

evated concentrations at the level of 0.1-0.2 wt.% V20s are
characteristic of many alluvial-deluvial placers and residual
deposits genetically related to weathering of the main rocks.
Placers with this V20s content in titanomagnetites are known
in the Philippines, New Zealand, and Japan, and some of them
are being developed.

Currently, the demand for titanium minerals and valuable
impurities in their composition is substantially increasing.
The main reasons for the optimistic forecasts are that only
Norway and Finland have their own sources of raw materials
for titanium chemistry in Europe, the reserves of which are
very limited and represented by primary deposits that require
significantly greater capital investment in their development
compared to placers. Unlike the chemistry of titanium, its
metallurgy requires higher-quality ore raw materials, and
with the exception of large deposits in Ukraine, there is no
high-quality raw material base for titanium metallurgy in Eu-
rope at all. Therefore, there is a prospect of attracting invest-
ments of transnational companies to Ukraine.

It has to be mentioned that under current circumstances
of the need to increase the defense capability of Ukraine and
the transition to a new functional system of the Armed Forces
of Ukraine in accordance with NATO standards (STANAG),
there is an urgent need for strategic types of mineral raw ma-
terials, such as titanium and rare metals. Later, in the post-
war recovery, Ukraine will need replenishment of the ore base
of existing enterprises, which means development of new de-
posits. The value of Ti ores, however, increases even more due

to the ability of titanium ore minerals to concentrate some
extremely deficient metals as impurities. The latter primarily
include Sc, Nb, Ta and V in ilmenite and leucoxene.

1.3 Methods

To estimate the levels of impurity elements in rocks and
ores, the results of chemical analyzes of rocks and ores were
statistically processed using Excel, MathCad. The study uses
chemical analyzes of different years made in the laboratories of
geological enterprises (Prockurin G.P,1981; Schvaiberov S.K.
1989, 2002) and cited in numerous reports and papers (Konon-
ov Yu.V.,1966; Korneliussen, A., 2000; Dushene J.-C.,1970; Jose
C. Gespar ,1983; Valvasori, A.A.,2020; Vlad-Victor Ene,2014;
Silvio José Elias,2016). The method of processing analyzes of
granulometry and chemical composition of ilmenite, calcula-
tion of quantitative indicators that parameterize the granulo-
metric field and the field of variability of ilmenite, integrating
the root rocks-weathering crust—mesozoic-cenozoic sedimen-
tary deposits within the placers is used for plasers of Irshansk
ore field (Komliev O., 2022). Interpretations of the obtained re-
sults were carried out on a broad paleogeographical basis, tak-
ing into account tectonics, paleorelief, and paleoclimates. This
methods allow to estimate quality of ilmenite ores.

2. Characteristics of Ukrainian titanium ores
2.1. Ilmenite alteration

Titanium ores of Ukraine are noted for their quality and
large reserves, so they represent considerable value. Today in

190

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society



100 120 140 160
Sc(rir)

0 20 40 60 80

0 01 02 03 04 05 06
V505 (%)

07 08

Fig. 2. Distributions of scandium and vanadium oxide in ilmenites and leucoxenes:
1) Korosten complex (Korosten and Korsun-Novomyrhorod plutons), in mantle of weathering and alluvium within the plutons - red histograms;
2) from other areas of the world (see Table 1) - blue histograms. Content of Sc is given in g/t

Rys. 2. Rozklady tlenku skandu i wanadu w ilmenitach i leukoksenach:
1) Kompleks Korosten (pluton Korosten i Korsun-Nowomyrhorod), w strefie wietrzenia i aluwium w obrebie plutonéw - histogramy czerwone;
2) z innych obszaréw $wiata (patrz tabela 1) — histogramy niebieskie. Zawarto$¢ Sc podano w g/t

Tab. 1. Oxides of Ti, Fe, V in %; Sc, Nb, Ta in g/t. KST and KSN are Korosten and Korsun-Novomyrhorod plutons, respectively [* placers in the
Middle Dnipro region: Samotkansky, Vovchansky, Krasnokutsky; ** - various coastal placers — Australia, Hindustan, Indochina, Africa, South and
North America; GN, G, GA, A - gabbro-norites, gabbro, gabbro-anorthosites, anorthosites, respectively]

Tab. 1. Tlenki Ti, Fe, V w %; Sc, Nb, Ta w g/t. KST i KSN to odpowiednio plutony Korosten i Korsun-Nowomyrhorod [* placery w regionie srod-
kowego Dniepru: Samotkansky, Vovchansky, Krasnokutsky; ** — rézne place przybrzezne — Australia, Hindustan, Indochiny, Afryka, Ameryka
Poludniowa i Pélnocna; GN, G, GA, A - odpowiednio gabro-noryty, gabro, gabro-anortozyty, anortozyty]

Object (region, rocks, minerals) TiO2 Fe20s3 FeO Sc Nb Ta V205
KST- G,GAA 49.21 3.36 43.18 81 109 22 0.206
KST - mantle of weathering 51.66 11.48 33.72 72 163 12 0.196
KST - placers 56.96 17.60 20.56 85 229 15 0.237
KSN - G,GAA 50.71 3.41 42.99 69 373 0.181
KSN - mantle of weathering 52.40 8.42 36.72 455 0.138
KSN - placers 58.02 18.65 18.37 129 509 0.221
Bilokorovychi dyke (Ukraine) 50.67 2.95 44.04 0.30

Tarasivka placer (Kyiv region, Ukraine) 64.42 50 123
Middle Dnipro * - placers 68.48 24.14 0.89 1245 558 0.141
Mokro-Yalynsky (Mpuna3os‘s) - placers 64.96 28.56 0.46 1679 1583 0.118

Water areas of the Black and Azov
seas(Ukraine) 53.14 19.85 23.96 53 0.163
(Ykp.)

Norway. Ilm, G,GA,A 47.84 7.92 38.55 0.183
Norway. Hemo-Ilm, G,GA,A 32.84 33.37 26.56 0.407
Grenville (Canada) - Hemo-Ilm, G,GA,A 39.25 26.35 30.37 37 25 1 0.367
Labrador (Canada) - Ilm, G,GA,A 50.55 4.72 42.17 39 0.23
Kunene ( Namibia ) - G,GA 51.42 2.49 43.70 37 191 14 0.162
Mozambique - placers 48.80 25.02 15.78 662 0.11
Coastal sea placers ** 79.34 2212 188 0.162
Panchzhihua ( Southeast China ) - G 52.63 3.71 38.40 43 79 0.156
South Africa - Ultramafic rocks 53.00 7.54 24.02 21 1312 124 0.186
Lyakhovych V.V., 1979. Gabbroids. 560 262 0.196

Lyakhovych V.V., 1979. Granitoids. 2214 820
Industrial contents in ores ;ggo 280000 > 0.2

the Ukraine, the placers of titanium minerals are exploited.
They are also found in crystalline rocks - in gabbroids of the
Korosten and Korsun-Novomyrhorod plutons, residual - in the
weathering crusts of gabbroids. In alluvial placers, these ores
are close to the sources of their formation and connected to the
distant transportation. Useful ore mineralization is represent-
ed by pure ilmenite (in gabbroid ores), to which in weather-
ing mantle and in the placers, especially abundantly in distant
ones, are added leucoxenes and, in some places, rutile. There is
currently quite a lot of interest in titanium in the world, and it
will undoubtedly grow over time. At the same time, if you look
closely at the compositions of ilmenites, the value of titanium
ores begins to play out in a new, even brighter light.

The theoretical chemical composition of ilmenite is as-
sumed to be TiO2 (52.7%) and FeO (47.3%). On the earth's

surface (in hypergenic conditions), the chemical composition
of ilmenite changes due to the integrated action of tectonic,
paleoclimatic, paleogeomorphological, and paleohydrological
factors. They can create favorable conditions for weathering
of crystalline rocks and their transformation into chemical
weathering crust of kaolin type. Mantle of weathering for-
mation is a necessary condition for the formation of alluvial
ilmenite deposits. In the weathering mantle, chemically un-
changed ilmenite is released from crystalline rocks and begins
to undergo the stages of continental lithogenesis with the par-
ticipation of the above factors. The "fresh" ilmenite brought
to the level of denudation begins to change in the weathering
crust and then continues continuously, accelerating with the
activation of ancient exogenous processes, when complete or
partial destruction of ilmenite placers occurs, slowing down
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Tab. 2. Parameters of scandium distribution in the ilmenite deposits of the Korosten complex

Tab. 2. Parametry rozmieszczenia skandu w utworach ilmenitu kompleksu Korosten

Deposit Localization environment N mean | min | max | moda

Stremyhorod G,GAA 161 80 61 100 82

Stremyhorod mantle of weathering 98 84 15 147 81

Fedorivka G,GAA 30 116 90 135 116

Torchyn G,GAA 33 66 50 90 60

Torchyn mantle of weathering 167 64 30 100 70

Hatskivka area of Upper Irsha deposit mantle of weathering 16 85 47 110 96

Hatskivka area of Upper Irsha deposit placer 24 84 61 107 85

Valky-Hatskivka deposit placer 25 62 30 110 50

Valky-Hatskivka deposit placer 32 71 15 200 60

Trostyanytsya deposit mantle of weathering 13 84 81 88 81

Trostyanytsya deposit placer 18 93 88 103 88

Zlobychi deposit mantle of weathering 29 66 24 94 67

Zlobychi deposit placer 45 80 38 100 87

Paromivka deposit mantle of weathering 16 85 62 116 98

Paromivka deposit placer 14 94 65 134 80
Nosachivka deposit (KSN) G,GAA 69 48 98
Southern part of KSN placer 129 76 193

when they become less active, and even stopping after they
become buried. The chemical composition of ilmenite reflects
the total result of exogenous processes and, in combination
with other methods, provides important information about
the paleogeographic development of territories. The main
processes that change the chemical composition of ilmenite
are oxidation and leaching. At the oxidation stage, unaltered
ilmenite from igneous rocks begins to break down under the
influence of mainly oxygen. It is oxidized, partially leached,
the crystal lattice is destroyed, free titanium and iron oxides
are formed, and the ilmenite phase is completely destroyed.
The end product of the first stage of ilmenite alteration is leu-
coxenized ilmenite. At the second stage, the main process is
iron leaching. At this stage, titanium hydroxides crystallize
and end up forming leucoxene, and after complete iron leach-
ing, pseudorutile is formed. Both processes occur simultane-
ously, but oxidation prevails at the first stage and leaching at
the second. Changes in the chemical composition of ilmenite
in the hypergene zone can be characterized by various coef-
ficients, which we first proposed to solve various problems
during paleogeographic and special paleogeomorphologi-
cal works in areas promising for ilmenite placer deposits in
the territory of the Ukrainian Shield. The results of chemical
composition analyses of ilmenite monofractions taken from
crystalline rocks of the basement, weathering crust, and Me-
sozoic and Cenozoic sediments were used. The coefficients
were calculated using different methods. However, at the final
stage, the oxidation coefficient (Fe**/FeS), leaching coefficient
(FeS/Ti0Oz2), and thiorization coefficient (TiO2/Fe203) were
used. The disadvantage of these coefficients is the inability
to estimate the degree of alteration of ilmenite relative to its
theoretical composition. Therefore, in addition to them, we
also calculated the degree of preservation of ilmenite using
the formula:

Cprs= 114.4 FeO/TiOx ey

This indicator is recommended for the oxidation stage of
ilmenite. Based on a large array of data on prospective sites,
we studied the dependence of granulometric characteristics
and chemical composition of ilmenite monofraction for vari-
ous elements of the ancient relief of the Late Oligocene-Mid-
dle Miocene age. The empirical formula:
Md = - aK1+b/10/K2 - 1/x/ + ¢ (2)
was derived. Where: K1 - oxidation coefficient K2 - leaching
coefficient, a, b, ¢ — variable coefficients that vary depending
on the initial conditions (composition of the source rock, pa-
leorelief slopes, time spent in the hypergenesis zone). Fig. 1
shows the dynamics of changes in the chemical composition
of ilmenite in the weathered crust and sedimentary rocks.

2.2. Impurities in titanium minerals from Ukrainian deposits

In Table 1 we provide the contents of some trace ele-
ments and mineral-forming oxides in ilmenites of a number
of their accumulations in Ukraine and some other regions of
the world. In many cases, these trace elements are present in
ilmenite in such quantities that they definitely acquire indus-
trial importance, especially if we take into account the large
size and reserves of titanium deposits. Therefore, the accom-
panying extraction of trace elements during the processing of
the mineral-bearer becomes economically profitable and pro-
vokes the need to improve the relevant technologies.

In this paper, which we hope will not be the last, we nar-
row our report to two rare metals: Sc and V in the ilmenite of
numerous titanium deposits and occurrences of the Korosten
complex — the Korosten and, to a lesser extent, the Korsun-Novo-
myrhorod plutons, due to lack of data. It is in the ilmenite of this
complex that Sc shows the highest concentrations (at least twice),
and this is reflected in Table 1 and the figure below. Moreover, the
reserves of ilmenite ores on these plutons are huge.

As for vanadium, its impurities in the Korosten ilmenites
are not significant (Table 1 and Figure2). Its highest concen-
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Tab. 3. Parameters of vanadium pentoxide distribution in ilmenite deposits of the Korosten complex

Tab. 3. Parametry rozkladu pieciotlenku wanadu w ztozach ilmenitu kompleksu Korosten

Deposit Localization environment N mean | min max | moda
Stremyhorod G,GAA 56 | 0.184 | 0.060 | 0.370 | 0.200
Stremyhorod mantle of weathering 149 | 0.168 | 0.050 | 0.320 | 0.140
Fedorivka G,GAA 39 | 0.214 | 0.024 | 0.425 | 0.303

Penyazevychi G,GAA 6 | 0.347 | 0.060 | 0.530
Nosachivka deposit (KSN) G,GA A 14 | 0.215 | 0.110 | 0.430 | 0.200
Hatskivka area of Upper Irsha deposit mantle of weathering 46 | 0.195 | 0.100 | 0.305 | 0.230
Valky-Hatskivka deposit mantle of weathering 37 | 0.136 | 0.051 | 0.400 | 0.106
Hatskivka area of Upper Irsha deposit placer 47 | 0.233 | 0.060 | 0.329 | 0.244
Trostyanytsya deposit mantle of weathering 40 | 0.267 | 0.150 | 0.460 | 0.320
Trostyanytsya deposit placer 67 | 0.246 | 0.112 | 0.355 | 0.235
Lemna deposit mantle of weathering 52 | 0.220 | 0.140 | 0.380 | 0.190
Lemna deposit placer 83 | 0.232 | 0.120 | 0.310 | 0.230
Southern part of KSN mantle of weathering 107 | 0.138 | 0.060 | 0.310 | 0.160
Southern part of KSN placer 15 | 0.221 | 0.120 | 0.400 | 0.190

trations are characteristic of hemi-ilmenites from deposits in
Norway and Canada. Titanomagnetites contain even more
vanadium, in particular, ores of the Suwalki massif (Poland)
with vanadium pentoxide of 0.81% (maximum value 1.2%).
Titanium-magnetite clusters are less typical for the Korosten
pluton, although they are present in gabbroids at some depos-
its (Kropyvenka). In any case, we believe that the extraction of
vanadium from ilmenite, along with titanium and scandium,
is quite profitable.

As for vanadium, its impurities in the Korosten ilmenites
are not significant (Table 1 and Figure 2). Its highest concen-
trations are characteristic of hemi-ilmenites from deposits in
Norway and Canada. Titanomagnetites contain even more
vanadium, in particular, ores of the Suwalki massif (Poland)
with vanadium pentoxide of 0.81% (maximum value 1.2%).
Titanium-magnetite clusters are less typical for the Korosten
pluton, although they are present in gabbroids at some depos-
its (Kropyvenka). In any case, we believe that the extraction of
vanadium from ilmenite, along with titanium and scandium,
is quite profitable.

In Tables 2 and 3, we present statistical characteristics for
Sc and V20s in some deposits mainly on the Korosten plu-
ton(we have a small amount of such data for the Korsun-No-
vomyrhorod pluton).

The following is noteworthy:

1. In most cases, in the same deposits, ilmenite from
placers is significantly richer in scandium than in the under-
lying residual environments (in mantle of weathering). The
explanation for this is the greater stability of Sc compared to
Fe in the process of leucoxenization. It is known that during
weathering, the ferrous iron in ilmenite is gradually oxi-
dized and leaves ilmenite in the form of Fe*". At least partial-
ly. Titanium and scandium remain on site and are enriched
in leucoxene. Therefore, placers that have been exposed to
weathering for a longer and/or more active period of time
(for example, due to a longer transportation profile from the

source of erosion) may be characterized by ilmenite richer in
scandium. This may be the case with ilmenite in the south-
ern Korsun-Novomyrhorod pluton placers, up to 190 g/t, for
which we do not have sufficient data (on Sc).

2. Significantly elevated scandium contents were
found in 30 analyzes of ilmenites from gabbroids of the Fe-
dorivka deposit. We do not have an explanation for this.

3. As for vanadium, it seems that it is removed from
ilmenite under the influence of weathering, but obviously
weaker than iron.

3. Conclusion

Ukraine's titanium ores are distinguished by their qual-
ity and large reserves, which allows them to be used both to
produce a range of chemical products and in metallurgy. Dif-
ferent applications require the ores of the appropriate quality.
The main processes that change the chemical composition of
ilmenite are oxidation and leaching. Changes in the chemical
composition of ilmenite in the hypergene zone can be char-
acterized by various coeflicients, which we first proposed to
solve various problems when conducting paleogeographic
and special paleogeomorphological works in areas with pros-
pects for ilmenite placer deposits in the Ukraine. The authors
characterized ilmenites from different ages and conditions
of placer formation. Based on these studies, it is possible to
create models of ilmenite zonation in placers and further ge-
ometrization of deposits. An important problem is the con-
tent of useful impurities in ilmenites, in particular vanadium
and scandium. In this case, placers that have been exposed
to weathering for a longer and/or more active period of time
(i.e., the above-mentioned processes of chemical composition
changes) may be richer in scandium. Vanadium is removed
from ilmenite by weathering, but this process is weaker than
iron removal, and therefore may also be a valuable impurity,
which should be taken into account when developing tech-
nologies for its extraction.
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Badanie cennych domieszek rudnych mineratéow tytanu na Ukrainie

Ruda tytanu jest surowcem o krytycznym znaczeniu dla UE. Ukraina posiada znaczne zasoby rud tytanu, ktére sq reprezentowane
przez kilka typow genetycznych i majq szereg zalet: mozliwos¢ wydobywania surowcéw do réznych celow; korzystne warunki gorni-
czo-geologiczne dla wigkszosci 210z rezydualnych. Ilmenit jest najwazniejszym mineratem tytanu, najbardziej typowym dla skat za-
sadowych i ultrazasadowych podtoza krystalicznego oraz skat osadowych. Wartos¢ rud tytanu podnosi obecnos¢ cennych domieszek
(V, Sc, Ta, Nb). Jakos¢ rud tytanu jest zwigzana ze stopniem ich przeobrazenia. Stopien przemiany ilmenitu wplywa na przemyst,
w ktorym stosowane sq koncentraty oraz rozwéj technologii ich przetworstwa. Autorzy opracowali podejscie do oceny tego parametru
oraz pokazali dynamike zmian skladu chemicznego ilmenitu w zwietrzatej skorupie i skatach osadowych. Na podstawie statystycz-
nego opracowania danych z analizy chemicznej rud tytanu wykazano, ze Sc ma najwyzsze stezenia w ilmenicie kompleksu Korosten
w poréwnaniu z innymi utworami geologicznymi Tarczy Ukraitiskiej, co rodzi potrzebe udoskonalenia odpowiednich technologii.

Stowa kluczowe: rudy tytanu, odmiany ilmenitu, domieszki, leukoksynizacja
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Abstract

Ground Penetrating Radar is commonly used in civil engineering sectors. Underground anomalies (i.e., electric wires, water pipes
or sinkholes) can be detected through representations of hyperbolae in the measured processed GPR image. Our work focuses on
detecting the underground objects and understanding their metallic or nonmetallic characteristics. The max energy difference
attribute is applied to illuminate their positions while phase analysis process can determine change of phase spectrum in the diffracted
signals. For improving phase analysis, we applied a novel workflow combining conventional processed steps and a zooming step for
preserving phase originality without disturbed by any unnecessary filters. We applied the workflow in model and real data for proving
its effectiveness. Interpretation of two real datasets in Vietnam by our workflow can express existences of the artificial underground
anomalies as well as their matter characteristics comparing to their surrounding environments.

Keywords: ground penetrating radar, phase analysis, energy difference

1. Introduction

Ground Penetrating Radar (GPR) plays a key role in
detecting underground anomalies such as artificial objects
or sinking holes. A conventional workflow (Le and Nguyen
2020a, Nguyen et al. 2017, Le and Nguyen 2020b, Zhao, Forte,
and Pipan 2016) can convert the raw GPR data into the in-
terpretable processed GPR data. The workflow often includes
some key steps such as move-start time, background removal
filter, frequency filters, gain function, velocity analysis, gain
function, and migration. The processed steps can improve the
ratio between signal over noise for the better recognition of
underground objects, but they also can distort the original
amplitudes and phases. The phase distortion will affect to an-
alyzing metallic or unmetallic characteristics of the objects.
Therefore, the original phase from the raw data needs to be
kept for checking in phase or out of phase cases.

In seismic analysis, full waveform inversion is utilized to
recover true acoustic impedance that answer many questions
about the earth structures/ characteristics. Its input is the
seismic data with preserved amplitude and phase originality
(i.e., low frequency data domain) (Virieux and Operto 2009,
Kumar, Ramrez, and Butt 2012). Applying the seismic spir-
it into GPR interpretation, we have focused on the workflow
that can keep the GPR data originality and expressing the un-
derground anomalies characteristics.

We have applied the new workflow to processing and in-
terpreting the data. Modelling and real data are used for prov-
ing the efficiency of the workflow. The workflow focuses on
two stages: (i) detecting the anomalies and (ii) analysis their
phases for evaluating their matter characteristics comparing
to surrounding environment.

2. Methodology

GPR data can reveal existences of different underground
anomalies or ground structures by presenting their images
through amplitude and phase vibrations. Raw data can be
transformed into interpretable processed data by applying
different filter and amplification techniques for enhancing
reflection and diffraction signatures. Although diffracted hy-
perbolae ignited from underground objects like diffractors
cannot show the true shapes of the anomalies, they can spe-
cially answer correct their positions in terms of their hyper-
bolae peaks (Le and Nguyen 2020a, Nguyen et al. 2017, Bitri
and Grandjean 1998, Kang et al. 2019).

2.1 Conventional steps

For achieving an interpretable GPR processed data, we
have applied some necessary traditional processing steps as
(i) move start-time, (ii) background removal, (ii) frequency
filters, and (iii) migration (Nguyen et al. 2017, Le and Nguyen
2020a, Le and Nguyen 2020b). Firstly, move start-time is so
important in giving correct travel time of a real event by mov-
ing the start time of sources to zeroes. Background removal
can delete background noises and frequency filters can focus
on meaningful frequency band for enhancing the useful sig-
nal representation. Finally, the function of the migration step
is to present the correct positions and shapes of anomalies. In
our work, Kirchhoff migration is utilized (Nguyen et al. 2017,
Le and Nguyen 2020a, Le and Nguyen 2020b).

For further interpretation, some GPR attribute processing
steps could be applied (Fig. 1) (Nguyen et al. 2017, Le and
Nguyen 2020b). For detecting anomalies, maximum energy
difference can illuminate existence of anomalies and help to
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Workflow for interpreting GPR data based on energy steering
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Process (move
start-time,
gaining...)

Import Raw data |-+

]

Energy Difference [+ 1

Phase analysis:
Zooming an
anomaly image

Detection of
Anomaly

Fig. 1. The workflow of detecting metallic or unmetallic characteristics
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Fig. 2. In phase zooming and out of phase zooming
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0 0.5 1.0 L5

Asphalt g, = 4
Macadam g = 5

20 25 3.0 35

Distance (m)

Fig. 3. Model representation

Rys. 3. Reprezentacja modelu

evaluate electromagnetic wave velocity within underground
media (Nguyen et al. 2017).

Phase analysis aims to detect metal or unmetallic char-
acteristics of an object. In phase or out of phase (Kang et al.
2019) come from phase variation of wave phase when the
wave reflects from bigger to smaller electric permittivity
zones and vice versa, respectively (Fig. 2).

2.2 The maximum energy difference steering workflow

In geophysical method areas like seismic and GPR, color
is one kind of their special attributes (Chopra and Marfurt
2007, Le et al. 2016, Le, Harris, and Pethick 2019, Kang et al.
2020). In Kang et al. (2019) ‘s work, removal of the first wave
can enhance the GPR data interpretation in defining in phase
or out of phase cases. Our suggested workflow consists of two
stages for examining an underground anomaly from the GPR
data measurement: (i) Defining positions and true images of
underground anomalies and (ii) analyzing phase shapes for
determining the contrast of two media in which metallic or
unmetallic matters are decided. Their positions can be located
through their hyperbolae or visible strong GPR attributes af-
ter processing the raw data (Kang et al. 2019, Kang et al. 2020,
Le and Nguyen 2020a, Le and Nguyen 2020b). Moreover, the
processed phase can reveal the variation of environmental
electric permittivity.

For preserving the phase information, only the move
start-time step is applied. It does not harm the deeper original
signals like other gain functions or many amplitude-distorted
filters steps. The key thing is that recorded amplitude of first
direct GPR wave is much stronger than any GPR waves travel
down and bounce back from ground reflectors or diffractors.
Therefore, a zooming image which shows only anomaly sig-
nals is much clearer when it does not include the first direct
wave.

The conventional processing workflow is effective in de-
tecting positions of anomalies (see Fig. 1) (Dang, Le, and
Kieu 2020, Nguyen et al. 2017, Le and Nguyen 2020b). Firstly,
the raw input data is processed through many conventional
steps as move start-time, background filter, frequency filter,
dewow, and gain function. Second, the processed are input
for the maximum energy difference approach for object po-
sition estimation and velocity valuation (Nguyen et al. 2017).
Third, positions and true shape of underground anomalies are
achieved from Kirchhoff migration with the suitable velocity.
Finally, hyperbolae phase signatures which are extracted from
the processed and the first step (only move start-time) data
are compared with the first direct wavelet for deciding in-
phase or out of phase cases in explaining the characteristics of
anomaly materials (Fig. 2).
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3. Results and Discussion
We applied our workflow for detecting the matter charac-
teristics in the modelling data and real data.

3.1 Modelling data

We have used GPRMAX (Warren, Giannopoulos, and
Giannakis 2016) for running synthetic data from the prior
model (Fig. 3). The center frequency is 700 MHz. The model
has three horizontal layers and three circular blocks (Fig.3).
The three layers are asphalt, macadam, and clay with relative
electric permittivity values as 4, 5, and 6, respectively. Besides,

the three circular blocks which contain air inside are made up
plastics, concrete, and metal with relative electric permittivity
values as 3, 8, 40, respectively. Their outside radius values are
0.25 m while their inside radiuses are assigned 0.20 m, 0.15
m, and 0.20m for plastics, concrete, and metal, respectively.
In Fig. 4, the color representation is dependent on the
minimum and maximum values of the direct waves. The ex-
tremes can prevent visualization of other deeper useful events
such as three hyperbolae resulting from the three circular ob-
jects (Figs. 4a and 4b). This disadvantage inspires us to ap-
ply the removal technique of first direct wavelet. Therefore,
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Rys. 6. Powigkszenie obrazu do analizy fazy
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Rys. 7. Mapa badania dla dwdch lokalizacji (Ha Noi i Ho Chi Minh City) w Wietnamie

zeroing the first direct wave is applied to this synthetic data
(Fig. 4c).

For evaluation of wave propagation velocity, we test-
ed many migrated sections (Fig. 5) with different velocities
varying around the velocity picked by analysis of 1D maxi-
mum energy difference curve (Fig. 5f). Over-, focused and
under- migration phenomena are easily seen in the sections
with bigger values, correct value, and lower velocity values,
respectively. The velocity 0.12 m/ns (meter per nano second)
is chosen for calculating the circular anomalies ‘s depths for
providing better depth value than the one 0.134 m/ns. The
value 0.134 m/ns has an tendency gives the bigger depth be-
cause the Kirchhoff migration tries to compress the big circu-
lar shapes of the big anomalies (Le and Nguyen 2020a).

Besides, the processed zeroing data, migrated, and maxi-
mum energy difference sections can shed light on locations of
the three circular anomalies in time nearly 2.10-8 (s).

The first and third objects at locations 0.56 m and 3.36 m
can represent the phase types as in-phase and out of phase,
respectively. However, the second object at x=1.88m needs
more works to clarify its phase characteristics because of weak
first break amplitudes. Therefore, Fig. 6 expresses two zoom-
ing images of the area containing the second object. It looks
like that its first wavelet (Fig. 6¢) is negative which is con-
trary to the positive wavelet of the first direct wave (Fig. 6d).

Therefore, it is out of phase case compatible with the electric
permittivity values of the second object and the surrounding
background. Notice that the zooming image extracted from
the zeroing first direct data (Fig. 4c) can show the hyperbolae
so well.

3.2 Real data

Field data 1:

The electromagnetic method survey was conducted in
Thuy Loi university, Ha Noi, Vietnam. We have used the GPR
equipment branded IDS Duo Detector, 700 MHz, made in Ita-
ly (Fig. 7). The processed and maximum energy difference are
computed from the raw data shown in Fig. 8. We can detect
the position of a hyperbola = 3.424m and t=1.375x 10-8 (s) in
the two processed attribute images (Figs. 8c and d). To ana-
lyze the position of artificial object at x= 3.424m and t=1.375x
10-8 (s), many migrated sections are analyzed (Fig. 9). The
object is interpreted as the drainage pipe from the prior in-
formation. We can achieve the velocity of wave propagation
at 0.074 m/ns to give its depth at 0.41m with the first wavelet
time 1.1x 10-8 (s).

For phase analysis in zooming image (Fig. 10), first wave
direct wave (Fig. 8a) and the first wavelet of its hyperbola are
compared. In zooming images of Fig. 10, the trough shape
(i.e., negative values) are seen in the processed and raw data.
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Notice that the first wavelet of the direct first wave is positive
in the real data (Fig. 8a). This can explain that the electric per-
mittivity of the object is more than the electric permittivity of
the surrounding environment. In prior information seen in
Fig. 7, the drainage pipe is made of concrete.

Field data 2:

We also conducted the GPR equipment as IDS Duo De-
tector, 700 MHz in Le Thuc Hoach street, Tan Phu District,
Ho Chi Minh City, Vietnam. The raw data is processed the
same workflow mentioned in the methodology (Fig. 11) (see
Section 2.2). Its conventionally processed data shown in Fig.
11c and its maximum energy difference section in Fig. 11d
can express location of one object. The object is known as a
metal water supplying water. Its position has x=1.615 m and
2.3 x 10-8 (s). For computing its depth, we tested several mi-
grated sections in Fig. 12. Under and over migration effects
can be seen in Figs. 12a and b, and Fig. 12d, respectively. The
chosen velocity, 0.087 m/ns, which is extracted from the 1D

maximum energy difference curve (Fig. 12f), can estimate its
depth at 0.94m with its first break 2.1 x 10-8 (s).

In the phase analysis stage, we represent two types of
processed data and raw data in for zooming images (Fig. 13).
Notice that the raw data does not receive any amplitude filter
except move start-time step so it does keep its true amplitude.
Negative effect is strongly seen in all the four zooming images.
The out of phase case can expresses that the electromagnetic
wave bounced at the anomaly having the electric permittivity
bigger than the surrounding environment. The object inter-
pretation is suitable the prior information that the supplying
water pipe is metallic.

4. Conclusion

We have applied our workflow to investigate positions
and characteristics of underground anomalies. The workflow
focuses on detection of positions using maximum energy dif-
ference approach and phase analysis using in phase and out
of phase cases. Besides, migration technique helps to estimate
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Rys. 13. Powigkszanie obrazu do analizy fazy przetworzonych i nieprzetworzonych danych w strefie zainteresowania zawierajacej hiperbole

depths of the anomalies. For enhancing phase interpretation,
we combine two zooming images of the raw and processed
data for checking in-phase or out of phase cases in one mod-
elling data and two real data. The originality of the raw data
which can be seen in zooming image can be kept for checking
the phase effects along with its processed data.
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Przebieg pracy z danymi radarowymi penetrujgcymi ziemig. Analiza oparta na sterowaniu
maksymalng réznicq energii

Ground Penetrating Radar jest powszechnie stosowany w inzynierii lgdowej i wodnej. Podziemne anomalie (np. przewody elek-
tryczne, rury wodociggowe lub zapadliska) mozna wykry¢ za pomocqg reprezentacji hiperbol w zmierzonym przetworzonym
obrazie GPR. Nasza praca koncentruje si¢ na wykrywaniu podziemnych obiektow izrozumieniu ich metalicznych Ilub
niemetalicznych wla-Sciwosci. Atrybut maksymalnej réznicy energii jest stosowany do oswietlania ich pozycji, podczas gdy proces
analizy fazowej moze okreslié zmiang widma fazowego w dyfrakcyjnych sygnatach. Aby usprawni¢ analize fazowg,
zastosowalismy nowatorski przeplyw pracy tgczgcy konwencjonalne kroki przetwarzania i krok powigkszania w celu zachowania
oryginalnosci fazy bez zaklécania przez niepotrzebne filtry. Zastosowalismy przeplyw pracy w modelu i rzeczywistych danych, aby
udowodnié¢ jego skutecznosé. Interpretacja dwéch rzeczywistych zbioréw danych w Wietnamie za pomocg naszego przeplywu
pracy moze wyrazic istnienie sztucznych anomalii podziemnych, a takze ich charakterystyke materii w poréwnaniu z otaczajgcym
je Srodowiskiem.

Stowa Kluczowe: radar penetrujgcy podtoze, analiza fazowa, réznica energii
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Abstrakt

W niniejszej pracy przeprowadzono badania literaturowe z zakresu wartosci przedsiebiorstwa. Zaprezentowano podzial wartosci
ze wzgledu na metody ich kalkulacji wyrézniajgc metody majgtkowe, rynkowe oraz ekonomiczne. Szczegétowo opisano metody
szacowania wartosci ekonomicznej, wyrézniajgc metody bazujgce na przysztych przeplywach pienieznych DCF oraz EVA, ktéra oparta
jest na kapitale zainwestowanym. Artykut zostal uzupetniony o metodologie SOTE, ktéra pomimo szerokiego zastosowania dzigki
podziatowi wyceny na poszczegolne segmenty dziatalnosci, dajgce szczegélowe informacje o generowaniu wartosci. Zakoticzeniem
pracy jest przeprowadzona wycena wartosci ekonomicznej zdecentralizowanego przedsigbiorstwa gérniczego. Wykazala ona,
iz metody DCF oraz EVA sg tozsame a takze ukazala uzytecznos¢ metody SOTP w przedsigbiorstwach wielosegmentowych jako
narzedzia wyceny.

Stowa kluczowe: gornictwo przedsigbiorstwo zdecentralizowane, wartos¢ ekonomiczna, zdyskontowane przeplywy pieniezne DCE eko-
nomiczna wartos¢ dodana EVA, metoda sum czesciowych SOTP

1. Wstep

W obliczu rozwoju technologii, ciagle postepujacej globa-
lizacji rynku oraz licznych zmian warunkéw geopolitycznych,
przedsiebiorstwa i oddzialujace na nie grupy interesariuszy
zmuszone sg do cigglego wzmacniania swojej pozycji zarow-
no krajowej jak i na arenie miedzynarodowej. Wynika stad
konieczno$¢ wypracowania oraz zdefiniowania systemu stano-
wigcego podstawe budowania przedsigbiorstwa, ktéry wspo-
moze realizacj¢ zalozonej misji opartej na wzroscie wartosci.

Opisane czynniki stanowia podstawe stworzenia syste-
mu zarzadzania warto$cia przedsiebiorstwa VBM (ang. Value
Based Management). Koncepcja ta pomimo popularnosci -
wciaz ma charakter elitarny. Wynika to gléwnie z faktu, iz od
przedsiebiorstw stosujacych VBM wymaga si¢ okreslenia stra-
tegii, stosowania odpowiednich systeméw ewidencjonowania
oraz wykorzystania danych i miernikéw. Z tak skonstruowa-
nego systemu korzysta¢ powinny przedsigbiorstwa, ktore jed-
noczeénie beda charakteryzowaly sie wysokim stopniem zor-
ganizowania, ale tez sformalizowania. Gléwnym zalozeniem
VBM jest skupienie procesu decyzyjnego wokdl znaczacych
czynnikéw wplywajacych na warto$¢ przedsiebiorstwa. Zna-
czgcg rola w calym procesie jest maksymalizowanie warto$ci
dla akcjonariuszy, bowiem to wlasnie oni daza do takiego
zarzadzania przedsiebiorstwem, aby bylo ono zyskowne za-
réwno w kontekscie krotko- jak i dlugoterminowym. Wzrost
korzysci akcjonariuszy idzie w parze réwniez ze wzrostem
wszystkich zwigzanych z przedsigbiorstwem podmiotow [3].

W rozwinietych gospodarkach rynkowych, powszech-
ny proces wyceny przedsiebiorstw odbywa sie najczeéciej
bezposrednio na rynkach kapitalowych, w toku masowo za-
wieranych transakeji. Bazujgc na tego rodzaju bezpos$redniej
wycenie rynkowej nalezy zauwazy¢, ze mozna réwniez doko-
nywaé wyceny wartoéci przedsiebiorstwa bazujac na innych

kategoriach zwigzanych z retrospektywnym ujeciem kosztow
i nakltadéw poniesionych jak réwniez prospektywnym podej-
$ciem zwigzanym z szacowaniem korzysci z biznesu.

Celem niniejszego artykulu jest zdefiniowanie oraz pre-
zentacja roznych podej$¢ oraz metodyk wyceny przedsie-
biorstwa, w ramach stalego procesu zarzadzania warto$cia.
Glowny nacisk potozono na metody wyceny wartosci ekono-
micznej, ktore z jednej strony sg najbardziej metodologicznie
poprawne w sensie kalkulacji a z drugiej strony odzwiercie-
dlaja prospektywna zdolnos¢ podmiotu do generowania ko-
rzy$ci z biznesu dysponujacego kapitalem realnym i niema-
terialnym.

2. Wartos¢ jako miernik
Warto$¢, zaréwno w naukach ekonomicznych, jak i ogdl-
ne tego stowa znaczenie, nie posiada jednoznacznej definicji
w literaturze naukowej, a takze w praktyce gospodarczej. Roz-
norodno$¢ metod i technik wyceny wartoéci powoduje ist-
nienie rézni¢ wartosci tego samego podmiotu w tym samym
czasie. Okre$lenie warto$ci w wielu sytuacjach, jest punktem
wyjécia dla istotnych decyzji zaréwno inwestycyjnych, opera-
cyjnych jak i finansowych.
Wedtug J. Duraj ,warto$¢” mozna okreéli¢ w trzech wy-
miarach znaczeniowych jako [4]:
o Dobro - wszystko co cenne i moze stanowi¢ cel ludz-
kich dazen
o Odpowiedz na potrzebe — pozwala cztowiekowi zy¢,
rozwijac sie i doskonali¢
o Idea ogélna — majaca doniosle znaczenie dla czlowie-
ka i spoleczenstwa

Warto$¢ przedsigbiorstwa, jak mozna si¢ dowiedzieé
z réznych zrédel naukowych, jest oceniana z perspektywy
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samych wlascicieli. Zainwestowany przez nich kapital oraz
wlozona praca skutkuja oczekiwaniem okreslonego zwrotu.
Upraszczajac, cale to zjawisko mozna by przyréwnaé do war-
tosci towaru na rynku - firma jest warta tyle, ile obecni wta-
$ciciele otrzymaliby za posiadane udzialy i akcje przy poten-
cjalnej sprzedazy spotki. Jednakze na przestrzeni ostatnich lat
samo pojecie wartosci ewoluowalo powiekszajac swdj zakres
korzysci, nie tylko dla wlascicieli, ale réwniez dla wszystkich
interesariuszy takich jak pracownicy czy dostawcy.

Brak zdefiniowania wartoéci przedsigbiorstwa uniemoz-
liwia jego zarzadzanie, co jest kluczowe przy podejmowaniu
wszelakich decyzji. Definicja zarzadzania warto$cia powinna
determinowa¢ noéniki wartosci, czyli obejmowac czynniki
zaréwno strategiczne jak i operacyjne. Warto réwniez zauwa-
2y¢, ze warto$¢ przedsigbiorstwa w zaleznosci od kategorii
ujecia, jest determinowana zdolnoscig do generowania korzy-
$ci w przyszlosci, mierzonych przeptywami (warto$¢ ekono-
miczna) oraz warto$¢ posiadanych aktywoéw pomniejszonych
o zobowigzania w ujeciu historycznym ich powstania (war-
tos¢ majatkowa) lub tez wartos¢ rynkowsa kapitatu wlasnego
odzwierciedlong ceng akcji notowanych na rynku kapitalo-
wym (warto$¢ rynkowa).

Wyznaczaja one podstawowe grupy metod wyceny przed-
siebiorstwa:

o Metody majatkowe

«  Metody mnoznikowe

o Metody dochodowe

e Metody mieszane

Sama wycena przedsiebiorstwa skupia sie na przysztosci,
to znaczy jakich korzysci si¢ spodziewamy, dlatego tez ma ona
charakter szacunkowy. Dane historyczne nie s3 stosowane do
wyceny przedsiebiorstwa, jednakze uzywa ich si¢ w kontek-
$cie uwiarygodnienia prognoz, pod warunkiem braku catko-
witej zmiany profilu czy sektora, w ktérym przedsigbiorstwo
operuje. Oczywiscie celem zarzadzania jest maksymalizacja
warto$ci, migdzy innymi poprzez dazenie do takich celow
operacyjnych jak [6]:

«  uzyskanie okre$lonego udziatu w rynku

o osiagniecie przychodow ze sprzedazy

«  ograniczenie kosztow dziatalnosci

o maksymalizacja wynikéw operacyjnych

Do gléwnych kategorii wartosci przedsigbiorstwa zaliczy¢
mozna:

o Warto$¢ majatkowa

o Warto$¢ rynkows

o Warto$¢ ekonomiczng

3. Metody wyceny wartosci majatkowej

Warto$¢ majatkowa przedsigbiorstwa jest jedna z naj-
bardziej podstawowych kategorii ekonomicznych. Przedsta-
wia ona warto$¢ bazujaca na sumie wartosci poszczegolnych
skladnikach majatku.

Wyréznia sie cztery glowne techniki wyceny przedsie-

biorstwa metodg majatkows [7]:

« metoda ksiggowa — metoda opierajaca sie na spra-
wozdaniach finansowych firmy. Polega na wycenie
przedsigbiorstwa na podstawie ksiegowej wartoséci
majatku pomniejszonego o zobowigzania. Specyfika

tej metody sa niskie koszty oraz prostota obliczen.

o metoda likwidacyjna - metoda wycenia minimalna
warto$¢ podmiotu zatwierdzona przez sprzedajace-
go, a ponizej ktorej, bardziej optacalna jest likwidacja
dzialalnosci, sprzedaz aktywdw i splata zobowigzan.
Stosujac ta metode dodatkowo uwzgledniania sie
koszty hipotetycznej likwidacji przedsiebiorstwa,
ewentualne dyskonto z tytulu szybkiej sprzedazy
sktadnikéw majatkowych oraz koszty rozwigzania
umoéw z pracownikami i kontraktéw handlowych.
Omawiana metoda jest stosowana przewaznie w sy-
tuacjach, gdy przedsigbiorstwo znajduje si¢ na schyl-
ku swojej dziatalnosci gospodarczej.

o metoda odtworzeniowa - metoda uwzgledniajaca
koszty zawiazania i organizacji spotki, obejmujace
pozyskanie finansowania, zatrudnienia pracowni-
kow, zawarcia kluczowych dla jej przyszlej dziatalno-
$ci kontraktow handlowych itp. Okresla maksymalna
warto$¢ korzystna dla potencjalnego inwestora, po-
wyzej ktorej, bardziej rentowng decyzja jest zawig-
zanie i rozwdj nowego podmiotu. Metoda odtwo-
rzeniowa jest charakterystyczna dla przedsigbiorstw
bedacych we wezesnym etapie dziatalnosci.

o metoda skorygowanych aktywéw netto (SAN) -
metoda bazujgca na metodzie ksiggowej, jednakze
uwzgledniajaca swoiste korekty. Najczesciej korekty
dotycza nieruchomosci, warto$ci niematerialnych
i prawnych oraz udzialéw w obcych jednostkach.
Korekta zazwyczaj polega na sprowadzeniu wartosci
ksiegowej netto zaréwno aktywow jak i zobowigzan
do ich wartosci rynkowe;j.

4. Metody wyceny warto$ci rynkowej

Definicja szacowania warto$ci rynkowej mowi, ze jest to
najnizsza cena, na jaka moze si¢ zgodzi¢ osoba sprzedajaca
oraz najwyzszy koszt, jaki jest gotowy ponies¢ kupujacy. War-
tos¢ rynkowa wykazuje charakter dynamiczny wynikajacy
z duzej wrazliwosci na zmienne preferencje kupujacego, sytu-
acje polityczne, koniunkture czy elastycznos¢ sprzedajacego.

Metody szacowania warto$ci rynkowej, zwane réwniez
mnoznikowymi, oparte sa na zalozeniu, ze to wlasnie rynek
finansowy dostarcza najlepszych informacji niezbednych do
wyceny. Sa to metody wykorzystujace relacje ekonomiczne,
ktére dotychczas uksztaltowaly si¢ na rynku kapitalowym
w zwigzku z nieustannie dokonywanymi transakcjami sprze-
dazy - kupna zaréwno akgji jak i przedsiebiorstw. Bazuja one
na swoistego rodzaju poréwnaniach z innymi, zblizonymi
podmiotami gospodarczymi. Proces przeprowadzania ta-
kich analiz polega na znalezieniu innej firmy badz grupy firm
o charakterze tozsamym np. z tej samej branzy, ze zblizong
warto$cig aktywéw badz z podobnymi produktami. Nastep-
nym kluczowym czynnikiem jest wybdr pozadanego wskaz-
nika rynkowego (mnoznika) bedacego trzonem catej wyceny.
Najpopularniejszym wyborem jest migdzy innymi warto$é
jednej akeji do warto$ci zysku netto na jedna akcje. W dalszej
czgsci analizy nalezy wyznaczy¢ wielkosci bedace podstawa
wybranego wskaznika dla wycenianej firmy np. zysk opera-
cyjny lub przychéd ze sprzedazy. Ostatnim krokiem jest usta-
lenie wartosci przedsigbiorstwa poprzez pomnozenie wybra-
nego mnoznika przez wybrang wielko$¢ ekonomiczna.
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5. Metody wyceny warto$ci ekonomicznej

Ostatnim - jednak réwnie waznym rodzajem metod wyce-
ny przedsigbiorstwa — s3 metody ekonomiczne zwane docho-
dowymi. Giéwne zasady funkcjonowania gospodarki rynkowej
sprawiaja, ze podstawg oceny przedsiebiorstwa przez potencjal-
nych inwestoréw badz nabywcow jest jego zdolnos¢ do genero-
wania dochodéw, a co za tym idzie przynoszenia wymiernych
korzysci finansowych swoim wlaécicielom. Wysoka ranga me-
tod dochodowych w procesie wyceny przedsiebiorstw wynika
ponadto z cechy kapitalu jako podstawy istnienia i funkcjono-
wania przedsigbiorstwa, ktora jest zdolnos¢ do wzrostu, czyli
pomnazania w rezultacie angazowanie go w dziatalnos$¢ przed-
siebiorstwa [1]. Z tego powodu ekonomiczne metody wyceny
stanowig zasadnicza cze$¢ niniejszego artykulu. Mnogos¢ oraz
zroznicowanie metod dochodowych wystepujacych w obecnej
nauce uniemozliwia rzetelne oraz kompletne przedstawienie
kazdej z nich, w zwiazku z czym wybrano nast¢pujace trzy me-
tody, ktore zostaly rozwiniete w tymze artykule.

5.1 Metoda DCF

Metoda zdyskontowanych przeplywéw pieni¢znych DCF
(z ang. Discounted Cash Flows) - jest to najbardziej znana
oraz uznana metoda wyceny przedsigbiorstwa. W meto-
dzie nie uwzglednia si¢ majatku firmy na rzecz osiagalnych
przeplywoéw finansowych jakie w terazniejszo$ci badz przy-
szlosci przedsigbiorstwo bedzie zdolne wygenerowaé. Warto
zwrdci¢ rowniez uwage na to, iz w metodach dochodowych
wszelkiego rodzaje prognozy przeplywéw pienieznych opie-
rajg si¢ na jedynie na planach ksztaltowania si¢ przyszlej war-
tosci przychoddéw netto ze sprzedazy, stad pozostate pozycje
wchodzace w sktad wolnych przeplywéw pienieznych sa na-
liczane od zmiany warto$ci sprzedazy. Zaleca si¢ uprzednio
przeprowadzanie analizy fundamentalnej przedsiebiorstwa
za co najmniej cztery ostanie lata dzialalnosci w celu oceny
kondycji finansowej przedsi¢biorstwa oraz zidentyfikowaniu
potencjalnych zagrozen, ktére moglyby w znaczacy sposéb
zaburzy¢ plan przyszlych przeptywéw. Przeprowadzenie po-
prawnej prognozy sprzedazy jest kluczowe dla catego proce-
su, dlatego wymaga kompleksowej znajomosci wycenianego
przedsigbiorstwa z wyszczegdlnieniem:

o Sektora, w ktorym firma funkcjonuje oraz zachodzg-

cych w nim zmian i trendéw
o Charakteru zwigzkow z dostawcami i odbiorcami
o Posiadanych linii produktowych i oferowanych asor-
tymentéw produktow
o Silyiistoty konkurencji

Otrzymana prognoza przychodéw ze sprzedazy powin-
na by¢ rowniez adekwatna do sytuacji wewnetrznej oraz
zewnetrznej firmy oraz spdjna z historycznymi rezultatami
dziatalnoséci poddawanego wycenie przedsigbiorstwa.

Wykorzystanie podejscia utraty wartosci pieniadza, ktéra
opiera si¢ na przekonaniu, zZe dana kwota dzi$ jest warta wie-
cej anizeli bedzie na przestrzeni przysztych lat, czyni omawia-
na metode rzetelniejsza oraz bardziej dokladna.

Metoda DCF posiada kilka wariantéw, ktére umozliwiajg
otrzymanie wynikow z pozadanego zakresu. Ponizej przedsta-
wiono niektore z nich:

e Metoda przeplywéw pienieznych dla wlascicieli

kapitaléow z angielskiego Free Cash Flow to Equity

(FCFE) - wolne przeptywy pieniezne dla wlascicieli
kapitatu wlasnego sg to $rodki ktére stanowia nad-
wyzke badz niedobdr $rodkéw pienieznych wywo-
dzacych sie z dziatalno$ci dodatkowo pomniejszone
o zobowigzania wobec inwestoréw np. dywidende.
Wyniki otrzymane poprzez zastosowanie tej metody
obrazujg skuteczno$¢ decyzji podejmowanych przez
wlascicieli spotki. Omawiany wariant prezentuje po-
dejécie wlasnosciowe, a wiec dostarcza cennych in-
formacji wlascicielom kapitatu.

o Metoda przeplywéw przedsigbiorstwa jako catosci
- z ang. free cash flows to firm (FCFF) - narzedzie
umozliwiajace okreélenie ilo$ci gotowki generowa-
nej przez przedsiebiorstwo z dzialalno$ci operacyj-
nej oraz inwestycyjnej, po uregulowaniu wszystkich
oczekiwan finansowych dawcow kapitatu. Tak samo
jak FCFE, wykazuje wigksza doktadno$¢ wzgledem
np. zysku netto, poniewaz uwzglednia ona koszty,
zmniejszajace jego warto$¢, jednocze$nie niebeda-
ce wydatkiem np. amortyzacj¢. Przygotowane przez
przedsiebiorstwo pomaga w ocenie efektywnosci
podejmowanych decyzji. Metoda zaktada podejscie
podmiotowe.

Metoda zdyskontowanych przeplywdw pienigznych sta-
nowi najpowszechniej stosowany sposob przeprowadzania
wycen przedsigbiorstw oraz jest nieodzowna cze$cig prowa-
dzenia negocjacji biznesowych z inwestorami. Informuje in-
westoréw o najistotniejszych dla nich parametrach takich jak
mozliwe ryzyko oraz korzysci. Jednakze nie jest ona pozba-
wiona wad. Ogrom danych niezbe¢dnych do przeprowadzenia
kompleksowej analizy prowadzi do bledéw wyliczeniowych
co w rezultacie skutkuje falszywa wycena spétki. Ponadto
trudnos¢, a nawet w niektérych przypadkach, niemozliwo$é
oszacowania przyszlych wynikéw przedsigbiorstwa powodu-
je, ze ich poziom jest zalezny od osoby prowadzacej wyceneg.
Sama metoda réwniez nie da rzetelnych wynikéw dla matych
i mikro przedsigbiorstw, ktérych wyniki finansowe cechuje
duza zmiennos$¢.

5.1 Metoda EVA

Ekonomiczna warto$¢ dodana z - ang. Economical Va-
lue Added (EVA) - jest to metoda stworzona przez nowojor-
ska firme¢ Stewart & Co., obrazujaca efekt gospodarowania
przedsiebiorstwa. Dzigki swojej uniwersalno$ci oraz fatwosci
zrozumienia jest druga, zaraz po DCE najczg$ciej stosowna
metoda wyceny przedsigbiorstw. Istota EVA jest uwzglednie-
nie w ocenie efektywnosci nie tylko wartosci wypracowanych,
skorygowanych zyskéw, ale réwniez catkowitej wartodci za-
angazowanego kapitalu wliczajac to rowniez kapital wlasny
[5]. Taka posta¢ wskaznika umozliwia kadrze zarzadczej
efektywniejsze ksztaltowanie wartoséci przedsigbiorstwa pod
wplywem oczekiwanego przez inwestoréw zwrotu oraz mak-
symalizacj¢ majatku akcjonariuszy. Sam twoérca omawianej
metody opisuje jej cztery gldwne filary znane jako 4M, czy-
li Measurement, Management System, Motivation, Mindset
(Pomiar, System Zarzadzania, Motywacja, Nastawienie). Pre-
zentuje to, wyrézniajgce metode EVA na tle innych, podejécie
do pracownikoéw, ktéremu przys$wieca przekonanie o tym, ze
nieoplacalna jest kontrola zatrudnionych, lecz budowanie re-
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lacji opartej na wspolnym celu, ktorego osiagniecie jest moz-
liwe jedynie przez wspolprace. Calg tg ide¢ uzupelnia budo-
wa schematu planu wynagrodzeniowego opierajacego si¢ na
wykreowanej wartosci dodanej. Zalozenia metody wyraznie
precyzuja sposoby powigkszania wartoéci przedsigbiorstwa:
o Zwigkszenie zwrotu z posiadanych aktywow,
o Uwolnienie zainwestowanego kapitalu poprzez
sprzedaz nierentownych aktywoéw,
o Wzrost efektywno$ci wykorzystania kapitalu po-
przez zmiang warto$ci dzwigni finansowej
o Reinwestowanie kapitatu oraz powiekszanie wartosci
aktywoéw w momencie, gdy oczekiwany z nich zwrot
przewyzsza koszty kapitalu zainwestowanego.

Pierwszym etapem metody EVA jest przelozenie wyniku
ksiegowego na zysk ekonomiczny, poprzez zastosowanie swo-
istych korekt. W pierwotnej wersji opracowanej przez Stern
Steward & Co bylo konieczne zastosowanie az 164 réznych
korekt, jednakze w przypadku wielu firm niemozliwe jest
wprowadzeniu ich wszystkich z powodu braku niezbednych
do ich wykonania danych finansowych, w rezultacie wybiera-
jac jedynie kilka z nich w tym najistotniejsza, korekte podatku
dochodowego. W drugim etapie dokonuje si¢ zamiany z war-
tosci ksiggowej na warto$¢ ekonomiczna, poprzez zsumowa-
nie kapitaléw wlasnych podmiotu oraz zobowigzan odsetko-
wych jednoczesnie pomniejszajac je o koszty sktadajace si¢ ze
$redniej wazonej wyliczanej na podstawie kosztéw kapitalow
wlasnych firmy oraz zobowigzan odsetkowych.

Wzory na wyliczenie EVA zmienialy si¢ na przestrzeni
lat, jednakze bazujac na oryginale opracowanym w 1989 roku.
Przedstawial on EVA w nastepujacy sposéb:

EVA=NOPAT-IC*WACC

Gdzie NOPAT (z ang. Net Operating Profit After Tax)
oznacza zysk operacyjny netto po opodatkowaniu, a wiec jest
on réwnoznaczny z warto$cig EBIT pomniejszong o podatek.
IC jest wartoscia zainwestowanego kapitalu w polaczeniu
z warto$cig oprocentowanego kapitatu kredytodawcow przed-
siebiorstwa. Ostatnim elementem jest wspotczynnik WACC
ktory zostal juz oméwiony w zwigzku z metodg DCE.

Ekonomiczna warto$¢ dodana umozliwia podejmowanie
skuteczniejszych i efektywniejszych decyzji, dzieki dostarcza-
niu cennych informacji o calej firmie a réwniez poprzez sys-
tem motywacyjny wywiera pozytywny wplyw na wszystkich
czlonkéw organizacji. Ponadto przystepno$¢ otrzymanych
wynikéw daje mozliwos¢ poprawnej interpretacji zaréwno la-
ikom nauk ekonomicznych jak i profesjonalistom. Stosowanie
EVA umozliwia przedsigbiorstwu odpowiednia alokacje ka-
pitalu na wielu poziomach agregacji dzialalno$ci. Wszystkie
wyzej wymienione czynniki stanowia sktadowe popularnosci
owej metody zaréwno wérdd analitykéw jak i wlascicieli firm.

5.3 Metoda SOTP
W przypadku zdecentralizowanej struktury dzialalnosci
przedsiebiorstwa mozliwe jest oszacowanie DCF dla poszczegdl-
nych obszaréw czy segmentéw biznesowych ktorych sumaryczna
warto$¢ moze by¢ odzwierciedlona poprze metodologie SOTP.
Wycena ta jest metoda szacowania wartosci ekonomicznej
sumy czesci poszczegolnych obszaréw dziatalnosci (segmen-

tow biznesowych) z angielskiego Sum-Of-The-Parts (SOTP).
Stanowi ona popularne podejscie do wyceny wsrod zaawanso-
wanych praktykow i inwestoréw, jednakze jest ona do$¢ cze-
sto pomijana przez badaczy i naukowcoéw. Wycena opiera si¢
na zalozeniu, ze segmenty dziatalnosci firmy réznia si¢ cha-
rakterystykami rentownoéci oraz wzrostu. W zwigzku z tym
uzasadniona jest oddzielna wycena kazdego segmentu. Aby
uzyska¢ szacunkowg warto$¢ calego przedsigbiorstwa, nalezy
doda¢ oddzielne szacunki warto$ci poszczegélnych segmen-
téw [2]. Wycena sumy czeéci jest inaczej nazywana analizg
warto$ci podzialu. SOTP informuje o warto$ci kazdej cze$ci
firmy, w poréwnaniu z wartoscig firmy jako cato$ci. Umoz-
liwia ona inwestorom i analitykom lepiej zrozumie¢ warto$é
firmy i zidentyfikowa¢ mozliwoéci wzrostu lub oszczedno$ci
kosztow. Jesli czes¢ firmy jest nabywana lub sprzedawana bez
zastosowania owej metody, moze to skutkowad zanizeniem
rzeczywistej wartosci danego segmentu co w rezultacie przy-
niesie znaczaca strate zarowno dla wlascicieli jak réwniez dla
inwestorow.

Identyfikacja nierentownych lub niedowarto$ciowanych
aktywow jest kluczowa z punktu widzenia zarzadzania przed-
siebiorstwem. Analiza SOTP wspomaga firme w zidentyfiko-
waniu stabo dzialajagcych lub niedowarto$ciowanych akty-
wow, ktére moga hamowa¢ ogélng wydajnos¢ firmy. Moze to
pomoc kierownictwu skupi¢ si¢ na poprawie tych aktywow
lub rozwazy¢ ich zbycie w celu odblokowania wartoséci dla ak-
cjonariuszy. Oddzielajac rézne segmenty lub aktywa spoétki,
analiza SOTP wspomaga proces selekcji obszaréw dzialal-
noéci, ktére maja duze perspektywy wzrostu. Dostarczanie
kierownictwu informacji na temat danych sektoréw, pozwa-
la odpowiednio zarzadza¢ zasobami, aby zmaksymalizowaé
potencjalny wzrost i rentowno$¢. Dzigki podziale kosztow
i przychodéw na wybrane segmenty analiza SOTP moze po-
moc spdtce w lepszym komunikowaniu wartosci inwestorom
i analitykom. Moze to poprawi¢ przejrzysto$¢ i ulatwi¢ inte-
resariuszom zrozumienie ogdlnej wartosci firmy i perspek-
tyw wzrostu. Omawiana metoda stanowi réwniez narzedzie
wspomagajace kierownictwo w podejmowaniu strategicznych
decyzji, takich jak fuzje i przejecia, wspolne przedsigwzigcia
i zbycia. Wyceniajac aktywa spotki docelowej i poréwnujac
je z aktywami spotki przejmujacej, zarzad moze zdecydowad,
czy transakcja przyniesie spolce wzrost czy dewaloryzacje.

Nalezy zauwazy¢, ze metoda SOTP nie jest jedynym spo-
sobem wyceny sp6iki, a jej wyniki powinny by¢ rozpatrywane
w kontekécie innych metod wyceny i warunkéw rynkowych.
Proces analizy obejmuje identyfikacje segmentow biznesowych
lub aktywow spotki, okreslenie wartoéci kazdego segmentu lub
aktywa przy uzyciu metod takich jak analiza zdyskontowanych
przeplywéw pieni¢znych (DCF), analiza poréwnywalnych
spolek lub analiza transakeji poprzedzajacych. Istotne jest row-
niez poréwnanie wartosci SOTP z biezaca kapitalizacja rynko-
wa spolki i ciggle monitorowanie wynikow spotki.

SOTP jest powszechnie stosowany podczas modelowania
lub wyceny spolki z réznymi liniami biznesowymi. Moze to
by¢ duzy konglomerat lub mniejsza firma, ktéra ma kilka roz-
nych ofert.

Metodologia SOTP nie ogranicza si¢ do najwiekszych
miedzynarodowych konglomeratéw (jak mozna by sadzi¢
z dostepnych informacji). W rzeczywistosci jest ona réwniez
niezwykle pomocna dla kazdej firmy z réznymi dzialami lub
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Tab. 1. Bilans calego przedsiebiorstwa. Zrédlo:Opracowanie wtasne

Tab. 1. Balance sheet of the entire enterprise. Source: Own study

2023 2024 2025 2026 2027 2023 2024 2025 2026 2027
Aktywa trwate 344923 939915 | B17361 | 1310204 | B3E54E Kaphat wiasny 663 TEE 492 592 1952352 (2732000 1912413
Rasczows aktywa trwale 344523 539515 | 517361 | 1310204 | B38548 Kapitatpodstawowy 450 000 450000 1721176 |1725088| 1725068
Kapitat2a pasowy 115 808 373z 8556 43 780 32703

Wynilk finansowy 87 950 28 850 202 520 453 152 154 542
Aktywa ohrotowe 1124130 | 1926932 | 2682112 | 2867032 | 2 616831 Zobowlzzanla | rezerwy E05 285 2374 255 1547121  |1945236| 1542966
Zapasy 715330 1287430 | 1718480 | 1855000 | 1 765398 Zobowigzania dlugoterminowe 373 432 723432 400 000 343 061 420156
Naleanodcl 351200 532160 | E7E000 | 921 500 754500 Kredyty bankowe kré th. 200 123 35933 300 321 453 555 590 540
Imwestyc e 57 600 7 282 B5832 E3 432 95533 Zobowi3zania wobec dostwodw 145 500 524 150 435 8OO 576 120 322145
Rozlicznia migdryokresowe krbtkoterm 136 130 489730 410 000 550 500 210125
SUMA 1469053 | 2866847 | 3499473 | 4177236 | 3455379 SUMA 1469 053 2 866 847 3499473 |4177236] 3455379

Tab. 2. Bilans segmentu A. Zrédlo: Opracowanie wlasne
Tab. 2. Segment A balance sheet. Source: Own study

2023 2024 2025 2026 2027 2023 2024 2025 2026 2027
Aktywa trwate 310431 E45024 | 735625 | 1179184 | 754693 Kaphat wiasny 473 B 334319 1297431 |16013286| 1076410
Rasciows aktywa trwale 310431 45524 735625 | 1179184 | 754893 Kapitatpodstawowy 235 426 314000 1107333 |1152551| SE5E34
Kapitatza pasowy 31088 2612 19585 30 645 22882

Wynik finansowy 166 113 17 70540 170 108 418 079 67824

Aktywa obrotowe 504 638 EBA0807 | 1178830 | 1268362 | 1202302 Zobowlgzanla | rezerwy 391 464 1352 412 617 025 B45 260 BED 585
Zapasy 479138 772434 | 1031088 | 1113600 | 1058238 Zobowigzania dlugoterminowe 34 058 334058 140 000 108 437 152 084
Naleanoicl 35120 &3 216 £7 800 52 160 75450 Kredyty bankowe kré th. 140 086 445853 210 225 263 418 413378
Inwestycle 40320 5087 59542 62 602 57573 Znbowigzania wobse dostwedw 116 480 319328 149 440 310 896 257716
Rozliznia migdzyokresowe krdtkoterm 40 839 253172 117 380 182 510 57338
SUMA BIS069 | 1686731 | 1914455 | 2447546 | 1956995 SUMA 815 D&Y 1686 731 1914455 |2447546] 1956995

Tab. 3. Bilans segmentu B. Zrédlo: Opracowanie wlasne
Tab. 3. Segment B balance sheet. Source: Own study

2023 2024 2025 2026 2027 2023 2024 2025 2026 2027

Aktywa trwate 34492 93 992 E1736 131 020 E3 855 Kaphatwlasny 240 164 158273 654 921 630 714 36003
Rzeczowe akiywa trwale 34432 93 592 B1736 131 020 B3 855 Kapitat podstawowy 233 574 145000 513 843 572 507 739174

Kapitatza pazowy B4 742 1120 B567 13 134 S ELL

Wynik finansowy -7E153 11 154 32512 45 074 7019

Aktywa obrotowe 619492 1086125 | 1503282 | 1596 670 | 1414529 Zobowlgzanla | rezerwy 413 821 1021 843 930096 |1098976| 662381
Zapasy 285132 514986 | ©873s2 | 742 400 705159 Zobowigzania dhugoterminowe 229 373 383373 260 000 233 624 268 D52
Nalenodcl 316080 558544 790200 | E29440 | 73410 Kredyty bankowe knd th. 60 037 191080 S00%6 195 138 177 162
Inwestycle 17280 2185 25690 25 830 25960 Zobowizzania wobec dostwodw 29 120 204832 287 380 255 224 54429
Rozlicania migdryokrasowe krdthotarm 35 131 2355358 292 &40 337 330 152728
SUMA 653984 | 1180116 | 1585018 | 1729690 | 1498384 SUMA 653 984 1180 116 1585008 |1729690| 1498384

Tab. 4. Rachunek zyskéw i strat calego przedsiebiorstwa. Zrédlo:Opracowanie wiasne

Tab. 4. Profit and loss account of the entire enterprise. Source: Own elaboration

2023 2024 2025 2026 2027
Przychody ze sprzedazy 3432000 6134000 | 7035 600 [ 7 875502 | 6 598037
Koszty sprzedanych produktéw [ 2 864000 | 5428000 | 5975992 | 6 250124 | 5678 400
Koszty ogblnoadministracyjne 358 672 419988 | 550000 656 522 430 800
EBITDA 209 328 286012 509 608 968 856 | 488837
Amortyzacja 18 900 101900 | 101900 121 636 110600
Wynik eperacyiny (EBIT) 190 428 184112 | 407708 347 221 378237
Koszty finansowe 43 828 136012 70008 75 300 120500
Wynik brutto (EBT) 146 600 48 100 337700 771921 257 737
Podatek doch. 58 640 19 240 135080 308 768 103 095
Wynik netto (EAT) 87 960 28 B60 202620 463 152 154642

ofertami. Rozwazmy przykltad lokalnej firmy poligraficzne;j.
Zajmuje sie ona tylko dwiema rzeczami: drukowaniem do-
kumentéw na miejscu w tradycyjnej drukarni oraz handlem
elektronicznym. Model finansowy SOTP firmy zajmujacej si¢
drukowaniem dokumentéw bedzie wymagal analizy ilosci
wydrukéw, cen wedlug rodzaju dokumentu, kosztéw papieru,
czynszu, pracownikéw sklepu itp. Z kolei model handlu elek-
tronicznego bedzie wymagal wgladu w liczbe sprzedanych
drukarek, cene drukarek, powierzchni¢ magazynows, wydatki
na reklame online itp. Najwazniejszym punktem dla tego biz-
nesu bedzie réznica w wartoéci miedzy tymi dwoma segmen-
tami. Zalozono, ze fizyczna dzialalno$¢ drukarska jest wigksza
zaréwno pod wzgledem przychoddéw, jak i wartosci EBITDA.
W innej metodzie wplyneloby to proporcjonalnie na warto$é
firmy. Jednak inwestorzy i rynek sg znacznie bardziej rozemo-
cjonowani szybszym rozwojem oraz wyzsza marzg dziatalno-
$ci handlowej. Ta oferta jest nowsza i ma mniejsze przychody,
ale bedzie generowal wigkszg warto$¢ w transakcjach.
Wycena SOTP, poprzez swoja specyfike, nie zawsze znaj-
duje zastosowanie we wszystkich rodzajach firm. Ponizej

przedstawiono zalozenia, w ktorych owa metodyka daje naj-
lepsze rezultaty [8]:
o  Firmy, ktére posiadaja rozne segmenty lub dzialy
biznesowe
o  Firmy holdingowe lub konglomeraty z wieloma roz-
nymi firmami
o Spolki posiadajace odrebne aktywa
o  Sytuacje, ktére wymagaja wysokiego stopnia szcze-
golowosci
o Omawiany model nie sprawdza si¢ w przypadku2:
o Spolki z pojedyncza linig biznesowa
o Spotek, ktére nie ujawniaja zadnych segmentéw
i w ktorych nie mozna znalez¢ tych informacji
o W przypadku gdy prosty, mniej szczegdétowy model
jest odpowiedni

6. Prezentacja zastosowania metod ekonomicznych wyceny
przedsiebiorstwa na przykladzie fikcyjnej spotki

W celu zobrazowania dotychczasowych informacji,
przedstawionych w niniejszym artykule, przeprowadzono wy-
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Tab. 5. Rachunek zyskow i strat segmentu A. Zrédto: Opracowanie wlasne

Tab. 5. Segment A profit and loss account. Source: Own study

2023
Przychody ze sprzedaizy 2 402 400
Koszty sprzedanych produktdw | 2 004 300
Koszty ogblnoadministracyjne 146 530
EBITDA 251 070
Amortyzacja 13230
Wynik operacyjny (EBIT) 237 840
Koszty finansowe 30 680
Wynik brutto (EBT) 207 161
Podatek doch. 41 043
Wynik netto (EAT) 166 113

2024 2025 2026 2027
3680400 | 4924 920 | 5512851 | 4618 626
3311080 | 4183 194 | 4062581 | 3974 880

171607 | 356726 | 678 199 342186
197713 | 385000 | 772071 301560
71330 71330 85 145 77420
126383 | 313670 | 686926 | 224140

95208 49 006 52 710 34 350

31174 264664 | 634216 | 139730

13468 94556 216 138 72 166

17706 170108 | 418079 67 624

Tab. 6. Rachunek zyskéw i strat segmentu B. Zrédto: Opracowanie wlasne

Tab. 6. Segment B profit and loss account. Source: Own study

2023
Przychody ze sprzedazy 1029 600
Koszty sprzedanych produktédw 359 200
Koszty ogblnoadministracyjne 212 142
EBITDA -41 742
Amortyzacja 5670
Wynik operacyiny (EBIT) -47 412
Koszty finansowe 13 148
Wynik bruto (EBT) -60 561
Podatek doch. 17 592
Wynik netto (EAT) -78 153

2024 2025 2026 2027
2453600] 2110680| 2 362 651| 1979411
2116920| 1792798| 2 187 543 1703520

243381] 193274| -21678) 83614

28209) 124608| 195785 187277
30570/ 30570| 36491 33180
57720  94038] 160204[ 154097
a0804]  21002] 223500] 36150
16926]  73036] 137704] 117947

s772]  a0s24| 92630 30928
11154]  32512]  aco74] 87019

ceng fikcyjnego przedsigbiorstwa opartg o trzy metodologie:
DCE EVA oraz SOTP.
Na potrzeby wyceny warto$ci przedsi¢biorstwa przyjeto
nastepujace zalozenia:
o Przedsigbiorstwo z sektora wydobywczego
o W sklad przedsigbiorstwa wchodzg dwie oddzielne
kopalnie (segmenty): AiB
o Wysokos¢ podatku wynosi 40%
o Warto$¢ wazonego kosztu kapitalu (WACC) jest
réwna 9%
o Okres: 5 lata
o Warto$¢ firmy liczona dla roku 2023
o Wszystkie wartosci podane w zlotéwkach

Ponizsze tabele przedstawiaja bilans finansowy oraz ra-
chunek zyskow i strat calej omawianej firmy w latach 2023-
2027. Stanowig one baz¢ do podejmowanej wyceny.

Pierwszym a zarazem najwazniejszym krokiem jest spo-
rzadzenie bilansu zarzadczego dzielacego si¢ na kapitat zain-
westowany (IC) oraz kapital zastosowany (EC). W sklad kapi-
tatu zainwestowane wchodza aktywa trwale, zapotrzebowanie
na kapital obrotowy netto (ZKON) oraz Inwestycje. Zapotrze-
bowanie na kapital obrotowy netto jest to suma zapaséw oraz
nalezno$ci pomniejszona o zobowigzania oraz rozliczenia
miedzyokresowe kréotkoterminowe. Natomiast kapital zasto-
sowany skfada si¢ z kapitalu wlasnego, kapitatu obcego oraz
rezerw i rozliczen, ktére nie wystepuja w omawianym przy-
ktadzie. W ponizszej tabeli zaprezentowano uzyskany bilans
zarzadczy.

6.1 Metoda DCF

Dzigki sporzadzeniu owego bilansu mozliwe jest rozpoczg-
cie gtoéwnej czesci wyceny. W pierwszej kolejnosci zastosowa-
no metod¢ DCE ktora szczegbtowo opisano w poprzednim
rozdziale. Pierwszym krokiem jest stworzenie przeplywow
FCFF w omawianym przykladzie. Beda to przeplywy dla
lat 2024-2027, co wynika z zakresu posiadanych danych.
FCFF jest suma wyniku operacyjnego po opodatkowaniu

(EBIT(1-T)), amortyzacji, zmiany na ZKON oraz zmiany
na nakladach inwestycyjnych (CAPEX, ang. capital expen-
ditures). Nalezy zwroci¢ uwage, iz FCFF ukazuje przeplywy
pieniezne, dlatego tez zmiang na zapotrzebowaniu na kapitat
obrotowy netto interpretujemy w nast¢pujacy sposob, przed-
sigbiorstwo dazy do minimalizacji zamrozonych $rodkéw
pienieznych w aktywach obrotowych, dlatego gdy jej war-
to$¢ wzrasta roznica zostanie wykazana w przeplywach jako
warto$¢ ujemna. Kazdy naklad inwestycyjny jest jednoznac-
zny z kosztem dla przedsiebiorstwa z tego powodu wzrost
wartosci tej pozycji bilansu znajduje swoje odzwierciedlenie
w przeptywach réwniez jako warto$¢ ujemna. Aby wyliczy¢
DCEF nalezy zsumowa¢ zdyskontowane przeptywowy FCFF
do wartosci biezacej (PV ang. Present Value). W celu oblicze-
nia DCF stosuje si¢ wzor:

~ FCFR
T (1 +wAco)?

FCFF, - FCFE,
(1+ WACC)? (1+wAcc)n

DCF

W powyzszym wzorze n wyraza rok, dla ktorego zosta-
fo obliczone FCFFE. W przypadku niniejszego przykladu rok
2023 jest rokiem zerowym, 2024 jest pierwszym rokiem
22025 drugim.

Ostatnim krokiem owej metody jest skorygowanie wskaz-
nika DCF o wartosci inwestycji oraz kredytéw bankowych dla
roku zero. Takim oto sposobem uzyskano skorygowane DCE,
ktére ukazuje biezaca warto$¢ przedsigbiorstwa. W ponizszej
tabeli przedstawiono proces wyliczeniowy omawianej metody
wraz z wynikami:

6.2 Metoda EVA

Nastepna podejmowana metoda wyceny jest metoda
Economic Value Added (EVA). Jest to metoda bazujaca na
zmianach jakie wywiera na kapital zainwestowany amortyza-
cja, zmiany na CAPEX oraz zmiany na ZKON. Na co warto
zwrdci¢ uwage, w tej metodzie zmiana na CAPEX oraz ZKON
idzie z odwrotnym anizeli w przeplywach FCFE. Powodem
tego jest badanie ich wplywu na kapital zainwestowany a co
za tym idzie kazdy wplyw powodujacy jego wzrost bedzie
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Tab. 5. Rachunek zyskow i strat segmentu A. Zrédto: Opracowanie wlasne

Tab. 5. Segment A profit and loss account. Source: Own study

2023 2024 2025 2026 2027 2023 2024 2025 2026 2027
Aktywa trwate | 344923 | 939915 | 817361 |1310204| 838548 Kapitat whasny 663768 | 492592 11952352(2232000(1912413
ZKON 784 800 | 905760 (17496801 640980 1988 028 | Rezerwy i Rozliczenia
Inwestye je 57 600 7 282 85632 89 432 96533 Kapitat obcy 523555 |1360365) 700 321 | 808 616 |1 010696
IC 1187323|1852957)|2652673 |3 040616 2923 108 EC 1187 323118529572 652673 |3040616/2 923109
Tab. 8. Bilans zarzadczy segmentu A. Zrédlo: Opracowanie wlasne
Tab. 8. Segment A management balance sheet. Source: Own study
2023 2024 2025 2026 2027 2023 2024 2025 2026 2027
Aktywa trwate | 310431 | 845924 | 735625 |1179184| 754693 Kapitat whasny 423604 | 334319 |1297431)1601286|1076410
ZKON 306999 | 263210 | 852088 [ 732354 | 819615 | Rezerwy iRozliczenia
Inwestye je 40 320 5097 59942 62 602 67573 Kapitat obcy 234145 | 779912 | 350 225 | 372 854 | 565 472
IC 657750 |1114231|/1647655|1974140| 1641 882 EC 657750 11114231)1647655(1974140(1 641 882
Tab. 9. Bilans zarzadczy segmentu B. Zrédto: Opracowanie wlasne
Tab. 9. Segment B management balance sheet. Source: Own study
2023 2024 2025 2026 2027 2023 2024 2025 2026 2027
Aktywa trwate | 34 492 93992 81736 | 131 020 83 855 Kapitat whasny 240164 | 158273 | 654921 | 630 714 | 836 003
ZKON 477 801 | B42550 | 897592 | 908 626 | 1168 413 | Rezerwy i Rozliczenia
Inwestye je 17 280 2185 25690 26 830 28960 Kapitat obcy 289410 | 580453 | 350 096 | 435762 | 445 224
Ic 529573 | 738726 | 1005018 |1 066476 | 1281 227 EC 529573 | 738726 |1005018|1066476|1 281228
Tab. 10. Wyliczenia metoda DCE. Zrédto: Opracowanie wlasne
Tab. 10. Calculations using the DCF method. Source: Own study
2023 2024 2025 2026 2027
EBIT 190 428 184112 407 708 847221 | 378237
Podatek 40% 20% 0% 40%
EBIT(1-T) 110467 244 625 508332 | 226942
Amortyzacja 101 900 101 900 121636 | 110600
ACapex -696 892 20 654 614479 | 361056
AZKON -120 960 -843 920 108 700 | -347 048
FCFF -605 485 476741 124189 | 351550
WACC 9% 9% 9% 9%
PV FCFF -555 491 -401 264 95897 | 249047
DCF -611810
Inwestycje 57 600
Kredyty bankowe 523 555
DCF Skoryg | -1077 765

widniat ze znakiem dodatnim. W konsekwencji, amortyzacja
bedzie pomniejszata kapital poczatkowy (IC ). Uwzgledniajac
wszystkie czynniki wplywajace uzyskano kapital zainwesto-
wany koncowy (IC,), ktéry jednoczesnie jest kapitatem po-
czatkowym roku nastepnego. Wartos¢ kapitatu poczatkowego
dla roku 2019 (bazowego/zero) jest sumg aktywow trwalych
oraz ZKON z tego tez roku. W ponizszej tabeli przedstawiono
owe warto$ci dla niniejszego przykladu:

Uzyskanie wartoéci ICK dla poszczegoélnych lat umozli-
wia wyliczenie EVA. Warto zwrdci¢ uwage na ICK w ostat-
nim roku, jest to warto$¢ rezydualna z angielskiego Residual
Value (RV). Na potrzeby tej metody przyjmuje sie, ze przed-
sigbiorstwo zostanie zlikwidowane z koficem ostatniego roku,
dlatego w obliczeniach przyjmuje si¢ tg warto$¢ jako ujemna.
Nastepnie nalezy zsumowaé zdyskontowane wartoéci EVA
wedlug ponizszego wzoru w celu uzyskania zdyskontowanej
ekonomicznej warto$ci dodanej (ang. Discounted Economic
Value Added - DEVA):

EVA, EVA; EVA, RVgya

DEVA = + +oe +
(1 +wAcc)!  (1+WAcc)? (1 +wacc)r (1 +wAco)n

Ostatnim krokiem, podobnie jak w przypadku DCE, jest
skorygowanie warto$ci poprzez dodanie do niej IC, dla roku
biezacego oraz inwestycji, i jednoczesne pomniejszenie o kre-
dyty bankowe. Tabela 12 ukazuje otrzymane rezultaty.

6.3 Metoda SOTP

Ostatnia metoda podjeta w niniejszym artykule jest meto-
da SOTP. Gléwne zalozenia owej metody zostaly szczegdtowo
opisane we wczeéniejszej czeéci artykulu. W analizowanym
przykladzie przedsiebiorstwo dzieli si¢ na dwa segmenty A i B.

Do obliczen wykorzystano metode DCF dla poszczegdl-
nych segmentéw. W ponizszych tabelach zaprezentowano
otrzymane wyniki wraz ze sktadowymi:

Ostatnim krokiem metody SOTP jest zsumowanie otrzy-
manych DCF skorygowanych poszczegélnych segmentéw co
daje wynik -1 077 765 zl.

Wyniki uzyskane przy wykorzystaniu wszystkich oma-
wianych metod pokazuja taka samg warto$¢ co wskazuje
na poprawno$¢ wykonanych obliczen. Analiza wskazu-
je warto$¢ hipotetycznego przedsigbiorstwa na poziomie
- 1 077 765 zl, co wskazuje na niezadawalajaca sytuacje
finansowg.
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7. Podsumowanie

Tab. 11. Obliczenia kapitatu koficowego. Zrédto: Opracowanie wlasne

Tab. 11. Calculation of the final capital. Source: Own study

2023 2024 2025 2026 2027
ICo 1129723 1845675 2567041 | 2951134
ACapex 696 892 -20 654 614 479 | -361 056
Amortyzacja -101 900 -101 900 -121636 | -110 600
AZKON 120960 843 920 -108700 | 347048
ICk 1129723 1845675 2567041 2051184 | 2826576
Tab. 12. Obliczenia metodg EVA. Zrédto: Opracowanie wlasne
Tab. 12. EVA calculations. Source: Own study
2023 2024 2025 2026 2027 RV
EBIT (1-T) 110 467 244 625 508 332 | 2269542
Ico 1129723 1845675 | 2567 041]2951184
WACC 9% 9% 9% 9%
EVA 8792 78514 277299 | -38664 |-2826576
PV EVA 5066 66 084 214125 | -27351 |-2002418
DEVA -1741533
ICk 1125723
Inwestycje 57 600
Kredyty bankowe 523 555
DEVA skoryg | -1077 765

Tab. 13. Obliczenia metody SOTP - segment A. Zrédlo: Opracowanie wiasne
Tab. 13. Calculations of the SOTP method - segment A. Source: Own study

2023 2024 2025 2026 2027
EBIT 237 840 126 383 313 670 686 926 224140
Podatek 40% 40% A0% A0%
EBIT(1-T) 75830 188 202 412 156 134484
Amortyzacja 71330 71 330 85145 77420
Lapex -606 823 38 969 -528 704 347070
ZKON 43 789 -588 878 119 734 -87 261
FCFF -415 874 -290 377 88331 471713
WACC 9% 9% 9% 9%
PV FCFF -381536 -244 405 68 208 334173
DCF -223 559
Inwestycje 40 320
Kredyty bankowe 234145
DCF Skoryg -417 385

Tab. 14. Obliczenia metody SOTP - segment B. Zrédlo: Opracowanie wlasne
Tab. 14. Calculations of the SOTP method - segment B. Source: Own study

2023 2024 2025 2026 2027
EBIT -47 412 57 729 94038 160 294 154 097
Podatek A40% A% A0% A0%
EBIT(1-T) 34 638 56423 96176 92 458
Amortyzacja 30 570 30570 36491 33 180
LCapex -90 069 -18315 -85 775 13 986
ZKON -164 749 -255 042 -11 034 -259 787
FCFF -189610 -186 364 35858 -120163
WACC 9% 9% 9% 9%
PV FCFF -173 955 -156 859 27689 -85 126
DCF -388 251
Inwestycje 17280
Kredyty bankowe 239 410
DCF Skoryg -660 380

Przeprowadzony na potrzeby niniejszego artykulu prze-

glad literatury obrazuje klasyfikacje kategorii warto$ci na
warto$¢ majatkowa, rynkowa oraz ekonomiczng. Mnogo$é
metod oraz réznice zakresow ktore badaja pozwala potencjal-
nym wlascicielom przedsigbiorstw na wybor odpowiadajacej
ich celom oraz wartosciom, specyfiki branzy badz zakresu
dziatalno$ci.

Najwigksze zainteresowanie zaréwno $rodowiska akade-
mickiego jak réwniez §wiata biznesu w dalszym ciggu stano-
wia dochodowe metody wyceny wartosci ekonomicznej. Samo
zagadnienie wartoéci ekonomicznej swoja popularnos¢ za-
wdzigcza bazowaniu na przyszlych przeplywach pienieznych
ktére w wymierny sposob obrazuja zdolnos¢ przedsigbiorstwa
do generowania potencjalnych przychoddéw, a co za tym idzie
réwniez zysku. W artykule szczegétowo przedstawiono meto-
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dy wyceny DCF oraz EVA. Gléwna roznica w przypadku tych
metod jest prezentacja danych. Metoda DCF wyréznia przy-
szle przeplywy pienig¢zne, ktore w znaczacy sposdb wplywa-
ja na biezaca warto$¢ ekonomiczng. Natomiast metoda EVA
wyréznia istotnos¢ kapitalu zainwestowanego w przedsiebior-
stwo prezentujac czynniki wplywajace na jego zmiang. Prze-
prowadzona wycena fikcyjnego przedsigbiorstwa wykazata
takie same wartosci w przypadku obu wyzej wymienionych
metod co potwierdza, iz s one tozsame.

Niniejszy artykul uzupelnia, wcigz ignorowana przez ba-
daczy i naukowcéw, metoda SOTP. Metoda ta ma szczegdlne
zastawanie w przypadku przedsigbiorstw o dekomponowa-
nej strukturze, podzielonej na segmenty, produkty czy nawet
obszary, na ktorych sa prowadzona jest dzialalnos¢. Podzial
ten umozliwia precyzyjniejsza analize generowanej warto$ci.
Wszechstronno$¢ podziatu sprawia, iz metoda moze zostac
zastosowana bez wzgledu na rozmiar badanego przedsigbior-
stwa. W badanym przedsi¢biorstwie owa metoda wykazala

warto$¢ ekonomiczng analogiczng do metod DCF i EVA, jed-
noczesnie dostarczajac dokladniejsze informacje o segmen-
tach A i B. Owe informacje pozwalaja na ukierunkowanie
potencjalnych decyzji inwestycyjnych na konkretne obszary
dzialalnosci. Zawarcie metody SOTP mialo réwniez unaocz-
ni¢ jak warto$ciowym i istotnym elementem zarzadzania jest
szczegdtowa wycena warto$ci przedsigbiorstwa i jak pomoc-
nym jest narzedziem w tym zakresie.

Opisane powyzej metody zostaly wybrane z checi wska-
zania sposobow wyceny najbardziej precyzyjnych, miarodaj-
nych oraz pozytecznych dla przedsiebiorstw. Daja one réwniez
wyniki ktére s3 czytelne dla interesariuszy. Zaprezentowane
wady i zalety poszczegdlnych metod umozliwiaja indywidu-
alne dostosowanie sposobu wyceny przedsiebiorstwa. Nie
bez znaczenia jest réwniez, Ze pomimo znacznej zlozonosci
oraz nie najnizszych kosztéw przeprowadzenia, w zestawie-
niu koszt - efekt, nie bez powodu nadal pozostaja metodami
najczesciej wykorzystywanymi.
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Valuation of the Economic Value of a Decentralized Mining Company

In this paper, a literature survey was conducted in the field of enterprise value. A division of values by methods of their calculation
was presented, distinguishing adjusted assets, market and economic methods. Methods of estimating economic value were described
with details, distinguishing methods based on future cash flows DCF and EVA, which is based on invested capital. The article is sup-
plemented by the SOTP methodology, which, despite its wide application thanks to the division of valuation into individual business
segments, giving detailed information on value generation. The paper concludes with the conducted valuation of the economic value
of a decentralized mining company. It showed that the DCF and EVA methods are the same and also demonstrated the usefulness of
the SOTP method in multi-segment enterprises as a valuation tool.

Keywords: mining, decentralized company, economic value, discounted casf flows DCE, economic value added EVA, sum of the parts SOTP
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Abstract
This article presents an analysis of methane emissions into the atmosphere, the amount of captured and utilized methane, as well as
methane released from the methane drainage system. The results are then compared with data from the State Mining Authority (WUG)
and the European Pollutant Release and Transfer Register (E-PRTR), which is maintained in Poland by the Chief Inspectorate for
Environmental Protection. Additionally, based on greenhouse gas emissions data from UNFCCC and JSW S.A., the article determines

the impact of methane emitted from its mines on the atmosphere at the European and global scale.

Keywords: methane emissions, methane drainage efficiency, atmospheric protection

1. Introduction

Methane (CH,) and carbon dioxide (CO,) have been re-
cognized by the Intergovernmental Panel on Climate Change
as the two most significant greenhouse gases [1]. These gases
absorb infrared radiation, contributing to global warming.
Over the years, their atmospheric concentrations have been
heavily influenced by human activities. For example, metha-
ne concentration has increased by approximately 160% in the
last 250 years [2]. Despite its significantly lower atmospheric
abundance compared to carbon dioxide, methane has a 28-
fold higher Global Warming Potential (GWP) over a 100-year
timeframe [3]. Recent studies indicate that its GWP has actu-
ally increased to 32 [2], and considering the additional carbon
footprint, it reaches 34 over a 100-year timeframe and 86 over
a 20-year timeframe [4]. Furthermore, the radiative forcing
attributed to methane emissions is approximately 0.97 Wm
[2,3], and considering its relatively short lifespan (11.2 +/- 1.3
years), reducing methane emissions can have a short-term
impact on associated radiative forcing [5]. This makes metha-
ne emissions observations an excellent source of information
about climate change.

Methane is a gas primarily generated through anaerobic
decomposition of organic matter in biological systems. Ho-
wever, according to IPCC data, currently half of its presen-
t-day atmospheric flux comes from anthropogenic sources,
which are predominantly influenced by human activities [2].
Although global methane emissions account for about 4% of
anthropogenic CO, emissions in mass flow units, it contribu-
tes to 20% of the accumulated enhanced greenhouse effect in
the lower atmosphere since 1750 [3]. Another challenge lies
in the fact that methane emission sources have not been ful-
ly characterized, and accurately estimating the quantities of
emitted methane remains a significant challenge. According
to UNFCCC, global methane emissions in 2022 were approxi-
mately 274.6 Mt, while IEA reported 356.2 Mt [6,7]. These
emissions comprised around 40% from natural sources and
the remaining 60% from anthropogenic sources. The largest

methane-emitting sector is Agriculture, accounting for about
a quarter of the total emissions, followed closely by the Ener-
gy sector, where significant methane is released from coal, oil,
natural gas, and biofuels.

Methane is emitted from various sources, which are wi-
dely distributed and often geographically overlapping. Uncer-
tainties in estimating methane quantities from Agriculture,
Waste, and Fossil Fuels range from 20% to 30% [4,5]. Lack
of accurate methane emission data mainly applies to regional
scales (e.g., South America, China, India). Therefore, nume-
rous efforts are being made to accurately determine green-
house gas emissions, including methane, in order to mitigate
their negative impact on climate change.

Poland has been a member of the United Nations Frame-
work Convention on Climate Change (UNFCCC) since 1994
and the Kyoto Protocol (KP) since 2002, actively participating
in actions to mitigate climate change [8]. Upon ratifying the
Kyoto Protocol, Poland committed to reducing greenhouse
gas emissions by 6% during the period of 2008-2012 com-
pared to the base year emissions. In the second commitment
period, from 2013 to 2020 (Doha Amendment), Poland com-
mitted to achieving average annual emissions at 80% of the
sum of emissions from all countries (European Union and
Iceland) during the base years [8].

Poland reports its national emissions in five source ca-
tegories under the Common Reporting Format: Energy, In-
dustrial Processes and Product Use, Agriculture, Land Use,
Land-Use Change and Forestry (LULUCF), and Waste [6,8].
Greenhouse gas emissions are presented in CO, equivalents,
using the GWP100 metric, which assigns a value of 25 for me-
thane according to IPCC guidelines [2]. Using an increased
GWP100 value would result in higher total annual greenho-
use gas emissions due to the increased methane contribution
(approximately 20%). However, this would not significantly
affect long-term climate change trends [2]. The choice of me-
trics impacts the selection of policies and methods aimed at
mitigating climate change, especially for high-emission sec-
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Fig. 2.1 Comparison of the world's largest coal producers [7]

Rys. 2.1 Poréwnanie najwigkszych §wiatowych producentéw wegla [7]
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Fig. 2.2 Coal consumption in Poland by sectors [10]

Rys. 2.2 Zuzycie wegla w Polsce wedlug sektorow [10]
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tors and countries other than CO,. The detailed methodology
for calculating emissions is described in the English version of
the National Inventory Report for the period 1988-2020 [8].

From the perspective of the analyses conducted in this ar-
ticle, the most significant category is Energy, specifically the
subcategory: Fugitive Emissions from Fuels, where emissions
from underground mines have the largest share. The coal sec-
tor in Poland accounted for 38.7% of total methane emissions
in 2020 [8].

The analyses presented in this article were conducted ba-
sed on data available on the UNFCCC Greenhouse Gas Inven-
tory Data website [6], which provides data on greenhouse gas
emissions from all Annex I and non-Annex I countries.

2. Methane emissions from the mining sector in Poland

The global energy sector, including the coal sector, is
responsible for emitting 133.4 million tons of methane [7].
China is the leading global coal producer, with a total produc-
tion of 3,500 million tons (Figure 2.1). From the presented
ranking in Figure 2.1, it is evident that Poland ranks ninth
as a coal producer [7]. In 2020 and 2021, coal production in
the country amounted to 54.5 million and 55.0 million tons,
respectively [9].

Around 49.5% of Poland's energy sector relies on coal. Fi-
gure 2.2 presents the main sectors of the economy using coal
as a raw material. Until 2000, the largest amount of coal was
consumed by the industry and residential sectors as a fuel for
heating buildings. After 1995, industrial coal consumption
significantly decreased, reaching 120,247 TJ in 2020. From
2000 to 2020, the residential sector had the highest coal con-
sumption, ranging from 330,255 TJ in 2010 to 217,719 TJ in
2020 [7].

Coal mining is accompanied by the emission of gases,
primarily methane, carbon dioxide, higher hydrocarbons, ni-
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trogen, and steam. Mine gas contains 86-99.6% methane [2],
but its composition largely depends on the type of deposit and
mining method and changes over time and with changing mi-
ning conditions.

According to the balance of mineral resources and under-
ground waters in Poland in 2020, the presence of methane in
coal deposits was documented mainly in the Upper Silesian
Coal Basin [10]. The methane conditions of the Lower Silesian
Coal Basin and the Lublin Coal Basin are poorly recognized,
and the detected methane concentrations are significantly lo-
wer, making it difficult to assess their economic significance.
The documented extractable resources in the Upper Silesian
Coal Basin in 2021 amounted to 106,660.94 million m*® and
decreased by 568.32 million m® compared to 2020 [10].

In 2021, 815.3 million m* of methane was released from
the rock mass affected by mining activities, which means that,
on average, 1,551.17 m® was released per minute [9]. From
2015 to 2021, the relative methane emission in relation to the
extracted coal (methane yield) ranged from 12.9 to 15 m®.

In 2020, methane emissions in Poland amounted to
1,774.23 kt, which was 39.7% lower than the baseline year
(1988) [8]. This value corresponds to 44.35 Mt of CO, equiva-
lent assuming a GWP100 of 25. Using a GWP100 of 28 would
result in a value that is 12% higher (49.68 Mt CO,eq). Me-
thane accounted for 11.8% of the total national greenhouse
gas emissions in 2020. Three main sources of methane emis-
sions belong to the categories: Fugitive Emissions from Fu-
els (38.5%), Agriculture (31.9%), and Waste (22%). The first
category includes emissions from the combustion of solid
fuels (including underground and surface mines) and the
oil and natural gas and other emissions from energy produc-
tion (combined approximately 6.0% of emissions). Figure 2.3
shows the percentage distribution of methane emissions from
each category.
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Fig. 2.3 Structure of methane emissions categories in Poland in 2020 [8]

Rys. 2.3 Struktura kategorii emisji metanu w Polsce w 2020 r. [8]

ey

Fig. 2.4 Methane emissions status from Polish mines from 2015 to 2020 based on WUG data [9]
Rys. 2.4 Stan emisji metanu z polskich kopaln w latach 2015-2020 na podstawie danych WUG [9]
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Fig. 2.5 Methane emissions status from Polish mines from 2015 to 2020 based on WUG and E-PRTR data [9, 12]
Rys. 2.5 Stan emisji metanu z polskich kopaln w latach 2015-2020 na podstawie danych WUG i E-PRTR [9, 12]
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Fig. 2.6 Methane drainage status, methane utilization efficiency, and percentage of methane emissions into the atmosphere in Polish mines from 2015 to 2021 [9]

Rys. 2.6 Stan odmetanowania, efektywnos¢ wykorzystania metanu oraz procent emisji metanu do atmosfery w polskich kopalniach w latach 2015-2021 [9]

000

In the coming years, an increase in methane emissions
from coal mines can be expected due to the increasing me-
thane content with the depth of coal seams (in the last deca-
de, methane emissions have increased by 60% per ton of coal
extracted) [11]. Therefore, there should be a strong emphasis
on its recovery and practical utilization.

The emission status of methane from the mining sector in
Poland over the past five years is shown in Figure 2.4 [9]. Data
analysis indicates that from 2015 to 2017, the total amount of

methane released into the atmosphere remained around 530
kt (13.25 ktCO,eq), and in the following five years, it decre-
ased to 431 kt - 10.77 ktCO eq (yellow line in Figure 2.4). The
results from the State Mining Authority (WUG) align with
the data from the European Pollutant Release and Transfer
Register (E-PRTR) shown in Figure 2.5 [12]. Minor discre-
pancies in the reported data mainly result from the different
methodologies used in the emission registries. The WUG re-
gistry calculates the total methane emissions to the atmosphe-
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Fig. 3.1 Indirect methane emissions from the global mining sector [7]

Rys. 3.1 Posrednie emisje metanu z globalnego sektora wydobywczego [7]
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Fig. 3.2 Methane emissions from various sectors in Poland, other European Union countries, and other Annex I countries from 2015 to 2020 [6]

Rys. 3.2 Emisje metanu z roznych sektoréw w Polsce, innych krajach Unii Europejskiej i innych krajach Zatgcznika I w latach 2015-2020 [6]
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re based on the ventilation air methane from individual units
and the total amount of unutilized methane. The E-PRTR
database relies on data on the total methane emissions (ven-
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tilation air methane plus unutilized methane) directly from
individual mines.

Considering that methane drainage in mines is mainly
done for safety reasons, the overall efficiency for the years
2015-2021 ranged from 34.6% to 36.3% (Fig. 2.6). Analyzing
the utilization level of the captured methane (gray line in Fi-
gure 2.6), it can be concluded that, compared to the entire
underground mining industry, the efficiency remained at aro-
und 57% in 2017 and reached nearly 64% in 2018. However,
its value slightly decreased from 2019 to 2021.

The data presented in Figure 2.6 regarding the percentage
of methane released into the atmosphere is determined based
on absolute methane emission, meaning they only include
ventilation air methane values without considering unutilized
methane. In this context, the percentage of methane released
into the atmosphere during the studied period ranged from
63.7% in 2015 to over 65.40% in 2021. If the amount of unu-
tilized methane were taken into account, this value would in-
crease to 76%.

Currently, methane in active mines is only recovered
through the methane drainage process carried out due to
occupational safety regulations. Therefore, the technologies
currently used result in approximately 30% of methane being
captured through drainage and as much as 70% being remo-
ved through ventilation. Given the properties of methane as a
greenhouse gas, it is crucial to reduce its emissions for atmo-
spheric protection.

Agriculture Waste

3. The impact of coal seam methane emissions on the atmo-
sphere worldwide and in Europe

As a member of the United Nations Framework Conven-
tion on Climate Change (UNFCCC), Poland is obliged to re-
port its national greenhouse gas emissions within the adopted
reduction targets in five source categories using the format
of the Common Reporting Tables [8]. The conducted analy-
ses were based on data available on the UNFCCC Greenho-
use Gas Inventory Data website [6], concerning greenhouse
gas emissions from all countries belonging to the European
Union, as well as those outside the EU but included in the
Annex I. Like EU members, they are required to provide data
on greenhouse gas emissions from all sectors of the economy.
China, India, South Africa, Colombia, and Indonesia are not
part of Annex I. While these countries are encouraged to sub-
mit reports, they are not obligated to do so. Therefore, data on
methane emissions from the mining sectors of these countries
are very limited, with the latest available data for China from
2014 and for India from 2016. Figure 3.1 presents the status
of methane emissions from countries that are the largest coal
producers based on data from the International Energy Agen-
cy [7]. According to this ranking, Poland ranks sixth in terms
of methane emissions from the mining sector.

The data presented in this chapter will cover the analysis of
methane emissions from European Union countries and Annex
I countries from 2015 to 2020. However, it should be noted that
China, currently the world's largest coal producer, has an annu-
al production of approximately 3,580 million tons, and India of
approximately 716 million tons [13]. Therefore, a comparison
will be made between the available UNFCCC results from 2020
and the latest available emission data for China and India [6].
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Fig. 3.3 Methane emissions from the energy sector in Annex I countries [6]

Rys. 3.3 Emisje metanu z sektora energetycznego w krajach Aneksu I [6]
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Fig. 3.4 Methane emissions from the energy sector in Europe [6]

Rys. 3.4 Emisja metanu z sektora energetycznego w Europie [6]
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3.1. Methane emissions from various sectors of the economy
in European and global countries

Methane is emitted from various sources, both of natu-
ral and anthropogenic origin, accounting for about 60% of
its global emissions. Figure 3.2 shows the amounts of emitted
methane from key sectors in Poland, other EU countries, and
Annex I countries. Additionally, the chart illustrates the share
of methane emissions from the mining sector in the energy
sector.

The total methane emissions from the five main sectors of
the economy in Annex I countries in 2020 amounted to 74.9
Mt (including the LULUCF category), which corresponds to
1872 MtCO,eq (GWP100=25). The main sectors of the eco-
nomy that are sources of methane are Energy, Agriculture,
and Waste. The data presented in the chart indicate that the
Agriculture sector is the largest emitter of methane, with an
average emission of 28.9 Mt during the study period, followed
by the Energy sector with an average of 25.5 Mt of methane.
The Waste sector ranks third with an average of 16.6 Mt of
methane.

The data presented in Figure 3.2 also show that the global
underground mining sector is a source of emissions, avera-
ging 5.15 Mt of methane, of which Polish mines release 0.53
Mt. It should be noted that these data do not include emis-
sions from China and India.

Taking into account the data available on the UNFCCC
Greenhouse Gas Inventory Data website [6] regarding metha-
ne emissions from individual categories for China (last ava-
ilable data for 2014) and India (last available data for 2016),
the total methane emissions for these two countries amount
to approximately 75.0 Mt CH4 (1500 MtCO,eq), which prac-

30 000,00
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40 000,00
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tically represents 100% of the methane emissions from Annex
I countries.

Looking more closely at the energy sectors of individual
countries, as shown in Figure 3.3, it is clear that the United
States and Russia have the largest share of methane emissions,
with average shares of 279.78 MtCO,eq and 164.46 MtCO,eq,
respectively. Poland's energy sector is responsible for an ave-
rage emission of 22.37 MtCO,eq.

The energy sector of the entire European Union accounts
for about 11.55% of methane emissions compared to all An-
nex I countries, with Poland accounting for 3.3%.

Analyzing the state of methane emissions from the energy
sector in European countries, as presented in Figure 3.4, it
is evident that Ukraine releases the highest amounts, avera-
ging 43.94 MtCO,eq, which accounts for 35.5% of the total
emissions in Europe. Poland's energy sector is responsible for
18.23% of methane emissions (averaging 22.36 MtCO,eq),
while Germany and Romania account for 8.8% and 8.4% of
the total emissions in Europe, respectively. The remaining co-
untries in Europe account for the remaining 29.07%.

3.2. Methane emissions from the underground mining sector
in European and global countries

In the global energy sector, the share of methane emis-
sions from underground mines averages 5.15 Mt of methane
(Fig. 3.2), which corresponds to approximately 128.75 MtCO-
,eq. Taking a closer look at the underground mining sectors
of individual Annex I countries (Fig. 3.5), it is observed that
the United States dominates with an average emission of 49.78
MtCO,eq, accounting for 35.0% of the total methane emis-
sions from this sector. The next countries in line are Russia

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society

217



Fig. 3.5 Methane emissions from the underground mining sector, including JSW S.A., compared to Annex I countries [6]

Rys. 3.5 Emisje metanu z sektora gornictwa podziemnego, w tym JSW S.A. na tle krajéow Aneksu I [6]
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(35.49 MtCO,eq - 23.5%), followed by other Annex I coun-
tries, including Ukraine (15.4%), Australia (12.3%), Poland
(14.84 MtCO,eq - 10.3%), and Kazakhstan (3.5%). The mines
of the largest coal company in Poland, JSW S.A., are respon-
sible for approximately 3.97% of the total methane emissions.

Considering the fact that China and India do not provide
data on methane emissions from the mining sector, only ap-
proximate data can be provided for these two countries. The
data from 2014 [13] indicate a total emission from the mining
sector at around 441.31 MtCO,eq. Available literature data
[14] suggest emissions ranging from 350 to 700 MtCO,eq. In
the case of India [15], the emission value for 2015 is approxi-
mately 24.6 MtCO eq. Figure 3.6 presents methane emissions
from the underground mining sector worldwide for the year
2020, including literature data for China (550 MtCO,eq) and
India (24.6 MtCO,eq), as well as emissions attributed to JSW
S.A. The data presented in the chart clearly show that emis-
sions from Polish underground mining rank seventh, accoun-
ting for 1.9% of the total methane emissions worldwide in this
category, while JSW S.A. is responsible for 0.7%.

Now, in Figure 3.7, the state of methane emissions from
the entire mining sector (including underground and surfa-
ce mines) in 2020 is presented. The emission values assigned
to China and India are based on the UNFCCC registry [6].
Similar to above, Poland's mining sector ranks seventh in
terms of methane emissions, accounting for 2.3% of the total
emissions. The discrepancies in percentage results are due to
adopting lower emission values for China and India.

In the European context, the largest emitters of methane
from underground mines (Fig. 3.8) are Poland and Ukraine.
They account for an average emission of 39.35% and 34.86%,
respectively. The remaining 25.79% comprises other Europe-
an countries, including Romania (5.42 MtCOzeq), Germany
(1.57 MtCO,eq), and the Czech Republic (1.40 MtCO,eq).
JSW S.A. mines are responsible for approximately 15.28% of
the total methane emissions.

4. Methane emissions from JSW S.A. mines in the context
of Europe, the world, and the energy sector

In the period from 2015 to 2020, the Polish underground
mining sector accounted for an average methane emission of
14.84 MTCO,eq worldwide. During this period, Polish mines
released a total of 3,560.71 kt of methane into the air, equiva-
lent to 89.02 MtCOeq. In this context, JSW S.A. mines were
responsible for emitting 1,383.73 kt of methane, equivalent

to 34.59 MtCO,eq. Figures 4.1 and 4.2 show the share of me-
thane emissions from JSW S.A. mines in relation to different
sectors in European countries (Fig. 4.1) and Annex I coun-
tries (Fig. 4.2).

The data presented in Figure 4.1 shows that JSW S.A. mi-
nes were responsible for 1.27% of methane emissions on a Eu-
ropean scale. Other underground mines in Poland accounted
for 2.00% of emissions. The highest methane emissions were
from the Agriculture sector at 52.30%, followed by Waste at
27.33% and Energy at 17.45%.

In the case of Annex I countries (Fig. 4.2), JSW S.A. mines
accounted for 0.30% of methane emissions, while other Polish
mines accounted for 0.47%. The dominant sectors were Agri-
culture at 38.13% and Energy at a combined 38.66%.

The emission of methane at the national level takes a dif-
ferent shape. From 2015 to 2020, JSW S.A. mines accounted
for 9.88% of the total methane emissions, while other mines
accounted for 15.48% (Fig. 4.3). Considering the entire analy-
zed period, the highest emissions in Poland were attributed to
the Energy sector, approximately 38.08%, followed by Agri-
culture at 34.46% and Waste at 27.26%.

In Poland, the Energy sector is 49.5% reliant on hard
coal, which is accompanied by methane emissions during its
extraction. Table 4.1 presents the percentage contribution of
methane emissions from Polish coal mines and JSW S.A.

The data clearly show that methane emissions from JSW
S.A. mines accounted for 24% to nearly 27% of the energy
sector's emissions in Poland. At the European Union level,
this value decreases and ranges from 6.65% to 7.85%, while in
Annex I countries, it only represents 0.79% to 0.94%.

5. Methane emissions from closed mines

Polish coal mining has undergone significant changes
in the past five years. Thirteen mines were closed, and some
were merged. In 2019, a total of five mines were in the pro-
cess of closure [9], including two owned by JSW S.A.: KWK
"Jas-Mos" (October 1, 2016) and KWK "Krupinski" (April 1,
2017). Both mines have active methane capture at levels of
99.43% and 86.91%, respectively.

In the Greenhouse Gas Inventory Data report sent to the UN-
FCCC registry [6], the emission factor for methane from aban-
doned mines is assumed to be 0.652 million m*/mine. According
to this factor, the average methane emissions from this activity
amounted to 264.53 ktCH,, which is equivalent to 6.61 MtCO,eq
from 2015 to 2020. Figure 5.1 shows the methane emissions from
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Fig. 3.6 Methane emissions from the underground mining sector worldwide for the year 2018 [6]

Rys. 3.6 Emisje metanu z goérnictwa podziemnego na swiecie w 2018 roku [6]
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Fig. 3.7 Methane emissions from the mining sector (underground and open-pit mines) worldwide in 2020
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the underground mining category divided into mining activity,
post-mining, and closed mines in comparison to Europe.

In Poland, the majority of methane emissions in the un-
derground mining category came from mining activity (78% of
total emissions), followed by post-mining activity (19%), and
abandoned mines accounted for 3% of the emissions. In com-
parison to Europe, Poland was characterized by high emissions
from mining activity (approximately 42% in this category in
Europe) and post-mining activity (about 58%). Emissions from
abandoned mines accounted for an average of 7% of the total
methane emissions from abandoned mines in the sector. The
highest emissions in this category were primarily attributed to
Romanian mining, accounting for an average of 78%.

Considering the cumulative methane emissions from the
underground mining category in Europe, emissions from
abandoned mines in Poland accounted for approximately
1.16% of the total emissions, mining activity accounted for
an average of 30% of the emissions, and post-mining activity
accounted for 7%.

The methane emissions from the former JSW S.A. mines
in 2019 amounted to 1.88 million m®, which corresponds to
1.35 ktCH, (0.03375 MtCO eq).

In comparison to Annex I countries, methane emissions
in Poland in the mining activity category accounted for 10%,
in the post-mining activity category 17%, and emissions from
closed mines accounted for an average of 3% of the total me-
thane emissions from closed mines in the sector (Fig. 5.2).

Polish coal mining is characterized by very low rock
permeability. Methane emissions occur due to its expansion
under the influence of mining activity. Increased methane

150000 Pl

50000 Do 50000 400000 450000 S00000
k0o

release from the rock often occurs, and its capture becomes
necessary. After mining operations are completed, the pressu-
res in the rock equalize, resulting in increased stress and
decreased permeability, ultimately leading to a decrease in
methane emissions over time. Taking this into account, the
release of methane from abandoned mines over a longer time
period should not have a significant impact on the total me-
thane emissions from the underground mining category.

6. Summary

Methane has been recognized by the Intergovernmental Pa-
nel on Climate Change (IPCC) as the second most significant
greenhouse gas, contributing to global warming by absorbing
infrared radiation. Methane emissions are associated with coal
mining, and Poland is the ninth largest producer of coal. In the
country, 88% of methane is released from underground mining
activities, while only 12% comes from surface mines.

In Poland, the majority of methane emissions in the un-
derground mining category come from mining activity (78%
of total emissions), followed by post-mining activity (19%),
and abandoned mines account for 3% of emissions.

In 2021, approximately 815.3 million m* of methane was
released from the rock affected by mining activities, which
means that on average, 1551.17 m® of methane was released
per minute [9]. From 2015 to 2021, the relative methane emis-
sion rate, measured in cubic meters per ton of extracted coal,
ranged from 12.9 to 15 m’.

The cumulative methane capture efficiency in Polish mi-
nes for the years 2015-2019 ranged from 34.6% to 36.3%, and
the utilization rate remained at the level of 57% to almost 64%
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Fig. 3.8 Methane emissions from underground mines in European countries
Rys. 3.8 Emisje metanu z podziemnych kopaln w krajach europejskich
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Fig. 4.1 Methane emissions from JSW S.A. mines in relation to different sectors in European countries from 2015 to 2020 [6]
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Fig. 4.2 The methane emissions from JSW S.A. mines in relation to different sectors in Annex I countries from 2015 to 2020 [6]

Rys. 4.2 Emisje metanu z kopaln JSW S.A. w odniesieniu do poszczegélnych sektoréw w krajach Zatacznika I w latach 2015-2020 [6]

in 2018. However, from 2019 to 2021, these values slightly de-
creased. On the other hand, the percentage of methane rele-
ased into the atmosphere during the examined period ranged
from 63.7% to over 65.4% in 2021. It is important to note that
these data are determined based on absolute methane content
and only include ventilation air methane, excluding unutili-
zed methane. If unutilized methane was taken into account,
the percentage of methane released into the atmosphere wo-
uld be around 76%.

In accordance with the obligations of the UNFCCC co-
nvention, Poland reports national emissions within the ad-
opted reduction targets in five source categories using the
Common Reporting Format [8]. Greenhouse gas emissions
are presented in CO, equivalent, using the GWP100 metric,
which, according to the IPCC guidelines, is 25 for methane
[2]. Using an increased GWP100 value would result in higher
total annual greenhouse gas emissions due to the increased
contribution of methane (approximately 20%), but it would
not significantly affect the long-term trend of changes [15].

However, the choice of other metrics, such as GWP20, could
significantly increase the share of the mining sector in total
methane emissions, which could influence the government's
policy choices regarding climate change mitigation methods.
This particularly applies to sectors and companies with high
emissions levels other than CO,, such as JSW S.A.

Compared to all Annex I countries, the Polish energy sec-
tor is responsible for approximately 3.3% of emitted methane,
and on a European scale, it accounts for 18.23% of methane
emissions (an average of 22.36 MtCO,eq).

According to the ranking prepared by the International
Energy Agency (7], Poland ranks sixth in terms of methane
emissions from the mining sector. On a global scale (Annex
I countries), the underground mining sector is a source of an
average of 5.15 Mt of methane emissions, of which Polish mi-
nes release 0.53 Mt. It is important to note that these data do
not include emissions from China and India.

Taking a closer look at the underground mining sec-
tors of individual Annex I countries, it can be seen that
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Fig. 4.3 Percentage of methane emissions from JSW S.A. mines in relation to other sectors in Poland from 2015 to 2020 [6]
Rys. 4.3 Udzial procentowy emisji metanu z kopaln JSW S.A. w stosunku do innych sektoréw w Polsce w latach 2015-2020 [6]
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Tab. 4.1. Comparison of the percentage of methane emissions from Polish mines and JSW S.A. mines in relation to the energy sector in Poland, the
European Union, and all Annex I countries [6]

Tab. 4.1. Poréwnanie udzialu procentowego emisji metanu z polskich kopaln i kopaln JSW S.A. w odniesieniu do sektora energetycznego w Polsce,
Unii Europejskiej i wszystkich krajach Aneksu I [6]

Percentage of methane emissions in the energy sector

Lata 2015 | 2016

2017 | 2018 [ 2019 [ 2020

Percentage of methane emissions in the energy sector in the European Union

Percentage of
methane
emissions from
Polish
underground
mines

18,52 18,78

18,48 19,24 18,34 19,16

Percentage of
methane
emissions from
JSW S.A.

6,65% 7,85%

7,17% 7,57% 7,37% 7,10%

Percentage of methane emissions in the Polish energy sector

Percentage of
methane
emissions from
Polish
underground
mines

67,37% 66,76%

66,37% 65,93% 65,68 65,68

Percentage of
methane
emissions from
JSW S.A.

24,17% 27,90%

25,76% 25,95% 26,40% 24,33%

Percentage of methane emissions in the energy sector of Annex I countries

Percentage of
methane
emissions from
Polish
underground
mines

1,42% 1,30%

1,33% 1,26% 1,17% 1,32%

Percentage of
methane
emissions from
JSW S.A.

0,79% 0,94%

0,84% 0,82% 0,79% 0,78%

the United States is the dominant emitter, accounting for
35.0% of total methane emissions (in the underground mi-
ning sector). The next countries are Russia (35.49%), other
Annex I countries including Ukraine (15.4%), Australia
(12.3%), Poland (10.3%), and Kazakhstan (3.5%). In the
case of Kazakhstan, the majority of methane emissions
come from surface mining, accounting for 77.74%. The mi-
nes of JSW S.A. are responsible for approximately 3.97% of
the total methane emissions from the underground mining
sector.

When incorporating literature data on methane emissions
from the mining sector for China (550 MtCO,eq) and India
(24.6 MtCOZeq), two of the largest methane emitters, and ad-
ding JSW S.A., the Polish underground mining sector ranks
sixth, accounting for 1.9% of the total global methane emis-
sions from this sector, while emissions from JSW S.A. amount
t0 0.7%.

In the European context, Poland and Ukraine are the
largest emitters of methane from underground mines, acco-
unting for approximately 39.35% and 34.38% of emissions,
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Fig. 5.1. The methane emissions from the underground mining category divided into mining activity, post-mining activity, and abandoned mines in
Europe from 2015 to 2020 [6]
Rys. 5.1. Emisje metanu z kategorii gornictwo podziemne w podziale na dziatalno$¢ gornicza, dziatalno$¢ pogornicza i kopalnie opuszczone w
Europie w latach 2015-2020 [6]
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Fig. 5.2. The methane emissions from the underground mining category divided into mining activity, post-mining activity, and abandoned mines in
Annex I countries from 2015 to 2020 [6]
Rys. 5.2 Emisje metanu z kategorii gérnictwo podziemne z podzialem na dzialalnos¢ gornicza, dziatalnos¢ poeksploatacyjng i kopalnie opuszczone
w krajach zalgcznika I w latach 2015-2020 [6]
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respectively. The remaining 27.79% of emissions come from
other European countries, including Romania (5.42 MtCO-
,eq), Germany (1.57 MtCO,eq), and the Czech Republic (1.40
MtCO,eq). The mines of JSW S.A. are responsible for approxi-
mately 15.28% of the total methane emissions.

In terms of total methane emissions in Europe, including
the energy sector, the mines of JSW S.A. contributed only
1.27% of emissions from 2015 to 2020. Other underground
mines in Poland accounted for 2.0%. The largest sources of
methane release were the Agriculture sector (52.30%), follo-
wed by Waste (27.33%) and Energy (17.45%).

When compared to the Annex I countries, these values
significantly decrease, with JSW S.A. accounting for 0.3% of
methane emissions and other Polish mines accounting for
0.47%. The dominant sectors were Agriculture (38.13%) and
Energy (38.66%) combined.

At the national level, the emissions of methane were
distributed differently. From 2015 to 2020, the mines of
JSW S.A. accounted for 9.88% of total methane emissions,
while other mines accounted for 15.48% (Figure 4.3).
Over the entire analyzed period, the largest emissions in
Poland were attributed to the Energy sector (approxima-
tely 38.08%), followed by Agriculture (34.46%) and Waste
(27.26%).

From the presented data, it is clear that methane emis-
sions from JSW S.A. mines ranged from 24% to almost 27%.
At the scale of the European Union, this value decreases to
between 6.65% and 7.85%, and within the Annex I countries,
it represents only 0.79% to 0.94%.

Given that methane emissions (as an associated gas) are
inseparable from the activities of JSW S.A., the company stri-
ves to capture and utilize it to the greatest extent possible. Ho-

wever, due to safety reasons, it is not possible to completely
avoid emissions with the ventilation air.

Including methane in the emissions trading system, with
higher fees compared to carbon dioxide, would result in enor-
mous costs for coal companies, ultimately leading them to
bankruptcy. Therefore, the complete elimination of methane
emissions from mines seems necessary, as proposed by the
European Union regulations. However, the implementation of
methane ventilation air management (VAM) would require
significant financial investments to fully utilize it, which is not
feasible. VAM methane utilization technology is costly and
not adapted to the amount of airflow in the shafts.

The solution appears to be the funding of methane miti-
gation technology development and modernization, as well
as the introduction of an obligation to apply it regardless of
safety conditions (capturing from post-mining works). Legi-
slative solutions are also necessary, such as treating methane
captured through mitigation systems as a renewable energy
source or a primary source for producing environmentally
friendly electricity. The lack of such regulations significantly
reduces the attractiveness of methane utilization in energy
production since it does not allow for preferential pricing of
the sold electricity. One possible solution could be treating
investments in coal gas management as preferential due to
environmental protection. However, this would require chan-
ges to Polish legislation that unequivocally include financial
support for electricity and/or heat generated from coal gas
processing on the same terms as support for renewable ener-
gy, regardless of the installed capacity in the source - granting
it the status of environmentally friendly energy.

Due to the harmfulness of methane released into the
atmosphere, any measure reducing its presence should be
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unequivocally supported by legislation, promoted, and finan-
cially supported to the extent possible and in accordance with
environmental regulations in the country. It is one of the ways
to intensify the fight against harmful climate change caused
by excessive emissions of this greenhouse gas into the atmo-
sphere, while significantly increasing the safety of mining
crews and reducing the costs of coal mining.

Considering the inclusion of electricity generated from
coal gas as meeting the obligation to purchase energy from
renewable sources would enable the intensification of invest-
ment processes in coal gas management by encouraging inve-
stors and significantly improving the safety of coal mining.
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Wpltyw metanu emitowanego ze z16z wegla na stan atmosfery

W artykule przedstawiono analize emisji metanu do atmosfery, ilosci metanu wychwyconego i wykorzystanego, a takze metanu
uwolnionego z systemu odmetanowania. Wyniki sq nastepnie poréwnywane z danymi pochodzgcymi z Wyzszego Urzedu Gérniczego
(WUG) oraz Europejskiego Rejestru Uwalniania i Transferu Zanieczyszczeti (E-PRTR), ktory w Polsce prowadzony jest przez Glowny
Inspektorat Ochrony Srodowiska. Dodatkowo, na podstawie danych o emisji gazéw cieplarnianych z UNFCCC i JSW S.A., w artykule
okreslono wplyw metanu emitowanego z jej kopalti na atmosfere w skali europejskiej i Swiatowej.

Stowa kluczowe: emisje metanu, efektywnos¢ odmetanowania, ochrona atmosfery
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Abstrakt

Stosowanie réznych systemow chlodzenia powietrza w kopalniach podziemnych wynika z trudnych warunkéw klimatycznych
panujgcych na stanowiskach pracy. Podziemne instalacje chlodnicze z agregatami sprezarkowymi sq szeroko stosowane w systemach
chlodzenia powietrza. Sprawne dzialanie agregatéw chlodniczych zalezy od wlasciwego odprowadzania ciepta skraplania. Moc
chiodnicza i lokalizacja instalacji chtodniczej majg najwiekszy wplyw na podjecie decyzji o odprowadzeniu ciepta skraplania do
powietrza lub wody. W artykule skoncentrowano si¢ na zastosowaniu urzgdzen chlodniczych zabudowanych w wyrobiskach
podziemnych. Przedstawiono rozwazania dotyczgce ograniczen przekazywania ciepta skraplania do powietrza kopalnianego oraz
warunki sprzyjajgce wykorzystaniu wody dotowej w odbiorze ciepta skraplania z uktadow klimatyzacji. Oméwiono uwarunkowania
i mozliwosci wykorzystania ciepta odpadowego zawartego w pompowanej na powierzchnig wodzie dotowej.

Stowa kluczowe: zagrozenie klimatyczne, klimatyzacja kopaln, agregaty chlodnicze, cieplo skraplania, wykorzystanie ciepta odpadowego

1. Wprowadzenie

Eksploatacja w kopalniach podziemnych wiaze si¢ z wy-
stepowaniem wielu zagrozen naturalnych. W kopalniach
glebokich jednym z dominujacych zagrozen jest zagrozenie
klimatyczne. Jego skala zalezy od wielu czynnikéw, ktore zo-
staly przedstawione miedzy innymi w pracach (Maurya T.
iin. 2015; Szlazak i in. 2018a; Li i in. 2021, Szlgzak i in. 2021).
Podstawowym z nich jest temperatura pierwotna gérotwo-
ru. Temperatury pierwotne gérotworu zaleza od glebokosci
i stopnia geotermicznego, ktéry moze osigga¢ rézne wartosci
w zalezno$ci od lokalizacji kopalni (McPherson 2012; Dolezal
iin. 2013, Hemp 2014; Kamyar 2016).

Na stan zagrozenia klimatycznego wplywa takze wlasci-
we planowanie wykonywania wyrobisk podziemnych, racjo-
nalna wentylacja wyrobisk oraz organizacja procesu tech-
nologicznego, a przede wszystkim transportu materiatow,
odstawy urobku i lokalizacji urzadzen elektrycznych. Wymie-
nione czynniki determinujg stosowanie réznych rozwiazan
klimatyzacji.

W zalezno$ci od miejsca lokalizacji urzadzen chtodni-
czych w kopalniach mozna wyrézni¢ trzy rodzaje ukladéw
klimatyzacyjnych. Ich podziat zostal przedstawiony na rysun-
ku 1. O wyborze rozwiagzania klimatyzacji decyduje przede
wszystkim wystepujace zapotrzebowanie na moc chlodniczg
w rejonach prowadzonych robét gérniczych. Istotnym czyn-
nikiem jest takze rodzaj zastosowanych urzadzen chlodni-
czych, zwanych agregatami chtodniczymi, oraz mozliwosci
odprowadzania ciepla skraplania. Opis dzialan zwigzanych
z projektowaniem klimatyzacji w kopalniach przedstawiono
miedzy innymi w publikacjach (Szlgzak i in. 2017; Szlgzak
i in. 2018b).

Niezaleznie od zastosowanego rozwigzania klimatyzacji
istotna jest kwestia odbioru ciepta skraplania czynnika chtod-
niczego w sprezarkowych urzadzeniach chtodniczych. Odbior
ciepta skraplania moze by¢ realizowany nastepujgco:

o W ukladach klimatyzacji lokalnej ciepto skraplania
ze skraplaczy indywidualnych urzadzen chlodni-
czych po$redniego lub bezpo$redniego dziatania
oddawane jest do powietrza za posrednictwem wody
schtadzanej w wyparnych chlodnicach wody (rys.
2a), wody technologicznej (np. z rurociggéw p.poz. —
rys. 2b) lub do wody dotowej w systemie odwadnia-
nia kopalni (rys. 2¢). Bezwarunkowo woda ta musi
by¢ w sposob kontrolowany ujmowana i odpompo-
wywana poza rejon, w ktérym pracujg urzadzenia
chlodnicze.

o W ukladach klimatyzacji grupowej ciepto skraplania
czynnika chlodniczego oddawane moze by¢ roéwniez
do powietrza za posrednictwem wody schladzanej
w zgrupowanych wyparnych chlodnicach wody, naj-
czg$ciej przy szybie wentylacyjnym (rys. 2a). Cieplo
moze by¢ réwniez przekazywane do wody dolowej
pompowanej systemami odwadniania na powierzch-
nie (rys. 2¢). Znane jest rowniez rozwigzanie schia-
dzania skraplaczy dotowych agregatéw chlodniczych
klimatyzacji grupowej za pomoca wody lodowej po-
wrotna z ukladu klimatyzacji centralnej (Szlazak i in.
2010b).

o W klimatyzacji centralnej cieplto skraplania ze skra-
placzy tych urzadzen oddawane jest na powierzchni
do powietrza atmosferycznego lub do wody.
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Rys. 1. Klasyfikacja rozwigzan klimatyzacji kopaln

Fig. 1. Mine cooling systems clasification
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Rys. 2. Sposoby odprowadzenia ciepla skraplania z urzadzen chlodniczych zabudowanych w wyrobiskach dotowych: a) odprowadzenie do powietrza
w wyparnych chlodnicach wody, b) odprowadzenie do wody technologicznej, ¢) odprowadzenie do wody dotowej za posrednictwem wymiennika
ciepta

Fig. 2. Ways of removing condensation heat from underground refrigeration plants: a) removing to the air using evaporative water coolers, b)
removing to the service water, c) removing to the dewatering system in heat exchangers

Wykorzystanie wody dolowej do chlodzenia skraplaczy
urzadzen chlodniczych rozwaza sie najczesciej w kontekscie
zastosowania ukladéw klimatyzacji lokalnej i grupowej. Do tej
pory w Polsce stosowano podziemne instalacje wyposazone
w sprezarkowe urzadzenia chlodnicze lokalizowane w wyrobi-
skach kopalni, o ile zapotrzebowanie na moc chtodnicza zwykle
nie przekraczato 2,0-3,0 MW (Szlgzak i in. 2019b). Podziem-
nych stacji klimatyzacji z wyzszag moca chtodniczg nie budo-
wano, poniewaz praktycznie niemozliwe bylo odprowadzenie
wiekszej iloéci ciepta skraplania czynnika chtodniczego.

W jednej z podziemnych kopali zbudowano system kli-
matyzacji z odprowadzeniem ciepla skraplania z podziem-
nych urzadzen chlodniczych na powierzchnie za pomoca
rurociaggéw w szybie wdechowym. Jednak koszty eksploata-
cyjne spowodowaly, ze taki system nie zostal szerzej rozpo-
wszechniony (Szlgzak i in. 2018). Dlatego przy zapotrzebo-
waniu duzych mocy chlodniczych (powyzej 3,0 MW) zwykle
rozpatruje si¢ budowe klimatyzacji centralnej z powierzch-
niowymi stacjami urzadzen chtodniczych. W takich ukladach
klimatyzacyjnych niezbedne jest zastosowanie rozwiazan
obnizajacych ci$nienie hydrostatyczne stupa wody pomiedzy

rurociggiem pionowym w szybie, a rurociggami na poziomie
glebokosciowym kopalni.

Nie mniej jednak mozna rozwaza¢ budowe podziemnej sta-
¢ji urzadzen chlodniczych z wigksza moca chlodniczg. Aktualnie
w jednej z kopali budowany jest uktad klimatyzacji o mocy 4,0
MW, z planem rozbudowy do 6,0 MW, w ktérym cieplo skrapla-
nia z urzadzen chlodniczych odprowadzane bedzie do systemu
odwadniania kopalni (Projekt dla CFT). Takie rozwigzanie musi
spetnia¢ kilka kluczowych warunkéw, aby w sposéb skuteczny
i ekonomiczny eksploatowa¢ uklad klimatyzacyjny w kopalni.

2. Ograniczenia dotychczasowych sposobéw przekazywan-
ia ciepla skraplania z podziemnych urzadzen chlodniczych

W ukltadach klimatyzacji z urzadzeniami chlodniczy-
mi zabudowanymi w wyrobiskach podziemnych mozliwosci
oddawania ciepta skraplania do powierza wentylacyjnego sg
ograniczone. Wynika to z parametréw termodynamicznych
powietrza przepltywajacego wyrobiskami gérniczymi.

Z dotychczasowych dos$wiadczen zwiazanych ze stoso-
waniem podziemnych urzadzen chlodniczych i oddawaniem
ciepta do powietrza wynika, ze:
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Fig. 3. Distribution of water inflow in Polish underground mines
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Rys. 4. Mozliwo$ci odbioru ciepta skraplania w zaleznosci od wydatku wody i roznicy temperatur wody chlodzacej

Fig. 4. Possibilities of recovering condensation heat depending on the water flow rate and the temperature difference of the cooling water
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Rys. 5. Wymagany wydatek wody chtodzacej skraplacze w zalezno$ci od temperatury wody zasilajacej

Fig. 5. Required cooling water flow for condensers depending on the water temperature

o Odbiodr ciepta skraplania jest kluczowy dla uzyski-
wania w urzadzeniach chlodniczych pelnej mocy
chlodniczej, a tym samym poprawnej pracy calego
uktadu klimatyzacyjnego;

o Przekazywanie ciepta skraplania do powietrza wiaze
sie bardzo czesto z konieczno$cig zabudowy chlod-
nic wyparnych w znacznej odleglosci od urzadzen
chlodniczych, a tym samym zabudowg dlugich ruro-
ciggéw i pomp obiegowych dla pokonania oporéw
przeplywu wody;

o Wyparne chlodnice wody musza by¢ wyposazane
w wentylatory przetlaczajace powietrze wentylacyjne
przez wymienniki ciepla, co zwigksza energochlton-
nosé¢ uktadu klimatyzacyjnego;

o Temperatura powietrza wentylacyjnego nie powinna
przekracza¢ 27°C a wilgotno$¢ wzgledna 75%;

o Strumien objetosci powietrza dostosowany musi by¢ do
wielkoéci przekazywanego do powietrza strumienia ciepla.

Takie wymagania na drogach powietrza odprowadzanego
do szyboéw wentylacyjnych ograniczaja mozliwoéci lokalizacji

wyparnych chlodnic wody o duzych mocach chlodniczych.
Nie zawsze jest wigc mozliwe schtodzenie wody do wymaganej
temperatury na wlocie skraplacza urzadzenia chlodniczego.

Kopalnie w schtadzaniu skraplaczy bardzo czesto wspo-
magaja sie woda technologiczng (z rurociagéw p.poz.). Jed-
nakze jest to rozwigzanie nieuzasadnione ekonomicznie
i przyczynia si¢ do zwieszania zuzycia wody. Dodatkowo,
znaczne zwigkszenie zuzycia wody moze by¢ realizowane je-
§li system odwadniania kopalni posiada rezerwy zwiekszenia
wydajnoéci.

3. Czynniki warunkujace wykorzystanie systemu odwadni-
ania kopalni w ukladach klimatyzacyjnych

W kopalniach wystepuja dwa gtéwne zrodla wody doto-
wej. Catkowity doptyw wody do wyrobisk zwigzany jest z do-
plywem wody pochodzenia naturalnego jak i z doplywem
wody technologicznej. W polskich kopalniach zuzycie wody
technologicznej jest stosunkowo niewielkie w stosunku do
catkowitej iloéci wody odpompowywanej na powierzchnie.

Gléwnym zadaniem calego systemu odwadniania kopalni
jest ujecie doptywdéw wody mozliwie blisko ich powstawania
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Rys. 6. Rozwigzania poboru wody do chtodzenia skraplaczy urzadzen chtodniczych z systemu odwadniania: a) rozwigzanie z uktadem posrednim,
b) uklad bezposredni, ¢) rozwigzanie poboru wody zza tamy z ukladem posrednim, d) rozwigzanie poboru wody zza tamy z bezposredniego
pompowania wody na powierzchnie

Fig. 6. Solutions of intake water for cooling condensers from the dewatering system: a) indirect system, b) direct system, c) water intake from behind
the dam with indirect system, d) water intake from behind the dam with direct pumping of water to the surface

i odprowadzanie na powierzchnie kopalni. W kopalniach
wiekszo$¢ wody splywa grawitacyjnie z miejsc prowadzenia
eksploatacji do centralnej komory pomp odwadniania. Pozo-
stala cze$¢ wody jest przepompowywana. Kluczowa role w ca-
tym systemie odwadniania stanowig chodniki wodne i komo-
ry gléwnego odwadniania.

Woda z wyrobisk gromadzacych wode moze by¢ przetta-
czana na powierzchnie posrednio (dwu lub wielostopniowo)
lub bezpoérednio. Sposéb odpompowywania wody w kopalni
zalezy od jej doptywu oraz liczby czynnych pozioméw wydo-
bywczych. W warunkach polskich kopaln przy duzych doply-
wach wody stosuje sie przede wszystkim system bezposred-
niego odprowadzania wody na powierzchnie¢ (Praca zbiorowa
1975). W systemie odwaniania posredniego woda przekazy-
wana jest miedzy poziomami glebokosciowymi, a nastepnie
na powierzchnie. Komory gléwnego odwadniania w takiej
sytuacji lokalizuje sie na poziomie o najwickszym doplywie
wody. Pomiedzy poziomami woda moze splywa¢ grawitacyj-
nie lub by¢ przepompowywana.

Mozliwosci odprowadzenia ciepla skraplania w ukladach
odwadniania kopaln ogranicza ilo§¢ wody w systemie odwad-
niania kopalni. Polskie kopalnie podziemne nalezg generalnie
do kopalni o matym doplywie wody. Charakteryzuja si¢ takze
zréznicowang iloécig wody w systemie odwadniania. W roku
2022 w Polsce eksploatacja prowadzona byta w 20 kopal-
niach wegla kamiennego, w 30 ruchach oraz z 3 kopalniach
rud miedzi. Doptywy wody w tych kopalniach zmieniaja si¢
w szerokich granicach, od okolo 10 m*/h do ponad 3500 m*/h
(Sas 2022). Sredni doptyw wynosi okoto 600 m?/h. Struktura
doplywu wody jest jednak rdzna, co wplywa na to, ze bardzo
czesto woda odpompowywana jest z réznych rejonéw kopalni
oraz rdznych pozioméw co uniemozliwia jej catkowite wyko-
rzystanie w ukladach klimatyzacji. Na rysunku 3 przedsta-
wiono histogram liczby kopaln z réznymi doptywami wody.

W przypadku kopaln wieloruchowych, uwzgledniono dopty-
wy do poszczegdlnych ruchow.

W kopalniach o duzym doptywie wéd dotowych mozna
zwrdci¢ uwage na mozliwo$¢ ich wykorzystania w odbiorze
ciepta skraplania z dotowych urzadzen chlodniczych. Przy
rozpatrywaniu takiego sposobu nalezy jednak rozwazy¢ do-
stepny strumien wody kopalnianej oraz jej jakos¢ i czystos¢.

W konteksécie wykorzystania wody dolowej w ukladach
klimatyzacji, najwazniejszymi czynnikami sa:

o ciaglo$¢ pompowania wody na powierzchnieg,

o maksymalny doplyw wody i jego zmienno$¢ w czasie,

o lokalizacja chodnikéw wodnych i komér gtéwnego
odwadniania wzgledem planowanej lokalizacji urza-
dzen chlodniczych,

o skfad chemiczny wody i poziom jej zanieczyszczenia
czg$ciami statymi,

o struktura rozplywu wody w systemie odwadniania
rozumiana jako:

- liczba miejsc pompowania wody - komora gtéwnego
odwadniania i lokalne przepompownie wody,

- sposob pompowania wody na powierzchni¢ — bez-
posredni, posredni,

o mozliwo$¢ poboru wody poza miejscem jej odpom-
powywania na powierzchni¢ (wystepowanie zbiorni-
kow posrednich).

o temperatura wody i jej zmiennos¢ w czasie.

Biorac pod uwage powyzsze czynniki nalezy mie¢ na uwa-
dze, ze nie kazda kopalnia ma warunki do wykorzystywania
wody dotowej jako medium chtodzacego skraplacze urzadzen
chtodniczych. Tylko szczegblowa analiza powyzszych czynni-
kow pozwala okresli¢ potencjal takiego rozwigzania.

Na rysunku 4 przedstawiono wielkos$ci strumieni ciepta
jakie mozna odda¢ do wody w zaleznosci od jej wydatku ob-
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Fig. 7. Changes of heat requirements of the heating systems in the mine depending on the outside air temperature
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Fig. 8. Frequency of outside air temperatures in Katowice

jeto$ciowego oraz roznicy temperatur przy przeplywie przez
skraplacze. Z przedstawionego wykresu wynika, ze dla odbio-
ru ciepla z ukladéw o wigkszej mocy niezbedne jest zapew-
nienie duzego wydatku wody chtodzacej w miejscu lokalizacji
urzadzen, co w warunkach kopali podziemnych czesto nie
jest zapewnione. Z przedstawionego na rysunku 4 wykresu
wynika, ze dla odebrania wiekszych ilosci ciepta skraplania
(w domysle z ukltadéw wigkszej mocy) wody musi by¢ duzo
lub trzeba zaklada¢ duzg réznice temperatur At wody zasila-
jacej i powrotnej na skraplaczach. W wiekszosci dostepnych
na rynku urzadzen chlodniczych woda zasilajaca skraplacz
powinna mie¢ od 28-30°C, a w czasie przeptywu przez skra-
placz ogrzewa si¢ ona o 8-10°C. Takie zalozenia wskazujg, Ze
dla odbioréw duzych ilosci ciepta skraplania wymagany jest
duzy wydatek wody.

Woda w systemie odwaniania bardzo czesto zawiera
zanieczyszczenia i najczeéciej nie moze by¢ w sposéb bez-
poéredni wykorzystana do chtodzenia skraplaczy, gdyz spo-
wodowataby ich szybkie zanieczyszczenie. Woda taka moze
by¢ zastosowana z wykorzystaniem wymiennikéw ciepta
wody dolowej posredniczacych w wymianie ciepla. Kolejnym
czynnikiem, ktéry moze ograniczaé potencjal wody dotowej
jest jej temperatura zalezna od glebokosci, na ktorej zloka-
lizowane sa chodniki wodne i wystepujaca tam temperatura
gorotworu. Wahania temperatury wody moga by¢ zwigzane
takze ze zmiennoscig temperatury powietrza w ciagu roku.
W przypadku, gdy temperatura wody bedzie zbyt wysoka,
to nie zapewni ona odbioru wymaganej ilosci ciepta skrapla-
nia przy ustalonym przeplywie. Na rysunku 5 przedstawio-
no wykres obrazujacy zmiany wymaganego wydatku wody

do chlodzenia skraplaczy wraz ze zmiang temperatury wody
zasilajacej skraplacz. Wykres opracowano na podstawie wyni-
kéw pomiaréw w réznych urzadzen sprezarkowych o mocach
skraplaczy w zakresie od 1,3 MW do 1,5 MW. Obszar z6ty
oznacza zakres wydatku wody niezbe¢dny do chlodzenia skra-
placzy dla popularnych w kopalniach urzadzen chlodniczych
z typowymi czynnikami chlodniczymi. Na wykresie mozna
zauwazy¢, ze przy wzroscie temperatury wody chtodzacej, dla
zachowania pelnej wydajnosci chlodniczej urzadzenia nalezy
zapewnic¢ zdecydowanie wyzszy wydatek wody.

Sklad wody i jej zanieczyszczenie s3 réwnie istotne jak
temperatura w jej wykorzystywaniu do celéw chlodniczych
(Szlazak i in. 2010a).

Woda moze by¢ kierowana na réznego rodzaju wymien-
niki ciepla posredniczace w wymianie ciepla pomiedzy woda
dotowa, a uktadem skraplacza urzadzenia chlodniczego.
Woda moze by¢ kierowana bezposrednio na skraplacz. Kwe-
stia konieczno$ci zastosowania wymiennika ciepta bedzie
zaleze¢ przede wszystkim od sktadu chemicznego wody oraz
zawartosci czesci stalych i/lub zawiesin. W instalacji poboru
wody dolowej nalezy dobra¢ odpowiednie urzadzenia filtru-
jace i/lub uzdatniajgce wode.

Istotnym aspektem analizy wykorzystania wody doto-
wej jest obliczenie jej temperatury przy odpompowaniu na
powierzchnie (aspekty prawne zwigzane ze zrzutem wod do
$ciekéw). W przypadku zabudowy rurociaggéw odwadniaja-
cych w szybach wdechowych moze dochodzi¢ do ogrzewania
powietrza doprowadzanego do wyrobisk. Istotne sa réwniez
warunki §rodowiskowe zrzutu cieplych wod. Odzysk ciepta
z cieplej wody powinien by¢ wziety pod uwage podczas ana-
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Rys. 9. Idea pozyskiwania ciepla odpadowego z wody pompowanej systemem odwadniania na powierzchni

Fig. 9. Idea of waste heat recovery from water pumped to the surface by the dewatering system

lizy rozpatrywania wykorzystywania wody dotowej do celow
chtodniczych.

4. Przyklady rozwiazan wykorzystania wody dolowej
w chlodzeniu skraplaczy ukladéw klimatyzacji

Istotnym czynnikiem warunkujgcym mozliwosci wyko-
rzystania wody dolowej do chlodzenia skraplaczy maszyn
chtodniczych jest rozwigzanie systemu odwadniania. Na ry-
sunku 6 przedstawiono przyklady rozwigzan wykorzystywa-
nia wody dotowej:

W rozwigzaniu przedstawionym na rysunku 6a woda z re-
jonéw gromadzona jest w zbiorniku (np. studni), z ktérego
jest przepompowywana do chodnikéw wodnych. Pobér wody
do chlodzenia agregatéw realizowany jest z obiegu pomiedzy
zbiornikiem, a chodnikami wodnymi. Woda ogrzana kiero-
wana jest do chodnikéw wodnych. Pompy gléwnego odwad-
niania pobieraja wode z chodnikéw wodnych i odprowadzaja
na powierzchnie.

W rozwigzaniu przedstawionym na rysunku 6b woda kie-
rowana jest z rejonéw bezposérednio do chodnikéw wodnych.
Pobor wody do chlodzenia agregatéw realizowany jest z naj-
czgsciej z jednego z chodnikéw, a ogrzana woda jest kiero-
wana do drugiego chodnika. Pompy gléwnego odwadniania
pobieraja wode z chodnikéw wodnych i odprowadzaja na
powierzchnig. Strumien wody pobieranej do chtodzenia skra-
placzy i przekazywanej z powrotem do chodnikéw wodnych
powinien by¢ mniejszy od strumienia wody doptywajacej do
systemu odwadniania kopalni.

W rozwiazaniu przedstawionym na rysunku 6¢ wykorzy-
stuje si¢ wode z otamowanych zbiornikéw wodnych w kopal-
ni. Pobor wody do chtodzenia agregatéw realizowany jest zza
tamy wodnej, a ogrzana woda kierowana jest do chodnikow
wodnych. Pompy gtéwnego odwadniania pobieraja wode
z chodnikéw wodnych i odprowadzajg na powierzchnie.

W rozwigzaniu przedstawionym na rysunku 6d woda z re-
jonéw gromadzona jest w otamowanym wyrobisku. Pobér wody
do chlodzenia agregatéw realizowany jest zza tamy wodnej,
a ogrzana woda jest kierowana bezposrednio na powierzchnie.

W perspektywie wykorzystania wody do chlodzenia skra-
placzy najlepsze jest rozwigzanie z uktadem posrednim (rys.
6a). W takim rozwigzaniu woda pobierana do chlodzenia

skraplaczy i oddawana po ogrzaniu do chodnikéw wodnych
nie miesza si¢ z woda splywajaca z rejonow. W przypadku
ukladu bezposredniego (rys. 6b) woda pobierana jest z chod-
nikéw wodnych i po ogrzaniu w skraplaczach kierowana réw-
niez do chodnikéw wodnych. Nawet jezeli sg to dwa réwno-
legte chodniki bedzie dochodzito do jej mieszania i wzrostu
temperatury wody w chodnikach. Warunki odbioru ciepta
w skraplaczach beda si¢ pogarsza¢ w czasie utrudniajac uzy-
skanie przez urzadzenia chlodnicze pelnej wydajnosci. Do-
brym rozwigzaniem jest takze pobdr wody zza tam wodnych
w wyrobiskach. W zaleznoéci od warunkéw woda pobrana
zza tam, po ogrzaniu w agregatach moze by¢ kierowana do
chodnikéw wodnych (rys. 6¢) lub pompowana bezposrednio
na powierzchnig (rys. 6d).

5. Parametry wody na powierzchni

Zgodnie z polskim ustawodawstwem pod pojeciem $cie-
kow rozumie si¢ miedzy innymi wprowadzane do wéd lub do
ziemi wody pochodzace z odwodnienia zaktadéw gérniczych,
z wyjatkiem wod wtlaczanych do gérotworu (Ustawa... 2017).
Podmiot korzystajacy z ustug wodnych wprowadzajacy $cieki
do wdéd lub do ziemi w ramach ustug wodnych jest obowia-
zany do stosowania przyrzadéw pomiarowych lub systemow
pomiarowych umozliwiajacych pomiar ilodci i temperatury
wprowadzonych $ciekéw, jezeli wprowadza do wdd lub do
ziemi $cieki w iloéci $redniej dobowej powyzej 0,01 m?*/s.

Scieki zblizone skltadem do $ciekéw przemystowych, po-
wstajace w wyniku dzialalnosci innej niz dziatalnos¢ handlo-
wa, przemystowa, sktadowa, transportowa lub ustugowa albo
$cieki przemyslowe bedace mieszaning Sciekéw bytowych,
wod z odwodnienia zaktadéw gorniczych, wod chtodniczych,
lub $ciekéw pochodzacych ze stacji uzdatniania wody, a takze
wod opadowych i roztopowych moga by¢ wprowadzane do
ziemi jedynie w sytuacjach, gdy zastosowanie dostepnych
technik w zakresie wprowadzania $ciekéw do wod jest nie-
mozliwe lub ekonomicznie nieuzasadnione, pod warunkiem
ze temperatura wod chlodniczych przed zmieszaniem ze
$ciekami bytowymi, wodami z odwodnienia zakladéw gor-
niczych, wodami opadowymi lub roztopowymi lub $ciekami
pochodzacymi ze stacji uzdatniania wody nie jest wyzsza niz
35°C (Rozporzadzenie... 2019).
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Temperatura wody odpompowanej na powierzchni¢ ko-
palni bedzie zalezna od temperatury powietrza wprowadza-
nego do szybu oraz od temperatury wody pompowanej na
powierzchnie.

Woda opuszczajaca skraplacze agregatow chlodniczych,
w zaleznosci od typu zastosowanego agregatu moze osiggac na-
wet powyzej 40°C. Woda o takich parametrach moze wigc by¢
pompowana na powierzchnie. Wynika z tego, ze okresowo tem-
peratura wody pompowanej na powierzchni moze przekraczaé
35°C (Szlazak, Swolkien 2019; Szlazak i in. 2022), co bedzie
skutkowa¢ tym, ze bedzie musiala by¢ chtodzona przed zrzu-
tem do $cieku. Stwarza to korzystne warunki do zagospodaro-
wania ciepta w niej zawartego na powierzchni. Zamiast ochla-
dza¢ wode w zbiornikach, czy tez chlodniach wentylatorowych
mozna ja wykorzystac¢ dla potrzeb energetycznych zakladu po-
przez uktady do odzysku ciepla niskotemperaturowego.

6. Wykorzystanie ciepla zawartego w wodzie dolowej

Oddawanie ciepta skraplania do systemu odwadniania
kopalni daje mozliwo$¢ jego wykorzystania na powierzch-
ni. Oddawanie ciepta skraplania do wody pompowanej na
powierzchnie powoduje podwyzszenie jej temperatury, co
z kolei podnosi jej potencjal energetyczny i pozwala na jej
energetyczne wykorzystanie, np. do celéw grzewczych w ko-
palni (ogrzewanie cwu, ogrzewanie budynkéw, ogrzewania
powietrza wlotowego w szybach wdechowych). Cieplo to
moze zosta¢ wykorzystane bezposrednio lub poprzez zasto-
sowanie ukladéw z pompami ciepta lub wykorzystanie ukfa-
déw ORC. Nalezy tez podkresli¢, ze okresowo woda posiada¢
moze zbyt wysoka temperature, aby mogta by¢ zrzucana do
$cieku, wiec tym bardziej zasadne jest wykorzystanie ciepta
W niej zawartego.

Zaklady gornicze cechuja si¢ duzym zapotrzebowaniem
na energie cieplng, zarbwno w wyrobiskach dotowych, jak
réwniez na powierzchni. Istnieje wiele mozliwosci wyko-
rzystania ciepla odpadowego celem pokrycia tych potrzeb.
Bardzo czesto w kopalniach rozwaza sie wykorzystanie ciepta
odpadowego z réznych proceséw. Trudnosci polegaja jednak
na skorelowaniu ilo$ci i ciaglosci parametréw ciepta odpado-
wego z potrzebami energetycznymi zakladu.

Kierunki wykorzystania ciepla odpadowego na po-
wierzchni zaktadu moga by¢ rézne. Najbardziej mozliwie jest
zagospodarowanie ciepla do celow:

o Ogrzewania cieplej wody uzytkowej — zapotrzebo-
wanie stale w ciagu roku, a wymagana temperatura
wody powinna wynosi¢ minimum 55°C;

o Ogrzewania powietrza w szybach wdechowych -
zapotrzebowanie zmienne w ciagu roku, wystepuje
kiedy temperatura powietrza zewnetrznego spada
ponizej 1°C, a wymagana temperatura czynnika
grzewczego zalezna jest od konstrukcji uktadu na-
grzewnic;

o Ogrzewania budynkéw na powierzchni - zapotrze-
bowanie tylko sezonie grzewczym i zalezy od tempe-
ratur powietrza zewnetrznego, a wymagana tempe-
ratura czynnika grzewczego zalezna od typu systemu
ogrzewania.

Instalacja cwu zapewnia potrzeby bytowe i technologicz-
ne uzytkownikéw obiektéw powierzchniowych. Najwigksze

zuzycie cwu dotyczy fazni pracowniczych, warsztatow dziato-
wych oraz potrzeb bytowych obiektow biurowych. W kopalni
mozna przyjaé, ze obcigzenie cieplne ukladu cwu jest state
w ciagu roku.

Zapotrzebowanie na ciepto do ogrzewania powietrza
w szybie zalezy od temperatury powietrza zewnetrznego i wy-
datku powietrza nim doprowadzanego do kopalni. Powietrze
powinno by¢ ogrzewane do wymaganej przepisami tempera-
tury 1°C (Rozporzadzenie... 2017). Zmiana temperatury po-
wietrza zewnetrznego zmienia sie w ciaggu roku wplywajac na
obcigzenie cieplne wymagane w ukladzie ogrzewania powie-
trza w szybach.

W przypadku budynkdéw na powierzchni obciazenie ciepl-
ne jest rowniez zalezne od zmian temperatury zewnetrzne;j.

Szczytowe obcigzenie cieplne wystepuje przy najnizszych
temperaturach powietrza wystepujacych w danym rejonie
i jest krotkotrwale w ciggu roku. Wraz ze wzrostem tempe-
ratury powietrza zewnetrznego obcigzenie cieplne maleje, co
przedstawiono na rysunku 7.

Przedstawiony na rysunku 7 wykres nie obrazuje jed-
nak zapotrzebowania na ciepto, a jedynie zmienno$¢ obcig-
zenia cieplnego. Dlatego dla dokladniejszej analizy nalezy
uwzglednia¢ zmiennos$¢ temperatur w ciggu roku. Na rysun-
ku 8 przedstawiono wykres czesto$ci wystepowania tempe-
ratur powietrza zewnetrznego wg danych statystycznych dla
stacji metrologicznej w Katowicach (Serwis Rzeczypospo-
litej Polskiej 2017). Z przedstawionego wykresu wynika, ze
bardzo niskie temperatury powietrza wystepuja stosunkowo
rzadko, a wtedy obciazenia cieplne systeméw grzewczych sg
najwigksze.

Wymagania powierzchniowych instalacji grzewczych
powoduja, ze temperatura wody pompowanej systemem od-
wadniania na powierzchnie jest zbyt niska i nie pozwala na
jej bezposrednie wykorzystanie nawet po przekazaniu do niej
ciepla z agregatéw chlodniczych. Dlatego tez dla wykorzy-
stania ciepta odpadowego w niej zawartego mozna rozwazy¢
zastosowanie pomp ciepla typu woda/woda. W przypadku
ukladéw z pompami ciepla nalezy szczegdlnie mie¢ na uwa-
dze wymagania temperatury gérnego zrddla ciepta, czyli za-
silania sieci cieptowniczych. Generalnie im nizsza wymagana
temperatura tym wyzsza ich efektywno$¢. W rozwigzaniach
przemystowych znane s3 jednak rozwigzania wysokotempe-
raturowych pomp ciepta, ktére pozwalajg uzyskaé tempera-
tury powyzej 60°C (Wang i in. 2019). Z uwagi na mozliwe
zanieczyszczenia wody, a tym samym ochrony parownikéw
pomp ciepla zaleca si¢ stosowaé wymienniki posredniczace
w wymianie ciepla. Znane s3 rozwiazania odzysku ciepta
z wody kopalnianej za pomocg pomp ciepla w kopalniach,
miedzy innymi w Tauron Wydobycie czy KGHM S.A. (Sas
2022). Na wypadek braku odbioru ciepla z systemu odwad-
niania za pomoca pomp ciepla nalezy przewidzie¢ koniecz-
no$¢ ochtodzenia wody przed zrzutem do $cieku. Sche-
mat ideowy rozwiazania pozyskiwania ciepta odpadowego
z wody kopalnianej za pomocg pomp ciepta na powierzchni
przedstawiono na rysunku 9.

Inng mozliwoscig wykorzystania niskotemperaturowe-
go ciepta odpadowego z wody kopalnianej jest zastosowanie
ukladéw ORC, w ktérych zrddta ciepta niskotemperaturowe-
go sa wykorzystywane s3 w celu wytworzenia energii elek-
trycznej, lub do wytwarzana zaréwno energii elektrycznej, jak
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i czynnika grzewczego (CHP) w procesach przemystowych
(Ryms 2011; Kajurek, Rusowicz 2017; Glodek-Bucyk 2021).
Dysponujac pelng i dokladna inwentaryzacja gospodarki
energii w danej kopalni z uwzglednieniem zidentyfikowanych
strat energetycznych, mozna rozwaza¢ lokalne wykorzystanie
ORC do odzysku ciepta z wody kopalniane;.

Wykorzystanie ciepta odpadowego z podgrzanej wody
systemu gléwnego odwadniania kopalni poprzedzone musi
by¢ analiza techniczno-ekonomiczna z uwzglednieniem moz-
liwosci finansowania inwestycji ze zrodel zewnetrznych.

7. Podsumowanie
Wykorzystanie wody kopalnianej w podziemnych urza-
dzeniach chtodniczych malej mocy jest znane. Przedstawio-
ne rozwigzania pozwalaja na wigkszy zakres odprowadzania
ciepla skraplania w uktadach klimatyzacji grupowej do wody
kopalnianej. Korzystne warunki do wykorzystania wody do-
fowej w uktadzie klimatyzacji to:
o Lokalizacja urzadzen chlodniczych w sasiedztwie
wyrobisk gtéwnego systemu odwadniania kopalni.
o  Temperatura wody nie przekraczajaca 32°C przy wy-
datku okreslonym odbiorem wymaganego strumie-

nia ciepta skraplania z agregatéw chtodniczych.

«  Mozliwos¢ poboru wody w miejscu innym niz p6z-
niejszy jej zrzut w systemie gléwnego odwadniania
kopalni, tak aby nie dochodzilo do jej mieszania.

o Mozliwos¢ odzysku ciepta z ogrzanej wody kopalnej
na powierzchni kopalni.

Oddanie ciepta skraplania z urzadzen chlodniczych do
gltéwnego odwadniania kopalni bedzie prowadzi¢ do podwyz-
szenia temperatury wody odpompowywanej na powierzch-
nie. Bezposredni zrzut wody do ciekéw powierzchniowych
moze by¢ utrudniony z uwagi na jej zbyt wysoka temperature.
Stwarza to jednak korzystne warunki dla zastosowania roz-
wigzan odzysku niskotemperaturowego ciepta odpadowego
z wykorzystaniem wysokotemperaturowych pomp ciepta lub
konwersji energii za pomoca ukladéw ORC. Potencjal energe-
tyczny ciepta odpadowego z wody dotowej pozwolilby na po-
krycie czesci potrzeb energetycznych zakladu na powierzchni.

Projekt badawczy finansowany ze srodkéw programu ,,Inicja-
tywa Doskonalosci — Uczelnia Badawcza" w AGH oraz sub-
wencji nr 16.16.100.215
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Using Underground Water for Condensation Heat Rejection and Recovery in Underground
Refrigeration Plants of Mines

Using various air cooling systems in underground mines results from harsh climatic conditions at workplaces. Underground refrigera-
tion plants with compressor chillers are widely used in air cooling systems. The efficient operation of refrigeration units depends on the
proper condensation heat rejection. Cooling capacity and localization of a refrigeration plant have the most significant influence on
deciding of rejecting condensation heat to air or water. The limitation of the heat rejection capacity of return air streams in a typical
mine and conditions facilitative to using underground water from an underground mine dewatering system is presented. Determi-
nants and opportunities for heat recovery from water discharged to the surface are also discussed.
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2019, jest jak najbardziej mozliwe.

Abstrakt

Celem niniejszego artykulu jest zbadanie konsumpcji energii w podziale na konsumpcje bazujgcg na Zrédlach nieodnawialnych,
takich jak: wegiel, ropa naftowa, gaz ziemny i energia nuklearna, oraz konsumpcje bazujgcg na odnawialnych zZrédlach energii,
takich jak: energia stoneczna, wiatrowa, wodna, geotermalna i z biomasy. Przeprowadzone badania wykazaly, ze zuZycie energii
pierwotnej stale rosnie, podczas gdy rozwdj energetyki odnawialnej wcigz nie nadgza za tempem tego wzrostu (mimo, iz z roku na
rok jej udziat w catkowitym mikscie energetycznym rosnie). Przyczyng tej sytuacji jest w gléwnej mierze fakt, iz w wielu krajach
gospodarka nadal oparta jest na konwencjonalnych Zrédlach energii, a w niektérych z nich konsumpcja energii pierwotnej ulega
wrecz znacznemu wzrostowi (jak ma to miejsce np. w Chinach). Z tego tez powodu, sensownym wydaje si¢ by¢ podejmowanie réznego
rodzaju przedsiewzie¢ zmierzajgcych w kierunku obnizenia przez poszczegdlne kraje zuzycia energii pierwotnej, co jak wykazat rok

Stowa kluczowe: energia, energia pierwotna, Zrédla energii konsumpcja energii, PKB

1. Wstep
Wytwarzanie oraz konsumpcja energii naleza do podsta-
wowych proceséw zachodzacych na Ziemi. To wlasnie ener-
gia stanowi jedng z najwazniejszych materialnych potrzeb
ludzko$ci, zaraz obok zywnosci i tlenu, a takze zapewnia nie-
ustanny rozwdj $wiata. Uzytkowanie energii przez cztowieka
umozliwilo szeroki postep cywilizacyjny, kulturowy oraz go-
spodarczy [1, 2].
Swiatowa Rada Energetyczna klasyfikuje zasoby energe-
tyczne na dwie kategorie [1]:
o  zrédla nieodnawialne (wegiel kamienny, wegiel bru-
natny, ropa naftowa, gaz ziemny),
o  zrédla odnawialne (energia wodna, energia stonecz-
na, energia wiatrowa, energia geotermalna i bioma-
sa, drewno).

Zrédla nieodnawialne mozna okresli¢ jako zasoby (re-
sources) lub rezerwy (reserves). Zasoby to catkowita mozli-
wa do eksploatacji ilo$¢ surowca energetycznego. Natomiast
rezerwy to cze$¢ zasobow, ktéra nadajaca sie do wydobycia
przy aktualnych mozliwoéciach technologicznych oraz eko-
nomicznych [1, 3].

Czlowiek wykorzystywal energie juz od czaséw starozyt-
nych, pozyskujac cieplo ze spalania drewna czy tez suchych
roslin. Wtedy energia stuzyla gtéwnie do ogrzania sie oraz
do podgrzewania posilkéw. Dodatkowo za pomoca tuczywa
lub pochodni wytwarzano energie $wietla. Pojawily si¢ takze
pierwsze metody odciazenia pracy ludzkich mieéni poprzez
wykorzystanie pracy zwierzat. Okolo 3 tys. lat p.n.e. ludzko$¢
nauczyla sie pozyskiwaé energie z wiatru, stuzacg do nape-
dzania statkow, a pod koniec epoki energie wodng stosowang
przy kotach wodnych [2, 3, 4].

Szczegblnie istotne zmiany w energetyce mialy miejsce
w czasach nowozytnych, gdy w XVIII wieku wynaleziono ma-

szyne parowg. Wynalazek ten okazal si¢ przetomem dla prze-
mystu na calym $wiecie, a takze wplynal na szybszy rozwdj
spoleczenstwa oraz poprawe jako$ci zycia. Praca parowozu
zastgpilta czynno$ci niegdy$ wykonywane recznie, co przyczy-
nilo si¢ do zwiekszenia efektywnosci procesu oraz skrocenia
czasu jego trwania. Do napedzania maszyny parowej wyko-
rzystywano wegiel, ktéry w wieku XIX stanowil gléwne 7ré-
dlo energii [2, 3, 4].

W energetyce XIX i XX mozna wyszczegolni¢ 3 kamienie
milowe majace wplyw na rozwdj sektora paliwowego. Pierw-
szym z nich bylo wynalezienie silnika spalinowego, nastepnie
wykorzystanie ropy naftowej na skale globalng oraz zwigk-
szone wydobycie gazu ziemnego. Gwaltowny wzrost zuzycia
energii nastapil po zakonczeniu II wojny $wiatowej, spowo-
dowany byl rozwojem motoryzacji, lotnictwa oraz potrzeba
odbudowy globalnej gospodarki. Zaczeto odchodzi¢ od we-
gla, jako gléwnego surowca energetycznego i zastepowaé go
ropa oraz gazem. Funkcjonujaca wtedy gospodarka przybrata
model, ktéry byt uzalezniony od tzw. czarnego zltota [1, 5].

Zuzycie energii dynamicznie rosto, ze wzgledu na zwigk-
szajaca sie liczbe ludnosci oraz szybki wzrost gospodarczy
$wiata. Niestety takie dzialanie miato negatywny wplyw na
$rodowisko, zmiany klimatyczne, a takze na eskalacje skut-
kow globalnego ocieplenia. To jak wazna stala si¢ energia dla
gospodarki okazalo si¢ w latach siedemdziesigtych XX wieku,
kiedy doszto do pierwszego kryzysu energetycznego. Zostal
on wywolany zwigkszonym embargiem krajow wschodnich
na dostawy ropy do panstw zachodu. Doprowadzito to do
znacznych podwyzek cen czarnego zlota na rynku $wiato-
wym. Juz poczatku lat osiemdziesiatych nastapil drugi kryzys
energetyczny. Wysokie ceny ropy oraz nieregularne dostawy
ostabily globalng gospodarke i przemyst wytworczy, a takze
dalszy rozwoj spoteczny $wiata. Zrozumiano wtedy, ze ilo$¢
surowcow w skorupie ziemskiej jest ograniczona, a rozsadne
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gospodarowanie zasobami jest podstawa dalszego rozwoju.
Zaczegto w wigkszej mierze wykorzystywaé gaz ziemny, we-
giel i energie jadrowa. Istotng rolg zaczely réwniez odgrywa¢
odnawialne zrédla energii (OZE), poniewaz $wiat, a gtéwnie
Europa podjeta kroki ograniczajace negatywny wplyw sektora
energetycznego na $rodowisko naturalne [1].

Swiatowa Rada Energetyczna (WEC) zostala utworzona
w 1923 roku przez Daniel Dunlop’a. Jest to bezstronna, po-
zarzadowa oraz niekomercyjna organizacja z siedziba w Lon-
dynie, ktdra zjednoczyla juz ponad 3000 czlonkéw z prawie
100 krajow. Gtéwna misja Rady jest: ,Promowanie zréwno-
wazonych dostaw i wykorzystywania energii z najwieksza ko-
rzy$cig dla ludzi” [6]. Rada prowadzi swoje dziatania zgodnie
z przyjeta przez siebie definicjg zréwnowazonej energii, ktéra
opiera si¢ na trzech podstawowych filarach [7]:

o Bezpieczenstwo energetyczne,

e ROwno$c energetyczna,

o  Zréwnowazenie $rodowiskowe systemow energe-

tycznych.

Rada odpowiedzialna jest takze za organizowanie Swia-
towych Kongreséw Energetycznych, ktdére sa najwazniejszy-
mi spotkaniami w tym sektorze na $wiecie [7]. Do tej pory
Kongres odbyl sie 24 razy, w tym ostatni mial miejsce w roku
2019 w Abu Dhabi. Na tych wydarzeniach przedstawiane sa
najnowsze wyzwania dla energetyki, ale i nowe technologie,
ktore umozliwiajg dalszy rozwdj sektora [8].

Dodatkowo Rada co rok publikuje ranking World Energy
Trilemma Index, ktéry ocenia wydajno$¢ energetyczng panstw
i pomaga dostosowac systemy energetyczne do aktualnej sytu-
acji politycznej. Wyniki Indeksu publikowane sa w odniesie-
niu do bezpieczenstwa i réwnosci energetycznej oraz zrow-
nowazenia $rodowiskowego. Ranking przedstawia wyzwania
danego kraju w réownowazeniu Trilemma Energetycznego
oraz prezentuje mozliwosci poprawy w osigganiu aktualnych
i przysztych celow energetycznych. Indeks dostarcza takze
niezbedne informacje dla decydentéw oraz lideréw sektora
energetycznego, finansowego i inwestycyjnego. W latach 2020
i 2021 panstwami, ktére znalazly si¢ w czoléwce rankingu
byla: Szwecja, Szwajcaria oraz Dania. Natomiast kraje, ktore
od roku 2000 odnotowaly najwigkszy postep energetyczny to:
Kambodza, Birma i Republika Dominikany [9, 10].

Jeszcze przed pandemia $wiatowi eksperci dyskutowa-
li na temat nowej ery energetyki na $wiecie. W roku 2020
opublikowano pierwszy Indeks od czasu epidemii Covid-19
[7]. Zostal tam zaprezentowany kierunek sektora energetyki,
w ktorym systemy energetyczne beda zorientowane na klien-
ta, a nie na podaz jak w latach ubieglych.

Przedstawiono takze nowy model Energetyki 4D sklada-
jacy sie z 4 gléwnych trendéw dla tego sektora [7]:

o Dekarbonizacja (decarbonisation),

o Decentralizacja (decentralisation),

o Cyfryzacja (digitalisation),

o Zakldcenia (Distruption-as-usual).

Dekarbonizacja jest to proces systematycznego ograniczania
emisji gazow cieplarnianych do atmosfery, dazacy do catkowi-
tego zaprzestania wydzialania dwutlenku wegla. Dekarbonizacja
odpowiada za zredukowanie ilosci wydzielanych gazéw na rzecz
ochrony $rodowiska i przeciwdziataniu globalnemu ociepleniu.

Jest to szereg dzialan zmieniajacych zachowania spoleczne oraz
gospodarcze, poprzez wykorzystywanie nowych technologii
i bezemisyjnych Zrodet energii. Plan dziatania globalnego sektora
energii zaklada zerowa emisje netto do 2050 roku [11, 12].

Proces decentralizacji opiera si¢ na wytwarzaniu ener-
gii z lokalnych zrodel. W tym modelu duzg role odgrywaja
konsumenci, ktorzy powinni stosowaé zamkniety obieg go-
spodarki. Dodatkowo powinni oni inwestowa¢ w niewielkie
zrodta produkujgce energie na wlasny uzytek, rezygnujac
z importu energii w duzych ilo$ciach [13].

Postep technologiczny i szeroko rozumiana cyfryzacja
nie omineta réwniez sektora energetycznego na $wiecie. Za-
stosowanie nowoczesnych rozwigzan pozwoli zwigkszy¢ wy-
dajnos¢ i niezawodno$¢ istniejacych systemow energetycz-
nych oraz sprawi, ze beda one inteligentne i zréwnowazone.
Istotng kwestia cyfryzacji jest bezpieczenstwo cybernetyczne,
ktdre jest niezbednym elementem przy rozwoju rozwigzan
cyfrowych. Moze réwniez pomdc w zintegrowaniu rosnacego
udzialu energii odnawialnej poprzez dostarczanie elastycz-
nych systeméw elektroenergetycznych, ktore zapewniajg roz-
wigzania po stronie popytu i magazynowanie energii, w tym
dla sektoréw, ktdre sa trudne do dekarbonizacji [14].

Swiatowa Rada Energetyczna ulatwiala wymiane wply-
wow, dziatan i prognoz przez caly czas dla swojej $wiatowej
spolecznosci, aby wydoby¢ nowe lekcje z pandemii w odnie-
sieniu do energii. Rada opracowala takze nowa wizje sektora
energetycznego 2025 opierajacego sie na humanizacji energii.
World Energy Trilemma ma zapewni¢ nowe narzedzia, ktore
zostang wykorzystane do poprawy jakos$ci projektowania po-
lityki spotecznej oraz globalnej energii [7, 9].

Juz od wiekéw mozna zauwazy¢ glebokie zmiany wystepu-
jace w tym sektorze. W dzisiejszych czasach dotycza one glow-
nie odchodzenia od konwencjonalnych Zrédel energii na rzecz
energetyki odnawialnej. Taka tendencje w szczegolnosci mozna
zaobserwowa¢ w Europie. Dodatkowo energetyka centralnie pla-
nowana zastepowana jest rozproszonymi zrédtami energii [15].
W artykule tym autorzy staraja si¢ odpowiedzie¢ migdzy innymi
na pytanie, czy podejmowane dziatania sg wystarczajace w kon-
tekscie ciagle rosnacego zapotrzebowania na energie pierwotna.

2. Metodologia - zrédla danych

Analiza sektora energetycznego zostata oparta na danych
zawartych w dokumencie Statistical Review of World Ener-
gy 2021 BP [16] Obejmowala ona dane za lata 2000-2021 dla
dziewieciu podstawowych Zrédet energii: energii pierwotnej,
ropy, gazu ziemnego, wegla, energii nuklearnej, energii wod-
nej, energii stonecznej, energii wiatrowej, energii geotermal-
nej oraz z biomasy.

W ramach artykutu autorzy wsparli si¢ rowniez danymi
pochodzacymi z World Bank Open Data [17] - w tym przy-
padku wykorzystano dane dotyczace wielkosci Produktow
Krajowych Brutto poszczegélnych krajow s$wiata. Analiza
w gléwnej mierze oparta jest o badania ilo$ciowe.

3. Analiza konsumpcji energii pierwotnej

Do funkcjonowania oraz rozwoju gospodarek $wiata, jak
i gospodarstw domowych niezbedna jest energia. Analizujac
jej zuzycie w XXI wieku z fatwoscia mozna zauwazy¢, iz z roku
na rok jej zuzycie ro$nie. Na poczatku tego stulecia konsump-
cja energii pierwotnej wyniosta 396,43 EJ (w przeliczeniu na
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Fig. 2. Relationship between GDP and primary energy consumption for 2021. Own elaboration based on [16,17]

jedng osobe¢ 64,69 EJ), a w roku 2021 catkowita konsumpcja
wynosita juz 591,05 EJ (w przeliczeniu na jedng osobe 96,14
EJ). Tak wigc w analizowanym okresie catkowita konsumpcja
oraz w przeliczeniu na jedng osob¢ wzrosta o 49%.

W roku 2000 najwigkszy udzial w konsumpcji energii
mialy takie kontynenty jak: Ameryka Pélnocna (28,9%), Azja
i Pacyfik (28,5%) oraz Europa (22,2%), za$ najmniejsze Afry-
ka (2,9%). W ramach Ameryki Péinocnej najwieksza kon-
sumpcja wystapita w Stanach Zjednoczonych (24,1% catko-
witej $wiatowej konsumpcji), w Azji i Pacyfiku Chiny (10,7%
catkowitej konsumpcji swiatowej), a w Europie liderem pod
tym wzgledem byly Niemcy (3,6% calkowitej konsumpcji
$wiatowej).

Niemniej jednak, jezeli analizie poddamy te same dane
w przeliczeniu na jedna osobe, wowczas klasyfikacja ta bedzie
si¢ przedstawiala inaczej. Liderem w tej klasyfikacji jest Ame-
ryka Péinocna ze zuzyciem energii pierwotnej na jedna osobe
w wysokosci 277,9 GJ/osobe, a krajem liderujacym w tej cze-
$ci $wiata pod tym katem jest Kanada (427,74 GJ/osobe), kon-
tynentem na drugim miejscu w roku 2000 pod katem zuzycia
energii pierwotnej na jedna osobe byto total CIS ze zuzyciem
140,75 GJ/osobe, a liderem byla Rosja (177,47 GJ/osobe). Eu-
ropa pod tym wzgledem nie duzo ustepowala z zuzyciem na
poziomie 139,04 GJ/osobe, za$ liderem byta Norwegia (465,02
GJ/osobe) oraz Islandia (426,57 GJ/osobe). Azja Pacyficzna

w okresie tym zuzywala jedynie 32,52 GJ/osobe, a liderem
byta Australia ze zuzyciem 246,56 GJ/osobe. Liderem pod ka-
tem zuzycia energii pierwotnej na jedng osobe w roku 2000
byt Katar (815,43 GJ/osobe), za$ regionem, ktéry najmniej zu-
zywal energii pierwotnej w przeliczeniu na mieszkanca byta
$rodkowa Afryka (3,55 GJ/osobe)

W roku 2021 réwniez wczeéniej wymienione kontynenty
byly liderami pod katem zuzycia energii, niemniej jednak ich
udzialy ulegly znacznym zmianom i tak na pierwszym miej-
scu uplasowala si¢ Azja pacyficzna (46% catkowitego zuzy-
cia energii pierwotnej), drugie miejsce to Ameryka Péinoc-
na (19%), a na trzecim miejscu znalazta si¢ Europa (13,8%).
W ramach Azji Pacyficznej liderem byly Chiny (26,7% cal-
kowitego zuzycia energii pierwotnej), Stany Zjednoczone
(15,5%) byty liderem w Ameryce Péinocnej, a w Europie pod
tym katem wyrdznialy si¢ Niemcy (2,1%).

Biorac pod uwage zuzycie energii pierwotnej na jedna
osobe, podobnie jak to mialo miejsce w roku 2000, tak tez
w roku 2021 sytuacja wyglada inaczej. Nadal liderem wsrod
kontynentéw pozostala Ameryka Pdélnocna ze zuzyciem
223,85 GJ/osobe, a Kanada liderem w ramach kontynentu
(362,11 GJ/osobe) — w tym przypadku zaréwno Stany Zjed-
noczone, jak i Kanada w tym okresie zmniejszyly zuzycie
energii na jedna osobe. Meksyk utrzymuje zuzycie na podob-
nym poziomie w analizowanym okresie (miedzy 50 a 60 GJ/
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Rys. 3. Procentowy udzial poszczegolnych Zrédet energii w calkowitej konsumpcji energii pierwotnej. Opracowanie wlasne na podstawie [16]

Fig. 3. Percentage share of individual energy sources in total primary energy consumption. Own elaboration based on [16]
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Rys. 4. Udzial energii odnawialnej oraz nieodnawialnej (wraz z energia nuklearng) w catkowitym zuzyciu energii pierwotnej dla roku 2000 oraz
2021. Opracowanie wlasne na podstawie [16]

Fig. 4. Share of renewable and non-renewable energy (including nuclear energy) in total primary energy consumption for 2000 and 2021. Own study based on [16]

osobe). Na drugim miejscu podobnie jak w roku 2000 znala-
zly si¢ kraje CIS, niemniej jednak w odréznieniu od Ameryki
PéInocnej zuzycie energii pierwotnej na jedng osobe wzrosto
iwyniosto 162,96 GJ/osobe, a liderem pozostala Rosja (214,46
GJ/osobe). W odréznieniu od roku 2000 w roku 2021 na trze-
cim miejscu uplasowal sie Srodkowy Wschéd ze zuzyciem
energii pierwotnej 143,01 GJ/osobe, a liderem w tym regionie
oraz na calym $wiecie jest Katar (686,21 GJ/osobe). W roku
2021 regionem, ktory zuzywal najmniej energii pierwotnej na
jedna osobe byla Eastern Africca (4,67 GJ/osobe).

W miejscu tym nalezy nadmieni¢, iz rok 2019 w skali ca-
tego $wiata byl rokiem wyjatkowym ze wzgledu na pojawienie
sie pandemii Covid-19, a co za tym idzie, wprowadzenie no-
wych dla obecnie funkcjonujacych w spoteczenstwie rozwia-
zan — np. takich jak powszechna praca zdalna - jak wykazuja
dane, w roku tym mozna byto zaobserwowac znaczacy spadek
konsumpcji energii pierwotne;.

W badaniu zuzycia energii pierwotnej postanowiono
réwniez natozy¢ na nig wielko$¢ wytworzonego produktu
krajowego brutto (PKB) przez poszczegdlne kraje. Wielkosci
zuzycia energii pierwotnej oraz PKB dla poszczegélnych kra-
jow zostaly zaprezentowane na rysunku 1 (rok 2000) oraz na
rysunku 2 (rok 2021).

Jak wynika z powyzszych rysunkow, istnieje bardzo duza
zalezno$¢ pomiedzy PKB a zuzyciem energii pierwotnej
(w jednym i drugim przypadku korelacja to 90%). Zatem zu-
zycie energii pierwotnej wplywa na rozwdj gospodarczy da-
nych krajow, tak wiec aby dany kraj czy tez region mogly sie
rozwija¢, musza konsumowa¢ coraz to wieksze iloéci energii
pierwotne;j.

W tym miejscu nalezy jednak zwrdci¢ uwage na zrddia,
z ktérych korzysta si¢, aby osiagna¢ wzrost gospodarczy na

wysokim poziomie. Na rysunku 3 zaprezentowano jak to wy-
glada dla calego $wiata.

Jak wynika z rysunku 3 $wiat w ponad 80% konsumuje
energie nieodnawialng (pochodzacg z: ropy naftowej, wegla
oraz gazu ziemnego). W roku 2000 udzial tych trzech paliw
w ogolnej konsumpcji energii pierwotnej to 85,64%, nato-
miast w roku 2021 udzial ten ulegl niewielkiemu spadkowi
i wyniost 82,85%. W przypadku odnawialnych Zrédel energii,
do ktérych zaliczono: energi¢ wiatrowa, stoneczna, wodna,
geotermalna i biomase, udzial w calo$ci konsumpcji energii
pierwotnej w roku 2000 to 7,71%, natomiast w roku 2021
udzial ten wzrést do 12,87 %. Najbardziej dynamiczny wzrost
udzialu odnotowano w przypadku energii wiatrowej oraz
stonecznej. Niemniej jednak rozpatrujac tylko te dwa zrédla
energii, to ich udzial w caloéci konsumpcji energii pierwotnej
nadal jest na bardzo niskim poziomie i w roku 2021 wyniost
on 4,61%.

W miejscu tym warto zwrdci¢ uwage na wykorzystanie
poszczegdlnych zrddel energii w poszczegdlnych regionach
oraz krajach. Na rysunku 4 przedstawiono wykorzystanie
zrédel odnawialnych oraz nieodnawialnych (poszerzonych
o energi¢ nuklearna) w roku 2000 oraz 2021.

Jak wynika z powyzszego rysunku, na przestrzeni ostatnich
21 lat nastgpita niewielka poprawa, jezeli chodzi o wykorzysta-
nie zrédel odnawialnych w calosci konsumpcji energii pierwot-
nej. Krajami liderujacymi w tej klasyfikacji jest Islandia oraz
Norwegia — w krajach tych wykorzystanie energii odnawialnej
to odpowiednio 87% i 72%.Nalezy jednak podkresli¢, iz zde-
cydowana wigkszos¢ to energia wodna oraz z geotermii i bio-
masy, wykorzystanie energii wiatrowej i sfonecznej w tych kra-
jach to odpowiednio 0% i 6%. Poza tymi dwoma krajami reszta
z analizowanych panstw wykorzystuje energi¢ nieodnawialng
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Tab. 1. Udziat w konsumpcji energii pierwotnej dla krajow, ktére stanowia ponad 80% konsumpcji catego $wiata. Opracowanie wlasne na podstawie [16]

Tab. 1. Share in primary energy consumption for countries that account for over 80% of the world's consumption. Own elaboration based on [16]

Rok 2000 Rok 2021
Kral ine* | O I Storice | wiatr | Ni Ine*| Od | Storice i wiatr | Udziat % wk ji

China 94.3% 5.7 0.0% 85.1% 14.9% 5.9% 26.74%
us 96.1% 3.9% 0.1% 90.8% 9.2% 5.7% 15.5%
India 93.6% 6.45% 0.1% 90.9% 9.1% 3.6% 6.0%

Federation 93.3% 6.7 0.0% 93.4% 6.6% 0.1% 5.3%
Japan 95.2% 4.8% 0.0% 88.6% 11.4% 5.0% 3.080
Canada 70.3% 29.7% 0.0% 70.6% 20.4% 2.7% 2.3%
South Korea 99.5% 0.5% 0.0% 96.5% 3.5% 1.9% 2.1%
Germany 97.2% 2.8% 0.7% 81.3% 18.7% 12.5% 2.1%
Iran 99.2% 0.8% 0.0% 98.7% 1.3% 0.1% 2.1%
Brazil 58.4% 41.65% 0.0% 58.0% 42.0% 71.2% 208
Saudi Arabia 100.0% 0.0% 0.0% 99.9% 0.1% 0.1% 1.8%
France 93.4% 6.65% 0.0% 87.5% 12.5% 5.2% 1.6%
Ind i 96.3% 3. 7% 0.0% 93.1% 6.9% 0.1% 1.4%
United Kingdom 98.9% 1.1% 0.1% 82.7% 17.3% 10.2% 1.2%
Turkey 89.3% 10.7% 0.0% 83.5% 16.5% 6.1% 1.2%
Mexico 92.9% 7.1% 0.0% 89.6% 10.4% 4.6% 1.1%
Italy 92.8% 1.2% 0.1% 82.3% 172.7% 6.8% 1.1%
Australia 96.0% 4,08 0.0% 87.1% 12.9% 9.6% 1.08
Spain 93.0% 7.08 0.9% 78.4% 216% 15.2% 0.9
Thailand 97.4% 2.6% 0.0% 94.5% 5.5% 1.7% 0.8%
Taiwan 98.4% 1.6% 0.0% 97.0% 3.0% 1.9% 0.8%
South Africa 99.6% 0.4% 0.0% 96.6% 3.4% 3.0% 0.8%
Argentina 87.7% 12.3% 0.0% 89.7% 10.3% A4.2% 0.6%
Srednia wazona 93.5% 6.5% 0.1% 87.6% 12.4% 5.0%

*wraz z energig nuklearng

Tab. 2. Konsumpcja energii pierwotnej dla krajow, ktore stanowig ponad 80% konsumpcji calego $wiata. Opracowanie wlasne na podstawie [16]

Tab. 2. Primary energy consumption for countries that account for over 80% of the world's consumption. Own elaboration based on [16]

. Rok 2000 Rok 2021
kral Ine* | O Ine |Storice i wiatr | Ni Ine* | Od I Storice i wiatr | Udziat % w k
China 40.1 24 0.0 1341 23.5 9.3 26.7%
us 91.7 37 01 3.1 8.4 5.2 15.5%
India 12.6 09 0.0 32.1 3.2 1.3 6.086
Russian Federation 24.2 17 0.0 29.2 21 0.0 5.3%
Japan 21.4 1.1 0.0 15.7 2.0 0.9 3.086
Canada 9.2 39 0.0 9.8 4.1 0.4 2.3%
South Korea 8.0 0.0 0.0 12.1 0.4 0.2 2.1%
Germany 13.9 04 01 10.2 23 16 2.1%
Iran 5.0 0.0 0.0 12.0 0.2 0.0 2.1%
Brazil 47 33 0.0 6.8 4.9 0.8 2.6
Saudi Arabia 4.8 0.0 0.0 10.8 0.0 0.0 1.8%
France 10.4 07 0.0 8.1 12 0.5 1.6%
4.0 0.2 0.0 7.4 0.6 0.0 1.4
United Kingdom 9.5 01 0.0 5.9 12 0.7 1.2%
Turkey 28 03 0.0 5.7 11 0.4 1.2%
Mexico 5.5 0.4 0.0 6.1 0.7 0.3 1.1%
Italy 7.0 05 0.0 5.2 11 0.4 1.1%
Australia 4.5 0.2 0.0 5.0 0.7 0.5 1.086
Spain 5.1 04 01 4.3 1.2 0.8 0.9%
Thailand 6 01 0.0 4.7 0.3 0.1 0.8%
Talwan 3.6 01 0.0 4.8 0.2 0.1 0.8%
South Africa 43 0.0 0.0 4.8 0.2 0.2 0.8%
Argentina 2.2 03 0.0 3.0 0.4 0.1 0.6%
Suma 297.2 209 03 421.0 59.9 23.9 0.8

*wraz z energig nuklearng

w 50% i powyzej. Nalezy rowniez zwroci¢ uwage na taki kraj
jak Dania, ktéry na przestrzeni analizowanego okresu znacza-
co zwigkszyl udzial energii pochodzacej ze stofica oraz wiatru
iw tym przypadku warto$¢ ta wynosi 25%.

W przypadku krajow, ktore zuzywaja najwicksza ilo$é
energii pierwotnej udzial procentowy w roku 2021 ksztaltuje
si¢ nastepujaco: Stany Zjednoczone w roku 2021 bazuja w 91%
na energii nieodnawialnej oraz nuklearnej, Chiny w 85% ko-
rzystajg ze zrédel nieodnawialnych oraz energii nuklearnej,
Niemcy w 81% a Rosja w 93% uzywa energii nieodnawialnej
wraz z energia jadrowa. W tabeli 1 zestawiono 23 kraje, ktére
konsumujg energie pierwotng w ponad 80% calosci.

Jak wynika z tabeli powyzej, wszystkie kraje obnizyly
swoj udzial nieodnawialnych zrédel energii, jednak nie byty
to spadki znaczace i w roku 2021 nadal ponad 80% energii

pozyskiwano z nieodnawialnych Zrédet energii. Na wyréznie-
nie zasluguja takie panstwa jak Niemcy, Wielka Brytania oraz
Hiszpania, ktérych udzial energii pozyskiwany z wiatru oraz
stonca przekracza 10% w calosci zuzycia energii pierwotnej.
Mozna na ten problem spojrze¢ jednak jeszcze z innej stro-
ny - czy jezeli obnizony zostat udzial Zrédet nieodnawialnych
to znaczy, ze mniej produkujemy energii z tych zrédet? Od-
powiedzig na to pytanie jest zestawienie tych samych krajow,
jednak nie z udzialem procentowym, a konsumpcja z po-
szczegllnych Zrédel w ujeciu nominalnym (taela 2).

Jak wynika z tabeli 2, tylko 7 panstw obnizylo konsump-
cje z nieodnawialnych Zrddet energii i sg to: Stany Zjednoczo-
ne, Japonia, Niemcy, Francja, Wielka Brytania, Wtochy oraz
Hiszpania - Iacznie obnizono konsumpcje z nieodnawialnych
zrodel energii o 26,61 EJ - nie jest to warto$¢ imponujaca,
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szczegoOlnie biorac pod uwage, iz same Chiny w tym czasie
zwiekszyly konsumpcje z nieodnawialnych Zrddel energii
0 94,01 EJ, czyli o tyle ile z tych zrédel w roku 2021 konsu-
muja tacznie takie kraje jak: Iran, Brazylia, Arabia Saudyjska,
Francja, Indonezja, Wielka Brytania, Turcja, Meksyk, Wtlochy,
Australia, Hiszpania, Tajlandia, Taiwan, Afryka poludniowa
oraz Argentyna.

Podsumowanie

Mimo, iz udzial odnawialnych zrédel energii w ogélnym
mik$cie energetycznym rosnie z roku na rok, to i tak zwiek-
szone zapotrzebowanie na energie pierwotng powoduje, iz
globalnie zwigkszamy konsumpcje z nieodnawialnych zré-
det energii. W analizowanym okresie produkcja z nieodna-

wialnych zrédet energii dla 23 panstw, ktdre stanowia ponad
80% konsumpcji energii pierwotnej na calym $wiecie wzro-
sta 0 ponad 123 EJ czyli na przestrzeni 21 lat jest to wzrost
0 42% - sytuacja ta pokazuje, iz jezeli chcemy obnizy¢ zuzycie
tych zrodet energii to tempo wzrostu energetyki odnawialnej
musi rosngc w znacznie wyzszym tempie. Ewentualnie mu-
sz zosta¢ wprowadzone skuteczne rozwigzania powodujace
obnizenie konsumpcji energii pierwotnej — w szczegolnosci
z uwagi na fakt, iz pandemia COVID-19 (rok 2019) wykazata,
iz mozliwym jest obnizenie zuzycia energii w skali globalnej
przez poszczegolne kraje. Jak wykazano w artykule wzrost zu-
zycia energii pierwotnej nie jest zwiazany tylko i wylaczenie
z faktem, iz na ziemi jest coraz wiecej ludzi, ale z faktem, iz
ludzie zuzywaja coraz wigcej energii.
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countries, which, as 2019 showed, is absolutely possible.

Analysis of Primary Energy Consumption in the World in the Context of Energy

Transformations
The purpose of this article is to examine energy consumption broken down into consumption based on non-renewable sources, such as:
coal, oil, natural gas and nuclear energy, and consumption based on renewable energy sources, such as: solar, wind, hydro, geothermal
and biomass. The conducted research has shown that the consumption of primary energy is constantly growing, while the development
of renewable energy still lags behind the pace of this growth (although its share in the total energy mix is growing year by year). The
reason for this situation is mainly the fact that in many countries the economy is still based on conventional energy sources, and in
some of them the consumption of primary energy is even significantly increasing (as is the case, for example, in China). For this rea-
son, it seems reasonable to undertake various types of projects aimed at reducing the consumption of primary energy by individual

Keywords: energy, primary energy, energy sources, energy consumption, GDP
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Abstract

Occupational risk assessment is one of the most crucial legal obligation for employers and the basis of accident prevention. In
the case of highly repetitive work operations and an almost constant work environment, performing a preliminary risk analysis
and checking risk levels periodically may be sufficient. In the case of blasting operations in quarries: the mining and geological
conditions, technology, blasting methods, explosives, and initiating agents are variables that affect occupational safety. Moreover
they make occupational risk assessment difficult to apply on the operational level. Therefore, occupational risk management
followed by a deep analysis of hazards and their associated risks may allow to design and manage blasting works with regard to
occupational risk. The paper presents the method for the support of occupational risk management in quarry blasting operations
based on a modified FMECA algorithm. The designed method provides a systematic approach to risk identification, and allows to
indication of the main occupational hazards that should be prioritized for preventive action. The preventive action which could
be implied in the design stage by changes in technology or work organization based on options available for a particular quarry.

Keywords: occupational risk, risk management, safety, blasting, quarry

1. INTRODUCTION

The application of explosives in open-pit mining is usually
the basic stage of the production process. Explosives are com-
monly used in quarrying to break a mineral-bearing material.
This can be explained by the fact that drilling and blasting op-
erations are the most effective methods of extracting natural
aggregates in hard rock quarries. Furthermore it is the cheap-
est and fastest method to produce a large volume of rock. De-
spite its benefits, the use of explosives in mining poses several
potential hazards to personnel, the natural environment, and
the surrounding structures.

Current research on quarry blasting safety focuses main-
ly on the environmental impact of explosives detonation on
the mine surroundings and its mitigation.The occupational
health and safety (OHS) of employees who performs blasting
works is not a commonly addressed area in research papers.
This reflection in lack of research interest may result from the
detailed blasting safety procedures in national legislation, and
the need to meet rigorous safety requirements when handling
explosives, and that does not give much space for innovation.

One of the main tools to evaluate and improve employ-
ee safety during work is the occupational risk assessment
[1,2,3]. In Poland, like in other European Union countries,
occupational risk assessment is mandatory [4,5,6]. Frame-
work Directive 89/391/EEC requires employers to carry out
risk assessments as part of the protective measures to improve
the safety and health of workers [6]. This fact makes an occu-
pational risk assessment a legally required document for any
worker undertaking work in the European Union. The key
components of a risk assessment are: the identification of haz-
ards and associated risks, estimation of the risk level, deter-
mination of risk acceptance, and implementation of preven-
tive or corrective actions where necessary [7,8]. Awareness

of risks and their levels can provide the basis for managing
operational activity focused on improving employee safety,
which lays the foundation for occupational risk management.

Occupational risk assessment for blasting operations can
be both complex and require particular expertise in explosive
handling, quarry operations, and workplace safety. Due to
varying mining and geological conditions, available methods
of blasting works, types of explosives and initiating systems,
and the relationship between used technology and materials,
occupational risk assessment for quarry blasting operations
shouldn’t be considered as a single activity, but as a dynamic
process of assessing risks for each particular blast. This ap-
proach allows to optimization of the process in terms of work
safety through the application of risk assessments in existing
conditions. Moreover, it includes the assessment results, to
select technology or resources that should reduce the level of
occupational risk.

This paper presents an engineering approach to the oc-
cupational risk management framework for quarry blasting
works based on a modified Failure Mode, Effects & Criticality
Analysis (FMECA) method. The presented method aims to
provide an intuitive, time-efficient way of managing occupa-
tional risks during the design and execution of blasting op-
erations, identifying key safety issues, and helping to prevent
negative impacts on the health and safety of workers.

2. QUARRY BLASTING SAFETY

The safety of quarry blasting operations is generally con-
sidered in two main areas: the environmental impact of blast-
ing, and occupational health and safety. Both of these aspects
are regulated in Poland by legislation.

Polish regulations recognize the following environmental
impacts of blasting operations: blast-induced ground vibra-
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Fig. 1. Quarry blasting process stages for typical crushed aggregates production blasting (long boreholes blasting method up to 6 m length)

Rys. 1. Proces realizacji robot strzatowych dla typowych strzelan produkcyjnych w gornictwie skalnym (strzelanie dtugimi otworami strzalowymi powyzej 6 m)
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tions, air blast, and flyrock. Their prevention is also consid-
ered by establishing safety zones for each selected hazard [9].

Current research work on blasting safety mainly focuses on
the environmental impact of blasting. In the case of blast-in-
duced ground vibrations research was done on prediction of
intensity and modeling of ground-borne vibration phenomena
[10,11,12,13,14,15], the effect of blast-induced vibrations on
buildings and structures [16,17,18], and the influence of blast-
ing technology on the seismic effect [19,20,21]. Considering
airblast and flyrock, research was mostly made in prediction
models of its intensity [22,23,24,25,26]. Blasting operation for-
mer studies were also presented by Kiani et al. [27].

Environmental impacts generally affect the mine's sur-
roundings and external people. Given Polish legal obliga-
tions, these impacts can have only a minor influence on the
safety of the workers carrying out the blasting works because
of the necessary safety precautions [9]. The only real hazard
that could be identified is the possibility of injury to person-
nel securing access routes to the flyrock safety area. Other
quarry employees are obliged to stay in the blasting shelters
until the signal declaring the end of blasting works is given
[9]. Therefore, the proposed approach to occupational risk
management does not take into account the environmental
hazards resulting from the detonation of an explosive as they
are unlikely to affect workers.

In the case of Polish OHS regulations, when performing
blasting work in quarries, we can distinguish between gen-
eral regulations based on the Labour Code [4,5], regulations
on safety at work in mines and on the handling of explosives
[9,28,29,30], and detailed OHS requirements related to work
environment factors and work performance [31,32]. These
regulations provide detailed guidelines on how to perform the
work safely.

Recent research in quarry safety has focused mainly on
measuring, simulating, and reducing selected hazards in

mines [33,34,35], safety management & occupational risk as-
sessment [34,36,37,38], and preventive measures [39,40]. In
the case of occupational risk assessment in quarry blasting
operations research was done by Kiani et al., Seccatore et al.,
and Ke et al. [27,41,42], suggesting various approaches to risk
assessment dedicated to quarry blasting. Kiani et al. identified
blasting operations risks and used the Fuzzy Analytical Hier-
archy Process (FAHP) to compare and rank them [27]. Sec-
catore et al. studied the applicability of the HAZOP (Hazard
and Operability Study) method to assess occupational risks
level in rock blasting [41], and Ke et al. adopt Social Network
Analysis (SNA) to find relationships between safety risk fac-
tors and occupational accidents [42].

An analysis of the available literature shows that current
research on quarry occupational safety focuses mainly on
general mine hazards, with blasting as one of the sources of
hazards that can affect workers. New occupational risk assess-
ment methods have been proposed for blasting operations,
however this subject is not commonly addressed in current
research studies.

3. OCCUPATIONAL HAZARDS AND RISKS IN QUARRY
BLASTING OPERATIONS

Blasting operations expose workers to several hazards
which can have different sources. The root causes of occupa-
tional hazards can be divided into four categories: how the
work is carried out, work environment and conditions, mate-
rials used to perform the work & used equipment.

Due to the specifics of the quarry blasting works opera-
tions, the hazards in each category may differ for each blast-
ing even in the same mine. This is due to variable blasting
locations, used methods of blasting, geological conditions,
types of explosives and initiating agents, and changing weath-
er conditions. Additionally, each stage of blasting operations
exposes workers to a different range of hazards. It is therefore
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Tab. 1. Quarry blasting occupational hazards and risks [*W - the way in which work is carried out; EC - work environment and conditions; M -
materials used to perform work; E - used equipment.]

Tab. 1. Zagrozenia I ryzyka zawodowe w robotach strzalowych w odkrywkowym goérnictwie skalnym [*W - sposéb wykonywania pracy; WE - §ro-
dowisko i warunki pracy; M - materialy uzyte do wykonania pracy; E - sprzet uzywany.]

o5 v 2%
Ss&| 2E Technological, organizational and
Be®E S % Occupational hazards Occupational risks gical, org .
SoB| o environmental variables
om 8— 7y 8 c
%G
) . ) o Type and packaging of
o Manipulation of heavy Static and dynamic Io'ad durmg lifting used explosives (bulk,
= w X . & manual transportation, tripping, . .
@ & fragile objects X cartridges), type of mobile
c stress due to time pressure k .
5 explosive storage unit
] ) Exposure to negative work
g EC Essg;t%ﬂze(’h‘g’teaggﬁ; environment factors, sunstroke, Location of machines in
S rainy), sun ex ’osure’ dehydration, exposure of the skin and operation, weather & wind
g ) P eyes to UV radiation
c Uncontrolled detonation, damage to .
© . R . Type of used explosives,
o Explosives, boosters, the initiating agent (detonation or P
g M n e } boosters and initiating
£ initiating agents misfire), exposure to chemical agents
S f agents
< (explosives)
s Mobile explosives Hit or run over, hitting on vehicle Type of mo_b||e expl_osn{e
E storage unit, organization
storage car parts p
of safe unloading
Type and packaging of
Forced body position, Static and dynamic load, overloading used explosives, type of
bending torso, of the musculoskeletal system, initiating agents, number
» precision manipulation | tripping, falling from the working of blasting holes & type of
“‘2’ w of objects, bench, loss of the blasting line to the surface network
3 manipulation of heavy detonator, faulty detonator connection, organization of
E. & fragile objects, connection, stress due to time safe work on blasting site
) operational errors pressure & concentration during
5 work
=3 ) Exposure to negative work Location of machines in
£ Dust, noise, weather . !
5 - environment factors, sunstroke, operation, weather &
= conditions (hot, cold, . . X o
© . dehydration, exposure of the skin and wind, proximity of upper
< EC rainy), sun exposure, A X ;
o . eyes to UV radiation, impact from a and working bench face,
o upper and working . R . e
c falling overhanging rock, falling from organization of safe work (%)
© bench face ; " . =
> a working bench on blasting-site Y
o Type of used explosives, ©
*g Uncontrolled detonation, damage to boosters and initiating 5
8 M Explosives, boosters, the initiating agent (detonation or agents, type and )
o initiating agents misfire), exposure to chemical agents complexity of surface 2
£ (explosives) network connection, &
8 number of boreholes EY
() H [« 8
o Operating MEMU (bulk | Impacts, vibrations, splashing with Type of MEMU (_1ewce & ®
. X : R charged explosives, types X
explosives production explosives (eyes contamination), °
E ! o of used hand tools I}
units), use of hand exposure to exhausts, lifting (authorization to operate 2
tools explosives charging pipe with explosives) §
Work with hand tools . Type of initiating agents, ~
(shovel), Forced body Overloadm_g (?f the musculoskeleta[ number of blasting holes & 9
- . system, tripping, falling from working @
position, bending : X type of surface network 3
. bench, loss of the blasting line to the : e <
w torso, precision detonator. faulty detonator connection, organization of a
manipulation of connectio;’n streyss due to time safe work on blasting-site s
objects, operational ! & concentration during S
pressure @
errors work @
0 H o
8 Dust (from qu_a_rry), Exp_osure to negative .work Weather & wind, proximity s
= weather conditions environment factors, impact from a X =
> K . R . of upper and working o
=} EC (hot, cold, rainy), sun falling overhanging rock, falling from o =
18] ; - bench face, organization of o
© exposure, upper and working bench, exposure of the skin - ) =3
- : o safe work on blasting-site I
2 working bench face and eyes to UV radiation o
re) Type of initiating agents, g
149} . Exposure to dust containing number of blasting holes & °
jut Dust from stemming . o o
o S crystalline silica, faulty detonator type of surface network El
material, initiating . A P : P <
M ] ) connection, accidental initiation of an connection, organization of
agents in explosive - - : )
explosive charge, stress due to time safe work on blasting site
column . -
pressure & concentration during
work
Use of hand tools and Injury due to tool failure or
o . Type of used tools and
E initiating system uncontrolled detonation by an ;
) ; X : devices
devices (i.e. logger) equipment malfunction
Entering the blasting Hit against blasting shelter elements, Condition of blasting
W .
, shelter scuffs and scratches shelters, time pressure
g Detonation effect,
g 3 . . . .
g dust and post-blast Hearing damage (n10|se), inhalation of Explosives volume, wind,
c 9 fumes, unstable post-blast fumes with carbon and : .
=] ) ) L } time between blasting and
= EC ground, weather nitrogen oxides, tripping, falling from .
=] L . control, blasting
20 conditions, sun unstable working bench, exposure of technology & output
T2 exposure, upper and the skin and eyes to UV radiation
=5 working bench face
S o Type and quality of used
® Explosives and . e explosives & detonators,
_g M detonators Uncontrolled detonation of misfires quality of blasting
— operations
E - - -

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society

243



Establish the context
Risk

Communication
and consultation

Risk identification

—

Ri

k analysis ev e

Monitoring and

L—'—J

Risk treatment

Fig. 2. Risk management process [45]

Rys. 2. Proces zarzadzania ryzykiem [45]

necessary to identify the hazards not only in terms of root
cause but also considering the potential variable conditions
and technologies, for each stage of the blasting work. For
hazard identification, the quarry blasting process for typical
crushed aggregates production blasting (for blastholes longer
than 6 m) was mapped as shown in Figure 1.

Through a systematic approach to hazard identification
based on quarry site investigations and literature review, haz-
ards & occupational risks have been identified for each stage
of the blasting process, in each hazard root cause category,
and by pointing the variable factors that affect the nature
and level of hazard for typical production blasting in Polish
quarries. For this paper's purpose, the results are presented in
condensed form in Table 1 for aggregated blasting operations.

Concluding upon the identified hazards and risks (tab.
1), it can be pointed out that blasting workers in quarries are
exposed to wide range of hazards including safety hazards
(tripping, falls, impacts), physical hazards (explosion, noise,
vibration, UV radiation), chemical hazards (explosives, dust),
psychosocial hazards (working under time pressure, the stress
of working with hazardous materials) and they are strongly
affected by many ergonomic risk factors (heavy lifting and
manual handling, static and dynamic loads, forced body po-
sition). Due to the changeable on-site and geological condi-
tions, various available methods to execute blasting works, as
well as different materials and initiating agents that can be ap-
plied, only periodically revised occupational risk assessment
may not be sufficient to keep workers safe. A risk assessment
based on all detected occupational risks is formally acceptable
[5], but does not allow to manage work safety at an operation-
al level. Therefore, the use of an occupational risk manage-
ment tool can improve safety and help to make technological
choices with a focus on employees' safety.

4. OCCUPATIONAL RISK ASSESSMENT AND MANAGE-
MENT

Risk assessment is an essential part of the risk manage-
ment process. It consists of three steps: risk identification
(finding, recognizing, and describing risks), risk analysis
(comprehending the nature of risk and determining its level),
and risk evaluation (comparing assessed risk levels with risk
criteria to determine whether the risk is acceptable or not)
[43]. Legal obligations [4,5] as well as the requirements of the
health and safety management system [44] imply the need to
assess occupational risks. ISO 45001 standard also includes

risk-based approach, which lay the foundation for occupa-
tional risk management [44]. Through the outcomes of the
risk assessment, it is possible to manage the work process con-
cerning existing risks using risk management methodology.
Figure 2 shows the concept of the risk management process
based on [45] and the role of risk assessment in managing the
risk. The relevant publications detail the stages and require-
ments of risk management [45,46,47].

Risk assessment could be conducted using various qual-
itative, quantitative, and semi-quantitative methods, and
regarding occupational safety, there are also recognized
dedicated methods for specific types of hazards [48]. Good
practice and legal requirements [5] indicate, that the choice of
assessment method should be tailored to the type of analyzed
hazard. Also, different methods may be used for each step of
the risk assessment, depending on their applicability [8].

Risk management is a set of coordinated activities to di-
rect and control an organization with regard to risk [45]. Ac-
cording to the definition, risk management in occupational
safety could be the basic tool to improve safety as risk is the
fundamental concern of OHS. Risk evaluation can indicate
the necessity of risk mitigation, which is one of the available
options at the risk treatment stage.

Evaluation and dealing with risk is the most common way
to conduct legal-based occupational risk assessment in the
practice of industrial companies. Ways of meeting the need for
communication and consultation, as well as monitoring and re-
view are also implemented in the Polish regulations, although
they do not provide any specific guidance beyond the gener-
al requirements of involving employees in the risk assessment
process, communicating risks to workers and periodically re-
viewing the validity of the occupational risk assessment [5].

Despite the availability of numerous algorithms enabling a
detailed and quite objective assessment of occupational risks,
there is a lack of methods to minimize the risk by deliberate
choice of safer operations. In the case of blasting operations
with different available technologies, materials, and equip-
ment, such a tool can improve safety not only by implement-
ing protective and corrective measures but also by selecting
the work technology and its organization from a safety point
of view at the design stage.

5. FMEA METHOD
Failure Modes and Effects Analysis (FMEA) was first ap-
plied in 1949 by US Army to study the risks of malfunction of
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the military systems [49]. This method is widely used in var-
ious industries to evaluate how products or processes might
fail, providing a systematic approach for identifying modes of
failure, and possible effects and could include identification
of the causes of failure modes. FMECA (Failure Modes, Ef-
fects and Criticality Analysis) as an extension of this method
provide moreover ranking of the failure modes in terms of
criticality [50]. The general steps of FMEA/FMECA method
are shown in Figure 3, and the full description of the method
was described in [50].

One of the advantages of this method is its process-based
approach, which is essential in today’s management systems
based on ISO standards. The requirements of the FMEA
method are not dogmatic, therefore this analytical approach
can be tailored, adapted to different scopes, and applied in dif-
ferent ways. It can therefore be used as a framework for man-
aging occupational risks to which blasting staff is exposed.

6. METHODOLOGY
The proposed method for the support of occupational
risk management in quarry blasting operations is based on
the general concept of FMECA analysis. A detailed investiga-
tion of the particular steps and requirements of the method
was carried out. To adapt this framework to the problem of
occupational risk management in quarry blasting, necessary
changes have been made. They considered:
o the state of the art in occupational health and safety,
o a set of legal requirements related to the safety of
blasting operations,
o the various nature of occupational hazards arising at
blasting operations,
o different types of occupational risk assessment tech-
niques.

The suggested method of risk management does not in-
tend to estimate risks according to a single unified method.
Good practice strongly recommends that occupational risks
should be estimated using the method most appropriate to
the risk in question. For the risk assessment stage the FMECA
suggests a qualitative or semi-quantitative parametric meth-

od, in which the severity is determined, and likelihood is
estimated along with selected criticality parameters (like de-
tectability) [50]. Not all occupational risks can be accurately
assessed using parametric methods, for instance, ergonomic
hazards for which dedicated risk assessment methods exist.
Therefore, the presented approach does not guide the selec-
tion of the risk estimation method but indicates the possible
types of methods and the formulation of their results in the
occupational risk management procedure. The methodology
allows using most suitable method of estimating risk level
based on accuracy, available data, and resources, as well as
experience and knowledge of the personnel.

To make fully informed decisions about blasting oper-
ations in terms of health and safety, the method provides a
ranking of the identified risks using the Pareto principle. It
can be used to identify the main occupational hazards that
should be prioritized for preventive action which could be
implied in the design stage by changes in technology or
work organization based on options available for a particu-
lar quarry. Therefore the main aim of the presented tool is
to combine the process of occupational risk assessment and
its outputs with the design stage and quarry blasting at the
operational level.

7. RISK MANAGEMENT FOR QUARRY BLASTING OP-
ERATIONS

The main purpose of the presented method is to provide
a precise design toolkit which will improve decision making
process on technology, work organization, or resource chang-
es to minimize occupational risk on the employee. A diagram
of the risk management method was presented in the figure 4.
The method involves five main stages:

a. hazards and risks identification stage,

b. selection of risk assessment techniques for each iden-

tified risk,

c. estimation of risk level and its standardization,

d. ranking the risks depending on risk level,

e. analyzing risks for scenarios including change of tech-

nology or resources.
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The first stage starts by detecting all operations for quar-
ry blasting depending on the specifics of the analyzed quarry.
For each operation it should be identified all available methods,
technologies, equipment, materials and work performance op-
tions that could be used. This stage allows to identify all avail-
able alternatives, the application of which may improve safety.
Then the occupational hazards are identified in four categories,
depending on their origin: the way work is executed, work en-
vironment (natural and quarry environment), used materials &
equipment. This approach allows to make systematic identifi-
cation of safety hazards depending on the sources identified in
the next step risks. For each identified risk analysis of standards
and legal requirements should be made, to comply with limit
values if they are relevant. If a legal limit exists, it can be used to
determine the acceptable level of risk. To understand the pos-
sible impact of risk on the employee's health or life, an analysis
of risk scenarios should be made. Its results can provide useful
insight into the severity of the risk.

For each identified risk it should be considered if there is
any dedicated technique to assess risk level, or which method
will provide the most accurate estimation result. Selection of
the method could be based on [8], and can be proceeded by
assessing risk level or each of its components separately. In
this method, the classic definition of risk was used, where risk
is a function of the likelihood and severity of consequences.
Therefore these two risk parameters could be assessed indi-
vidually and with different methods, to obtain more accurate
estimation results. Determining the level of risk acceptance
could be applied to combine this methodology with occupa-
tional risk assessment in legal terms.

The estimation of the occupational risk level could be
carried out depending on whether the technique used makes
it possible to assess the risk level or whether separate meth-
ods are used to estimate the likelihood and severity. Results
at different scales are obtained by different risk assessment
methods. To compare and rank risk levels, it is necessary to
standardize the results of risk assessment. It has been suggest-
ed that simple outcome scales should be used: 0 - 100 for both
likeliness and severity, and 0 — 10000 for risk level (equiva-
lent to the result of the multiplication of risk components ra-
tios). Standardization of results can be made by comparing
two scales and determining the level in the proposed scale
through the use of aspect ratios.

To determine which assessed occupational risks should
be prioritized for preventive action, the Pareto principle was
used. It implies, that 80% of consequences come from 20% of
causes, and is commonly used in occupational safety issues to
hazard prioritization [51]. Prioritization can be made accord-
ing to the operations of the blasting process, root cause groups
for hazards, or all risks in a process. Various approaches to
prioritization allow to identification of critical areas for which
the level of risk can significantly affect employees' safety.

For identified key risks or critical safety areas should be
considered the change of technology, materials, tools, or work
methods. The available resources, technologies, and materi-
als identified in the first step should be considered by ana-
lyzing the level of risk as they are been used. Comparing the
obtained risk level with the risk level for selected key occupa-
tional risks allows for a selection of available modifications in
blasting operations which should have a positive impact on
worker safety. It should be also considered if applied chang-
es do not negatively affect the operational effectiveness, pro-
duction objectives, and environmental safety objectives. If
the modification of the blasting process does not affect the
production or the environment, the results based on the pre-
sented methodology should make it possible to control the
occupational risks at the stage of the blasting works design
and to take preventive measures through a conscious choice
of technology, materials, and work equipment.

8. CONCLUSION

Risk assessment is one of the fundamental legal obliga-
tions of the employer. By carrying out an occupational risk
assessment for a particular position and regularly monitoring
the level of risk, this requirement can be met. However, this
approach does not allow the use of occupational risks analysis
at the design stage of blasting operations daily. Quarry blast-
ing is often carried out under varying mining and geological
conditions, using a range of blasting methods, explosives, and
initiating agents, and can be organized differently in the same
quarry. To benefit from the awareness of recognized occupa-
tional risks, they should be considered about the conditions of
the blasting operation for a particular blast.

The application of risk management methodology can al-
low to apply a piece of information about occupational risk
levels to make informed technological and organizational de-
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cisions at the design phase of blasting in the quarry. A meth-
odology based on the assumptions of the FMECA algorithm
has been proposed for the management of occupational risks
in quarry blasting operations. The algorithm itself has been
extended to include the option of adopting various methods
of evaluation of occupational risk level, taking into account
the variable nature of occupational hazards in blasting oper-
ations. A risk ranking method based on the Pareto principle
has been proposed to enable the selection of critical stages,
work activities, resources, or hazards regarding to employees'

safety. The application of the proposed procedure requires
both time and a detailed analysis of the blasting process and
the factors affecting workers directly and indirectly.

To verify the potential to improve workers' safety by ap-
plying the occupational risk management method to blasting
work operations in quarries, a pilot study on a quarry with
its own blasting works staff and for the contracted blasting
company is planned. The results of the forthcoming analyses,
combined with a study of the organization’s safety level, will
further elaborate on the subject discussed in this paper.
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Metoda zarzgdzania ryzykiem zawodowym dla robét strzatowych w odkrywkowym gornictwie
skalnym w oparciu o zmodyfikowany algorytm FMECA

Ocena ryzyka zawodowego stanowi jedno z podstawowych wymagan prawnych stawianych pracodawcy oraz fundament prewencji
wypadkowej. W przypadku prac charakteryzujgcych si¢ powtarzalnymi czynnosciami i niewielkg zmiennoscig srodowiska pracy,
wykonanie oceny ryzyka zawodowego wraz z okresowg kontrolg poziomu ryzyka wydaje sie wystarczajgce i spetnia wymaganie
stawiane przez prawo. Rozwazajgc prace strzalowe w kamieniolomach, warunki gornicze i geologiczne, stosowana technologia
i metody strzelania, Srodki strzatowe i inicjujgce sqg zmiennymi, ktére mogg wplywac na poziom bezpieczeristwa pracy. Ponadto
zmienne wystepujgce w trakcie robét strzatowych powodujg, ze ocena ryzyka zawodowego i jej wyniki sg trudne do wdrozenia na
poziomie operacyjnym. Rozwigzaniem tego problemu moze by¢ zarzgdzanie ryzykiem zawodowym poprzedzone szczegétowg analizg
zagrozeni i towarzyszgcych im ryzyk, ktére moze pozwoli¢ na projektowanie i zarzgdzanie robotami strzatowymi z uwzglednieniem
ryzyka zawodowego pracownikow.

Artykut prezentuje metode wspierajgcg zarzgdzanie ryzykiem zawodowym w robotach strzatowych w odkrywkowym gornictwie
skalnym opartg na zmodyfikowanym algorytmie FMECA. Zaproponowana metoda pozwala na systematyczne podejscie do
identyfikowania ryzyk zawodowych i wskazuje na kluczowe zagrozenia zawodowe, dla ktorych powinny zostaé w szczegolnosci
zastosowane dzialania profilaktyczne. Ograniczenie ryzyka zawodowego moze by osiggniete na etapie projektowania robot
strzatowych poprzez zmiang technologii lub organizacji pracy w oparciu o dostepne mozliwosci dla danego zaktadu gorniczego,
a wybér charakteru rodzaju zmian jest wspierany przez zaproponowany w niniejszym artykule algorytm.

Stowa kluczowe: ryzyko zawodowe, zarzgdzanie ryzykiem, bezpieczeristwo pracy, roboty strzatowe, kamieniolomy
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Abstrakt
Gléwnym celem pracy jest przedstawienie poziomu wypadkowosci w polskim gornictwie oraz uzyskanie odpowiedzi m.in. na
nastepujgce pytania: jak przedstawiajg sie w ostatniej dekadzie wskazniki wypadkowosci oraz w jakich rodzajach gornictwa
wystepuje najwiecej wypadkéw przy pracy? Chege zrealizowad cele pracy, dokonano analizy danych statystycznych z lat 2013-2022
pochodzgcych z Wyzszego Urzedu Gérniczego oraz Gléwnego Urzedu Statystycznego. Analize danych przeprowadzono dla calego
gornictwa jak réwniez dla poszczegélnych jego rodzajow tj. gornictwa podziemnego, odkrywkowego i otworowego. Oprécz analizy
wypadkowosci bezwzglednej, wykorzystano rowniez analize wskaznikowg ze szczegélnym uwzglednieniem wskaznikow czestosci
wypadkéw przy pracy: ogétem, ciezkich i Smiertelnych. W pracy zdefiniowano réwniez podstawowe pojecia dotyczgce wypadkéw

przy pracy.

Stowa Kluczowe: wypadkowos¢, wskazniki wypadkowosci, gornictwo, przedsigbiorstwa gérnicze

1. WPROWADZENIE

Gornictwo to specyficzny rodzaj dzialalnosci zwiazany z
niespotykanymi w innych galeziach przemystu zagrozeniami,
ktére moga powodowa¢é szkody i straty, a w szczegdlnosci
wypadki, urazy i choroby pracownikéw. Wystgpowanie po-
szczegdlnych zagrozen naturalnych uzaleznione jest migdzy
innymi od sposobow eksploatacji z16z. W gornictwie odkry-
wkowym wystepuja zagrozenia naturalne o zupelnie innym
charakterze niz w gérnictwie podziemnym czy gérnictwie ot-
worowym. Zagrozenia techniczne moga by¢ uwarunkowane
rodzajami maszyn i urzadzen wykorzystywanych przy danym
sposobie eksploatacji oraz uzaleznione od konieczno$ci wyko-
rzystania materialéow wybuchowych [1]. Analizy dotyczace
wplywu zagrozen na wypadkowo$¢ w przemysle wydobyw-
czym mozna znalez¢ w licznych pozycjach w literaturze [2-4].

Priorytetowym zadaniem przedsigbiorstw gérniczych
jest ograniczenie wypadkowosci i poprawa warunkow
BHP w swoich zakladach. Do podejmowania skutecznych
i madrych decyzji potrzebne sa odpowiednie informacje,
w tym dane i wnioski pochodzace z analiz wypadkowosci.
Analiza wypadkowosci to nie tylko narzedzie, na podstawie
ktérego przekazuje sie informacje dotyczace liczby i skut-
kow wypadkow, ale przede wszystkim narzedzie, ktére moze
by¢ wykorzystane do podejmowania dziatan korygujacych i
zapobiegawczych ograniczajacych i eliminujacych przycz-
yny wypadkow [5]. Przy badaniu poziomu wypadkowosci
czesto szuka sie zaleznosci z innymi czynnikami np. z pozi-
omem zatrudnienia, wydajnoscia itp. [6]. Na potrzeby pracy
dokonano identyfikacji wybranych danych pochodzacych
z corocznych raportéow dotyczacych stanu bezpieczenstwa
pracy, ratownictwa gorniczego oraz bezpieczenstwa powsze-
chnego w zwiazku z dzialalnoscig gérniczo-geologiczng oraz
raportéw dotyczacych stanu bezpieczenistwa i higieny pracy
w gornictwie, publikowanych przez Wyzszy Urzad Gérniczy
(WUG). Wykorzystane dane dotyczyty m.in. liczby i rodza-
ju wypadkoéw, ksztaltowania sie wskaznikow czestotliwosci i

ciezko$ci wypadkow, przyczyn, ktore doprowadzily do pow-
stania wypadkow oraz stanu zatrudnienia w gornictwie. Ana-
lizie poddano dane pochodzace z ostatnich dziesigciu lat tj.
2013-2022.

Przedstawiony podzial gérnictwa na: gdérnictwo
podziemne (goérnictwo wegla kamiennego, kopalnie rud
miedzi, pozostale gornictwo podziemne), gérnictwo odkry-
wkowe (kopalnie wegla brunatnego, pozostale goérnictwo
odkrywkowe), gérnictwo otworowe oraz roboty przygotow-
awcze jest podzialem stosowanym przez WUG, z ktérego
sprawozdan pochodzg dane wykorzystane w pracy.

WYPADKI I WYPADKOWOSC

W ustawie z dnia 30 pazdziernika 2002 r. o ubezpiec-
zeniu spotecznym z tytulu wypadkéw przy pracy i chordb
zawodowych zawarto definicje: wypadku przy pracy, wypad-
ku cigzkiego i $miertelnego [7].

Za wypadek przy pracy uwaza sie [7]:

o nagte zdarzenie;

o wywolane przyczyna zewnetrzna;

o powodujace uraz lub $mier¢;

ktdre nastapilo w zwigzku z praca:

- podczas lub w zwigzku z wykonywaniem przez
pracownika zwyklych czynnosci lub polecen
przelozonych,

- podczas lub w zwiazku z wykonywaniem przez pra-
cownika czynno$ci na rzecz pracodawcy, nawet bez
polecenia,

- w czasie pozostawienia pracownika w dyspozycji
pracodawcy w drodze miedzy siedzibg pracodawcy a
miejscem wykonywania obowigzku wynikajacego ze
stosunku pracy.

Dane zdarzenie moze zosta¢ uznane za wypadek tylko w
przypadku, gdy wszystkie powyzsze cztery elementy wystapia
tacznie. W przypadku braku wystapienia jednego z wymien-
ionych elementdéw, zdarzenie nie zostanie uznane za wypadek
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Rys.1. Liczba wypadkow w polskim gérnictwie w latach 2013-2022. Zrédlo: opracowanie wlasne na podstawie [9-11]

Fig. 1. Number of accidents in the Polish mining industry in the years 2013-2022. Source: [9-11]
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Rys. 2. Udziat wypadkéw w glownych rodzajach gornictwa w latach 2013-2022. Zrédlo: opracowanie wlasne na podstawie [9-11]

Fig. 2. Share of accidents in the main types of mining in the years 2013-2022. Source: [9-11]
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Rys. 3. Liczba wypadkéw w poszczegélnych rodzajach gérnictwa w latach 2013-2022. Zrédlo: opracowanie wlasne na podstawie [9-11]
Fig. 3. Number of accidents in the particular types of mining in the years 2013-2022. Source: [9-11]

przy pracy. Bardzo czgsto dzieki uwadze pracownikéw, ich
do$wiadczeniu lub za sprawg innych okolicznosci nie docho-
dzi do urazow. Takie zdarzenia nazywane sa wowczas zdarze-
niami wypadkowymi. Dokladne okreslenie wszystkich sklad-
nikéw powyzszej definicji jest niezbedne dla prawidlowego
kwalifikowania zdarzenia jako wypadku przy pracy [5].

Za $miertelny wypadek przy pracy uwaza si¢ wypadek, w
wyniku ktérego nastgpita $mier¢ w okresie nieprzekraczaja-
cym 6 miesiecy od dnia wypadku [7].

Za cigzki wypadek przy pracy uwaza si¢ wypadek, w
wyniku ktérego nastapilo cigezkie uszkodzenie ciata, takie jak:
utrata wzroku, stuchu, mowy, zdolnosci rozrodczej lub inne
uszkodzenie ciala albo rozstrdj zdrowia, naruszajace podst-
awowe funkcje organizmu, a takze choroba nieuleczalna lub
zagrazajgca zyciu, trwala choroba psychiczna, calkowita lub
czg$ciowa niezdolnos$¢ do pracy w zawodzie albo trwale, isto-
tne zeszpecenie lub znieksztalcenie ciata [7].

Wypadkowos¢ to obliczona statystycznie liczba wypadkow
[12]. Pojecie wypadkowosci wykorzystywane jest w analizach i
prezentacjach danych dotyczacych wypadkéw przy pracy.

Wypadki przy pracy przedstawiane sa bardzo czesto ze
wzgledu na takie zmienne jak [8]: rodzaj dziatalnosci, zawod
wykonywany przez poszkodowanego, skutki wypadku, licz-
ba dni niezdolnosci do pracy, miejsce powstania wypadku,

proces pracy, czynno$¢ wykonywana przez poszkodowanego
w chwili wypadku, wydarzenia powodujace uraz, przyczyna
wypadku.

Poniewaz poréwnywanie danych liczbowych o rdznej
wielko$ci nie przedstawia rzeczywistej skali danego zjawiska,
do opisu sytuacji i analiz w zakresie wypadkowo$ci stosuje sie
rézne wskazniki wypadkow.

W pracy wykorzystano wskaznik czesto$ci wypadkow,
ktére bazuje na liczbie wypadkéw (poszkodowanych). Aby
wskaznik mégt by¢ poréwnywalny w réznych grup zbiorowos-
ci konieczna jest standaryzacja wskaznika poprzez podziele-
nie przez wlasciwa jednostke. Najczesciej ta jednostka jest
liczba pracownikéw (np. na 1000 pracujacych). Wskaznik
czestosci wypadkow zdefiniowany jest wzorem:

Liczba wypadkéw (poszkodowanych)

W, = x 1000 (1)

Liczba pracujacych

W gérnictwie stosowany jest jeszcze wskaznik w oparciu
o ilo§¢ wydobytej kopaliny. Wskaznik ten okregla jaka liczba
wypadkow przy pracy przypada na milion ton wydobytej ko-
paliny.

Liczba wypadkéw (poszkodowanych)
Liczba wydobytych ton kopaliny

W, = x 1000 000 (2)
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Tab. 1. Liczba wypadkéw $miertelnych. Zrédto: opracowanie wasne na podstawie [9-11]
Tab. 1. Number of fatal accidents. Source: [9-11]

Rodzaj gérnictwa 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022
Gornictwo wegla kamiennego 14 20 12 10 10 15 16 9 9 22
Kopalnie rud miedzi 3 5 2 17 2 1 5 3 2 2
Pozostate goérnictwo podziemne 0 0 0 0 1 0 0 0 0 1
Kopalnie wegla brunatnego 1 0 1 0 0 0 0 1 0 0
Pozostate gornictwo odkrywkowe 3 4 3 0 2 5 2 3 2 5
Gornlct'wo otworowe i roboty 0 1 1 0 0 0 0 0 0 0
geologiczne

1%

= Gomictwo wegla kamiennego
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Rys. 5. Udzial wypadkow $miertelnych w poszczegélnych rodzajach gérnictwa w latach 2013-2022. Zrédlo: opracowanie wlasne na podstawie [9-11]
Fig. 5. Share of accidents in the particular types of mining in the years 2013-2022. Source: [9-11]

3. ANALIZA BEZWZGLEDNA

Liczba poszkodowanych w wypadkach przy pracy w pol-
skim gérnictwie w latach 2013-2022 zostala przedstawiona na
wykresie — rysunek 1.

Liczba poszkodowanych w wypadkach przy pracy w ana-
lizowanym okresie ulegta zmniejszeniu z 2551 do 2085 oséb,
co stanowi spadek o ponad 18%. W tym czasie zmniejszylo
si¢ zatrudnienie w gérnictwie o 37,5 tysiace pracownikow.
Lacznie w omawianym okresie wypadkom uleglo 21,7 tysiace
pracownikow.

W latach 2013-2022 najwigcej wypadkéw mialo miejsce
w gornictwie podziemnym - 96%. Wypadkom w tej branzy
uleglo blisko 21 tysiecy osob. Wypadki w gornictwie odkry-
wkowym stanowily 3 procentowy udziat w wypadkach w pol-
skim gornictwie, natomiast dla gérnictwa otworowego i robot
geologicznych udzial ten stanowil 1%. Udzial wypadkow w
gléwnych rodzajach gérnictwa w latach 2013-2022 przedst-
awiono na rysunku 2.

Rysunek 3 przedstawia liczbe poszkodowanych w wypad-
kach przy pracy w poszczegélnych rodzajach gérnictwa w la-
tach 2013-2022. W badanym okresie najwiecej poszkodowa-
nych w wypadkach przy pracy zatrudnionych w gérnictwie
pracowalo w kopalniach wegla kamiennego - 17469 oséb
oraz w kopalniach rud miedzi - 3114 oséb. W kopalniach

wegla brunatnego uleglo wypadkom 317 oséb, podobnie jak
w kopalniach otworowych 316 os6b.

Na rysunku 4 przedstawiono liczbe wypadkow $miertel-
nych i cigzkich w latach 2013-2022 w polskim gérnictwie. W
omawianym okresie zginelo przy pracy 215 o0sdb, natomiast
140 osoby doznaly urazéw cigzkich. Niestety w badanym
okresie nastapil wzrost liczby wypadkow $miertelnych z 21 w
roku 2013 do 30 w roku 2022.

Najwigcej wypadkow $miertelnych w omawianym okresie
wystapito w kopalniach wegla kamiennego - 137, w kopalni-
ach rud miedzi - 42 oraz gtéwnie w kopalniach zwiru i piasku
- 29. W tabeli 1 zaprezentowano szczegélowe dane dotyczace
wypadkow $miertelnych w latach 2013-2022.

Poréwnujac udzial wypadkéw $miertelnych w poszcze-
golnych rodzajach gérnictwa mozna stwierdzi¢, iz najniebez-
pieczniejsza praca ma miejsce w kopalniach podziemnych,
glownie w kopalniach wegla kamiennego i rud miedzi - ry-
sunek 5.

4. ANALIZA WSKAZNIKOWA

Poréwnywanie jednostek majacych rézng ilos¢ zatrudn-
ionych pracownikow za pomoca prostych wskaznikéw wypad-
kowosci nie daje rzeczywistego odzwierciedlenia istniejacej
sytuacji. Wynika to z faktu, iz w jednostkach, w ktorych za-
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Rys. 6. Wskaznik czesto$ci wypadkéw w przeliczeniu na 1000 pracownikéw w latach 2013-2022. Zrédto: opracowanie wlasne na podstawie [9-11]

Fig. 6. Accident frequency rate per 1000 employees in the years 2013-2022. Source: [9-11]

Wskanik czestosci wypadkow

——Gémictwo wegla kamiennego
——Kopahie rud miedzi

—— Gémictwo odkrywkowe

-

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Rok

Rys. 7. Wskaznik czesto$ci wypadkéw w przeliczeniu na 1000 pracownikéw dla wybranych rodzajéw gornictwa w latach 2013-2022. Zrédto:
opracowanie wilasne na podstawie [9-11]

Fig. 7. Accident frequency rate per 1000 employees for selected types of mining in the years 2013-2022. Source: [9-11]
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Fig. 8. Average annual accident frequency rate per 1000 employees for selected types of mining. Source: [9-11]

trudnionych jest wigcej pracownikéw, prawdopodobienstwo
powstania zdarzenia wypadkowego jest wigksze niz w jed-
nostkach zatrudniajagcych mniejsza ilos¢ pracownikéw. To
samo dotyczy poréwnywania branzy, spélek czy zakladow w
okreslonym horyzoncie czasu, w ktorym wystapita znaczaca
zmiana zatrudnienia. Aby zniwelowa¢ wplyw zréznicowan-
ia poréwnywanych grup, liczbe wypadkow nalezy podzieli¢
przez odpowiednia jednostke. Najczesciej stosuje sie wskaznik
czestodci wypadkéow w odniesieniu do 1000 zatrudnionych
[5]. W gérnictwie stosowany jest jeszcze dodatkowy wskaznik
w oparciu o ilo§¢ wydobytej kopaliny - liczba wypadkéw przy
pracy przypadajaca na 1 mln ton wydobytej kopaliny.

Na rysunku 6 mozna zauwazy¢ trend rosnacy wskaznika
czestosci wypadkow w przeliczeniu na 1000 zatrudnionych.
W 2014 roku zaistniaty 11 wypadki na 1000 pracownikéw, a
w roku 2022 statystycznie wypadkéw byto juz 12,5. W ana-
lizowanym okresie omawiany wskaznik maksymalng swoja
wartos$¢ osiggnal w 2019 roku, gdzie statystycznie wystapity
12,7 wypadki na 1000 pracownikéw.

Rysunek 7 przedstawia wskazniki czestosci wypadkow
w przeliczeniu na 1000 pracownikéw w wybranych rodza-
jach gornictwa. W latach 2013-2022 najwigksze wartosci
wskaznika czestosci wypadkéw odnotowano w gornictwie
podziemnym. W kopalniach rud miedzi omawiany wskaznik
ma tendencje spadkowa. Maksymalng swoja warto$¢ osiggnat
w roku 2013, gdzie wystapily blisko 23 wypadki na 1000 za-
trudnionych pracownikéw, natomiast w 2022 roku osiggnat
swéj minimalny poziom, przy ktérym zanotowano ponad 8
wypadkow. Odmiennie ksztaltuje sie wskaznik dla gérnictwa
wegla kamiennego, ktéry ma wyrazna tendencje wzrostowa.
W 2013 roku odnotowano prawie 14 wypadkéw pracown-
ikéw zatrudnionych w kopalniach wegla kamiennego, nato-
miast w 2022 roku omawiany wskaznik wynosit juz ponad 19.
W poréwnaniu z gornictwem podziemnym, na stosunkowo
niskim poziomie ksztaltuje sie wskaznik czestosci wypadkow
dla goérnictwa odkrywkowego. W analizowanym okresie ma
delikatny trend malejacy. Na poczatku odnotowano ponad 2
wypadki na 1000 pracownikéw zatrudnionych w kopalniach
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Fig. 9. Accident frequency rate per 1000 people working in the mining industry. Source: [9-11]
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Fig. 11. Average annual fatal accident rate per 1000 employees for selected types of mining

odkrywkowych, natomiast na koniec analizowanego okresu
wskaznik spadl do wartosci 1,4.

Na rysunku 8 przedstawiono $rednioroczny wskaznik
czestosci wypadkow w przeliczeniu na 1000 pracownikéw w
wybranych rodzajach gérnictwa. W analizowanym okresie
$rednioroczny wskaznik dla calego gérnictwa wynidst 11,8,
przy czym dla gérnictwa podziemnego wyniost 15,7 a dla gor-
nictwa odkrywkowego i otworowego, odpowiednio 1,51 1,3.

Rysunek 9 przedstawia wskazniki czgstosci wypadkow w
polskim gérnictwie dla wypadkéw $miertelnych i ciezkich.
Wskaznik dla wypadkéw ciezkich ma tendencje malejaca,
natomiast wskaznik dla wypadkéw $miertelnych z uwagi na
wyjatkowo duzg liczbe wypadkow $miertelnych w roku 2022,
tendencje rosnaca. W 2013 roku zanotowano 21 wypadkow
$miertelnych i 16 ciezkich W 2022 roku tych wypadkéw byto
odpowiednio 301 12.

Wikazniki czestosci wypadkéw smiertelnych dla gornict-
wa wegla kamiennego i gérnictwa odkrywkowego ksztattu-
ja si¢ podobnie - rysunek 10. W 2013 roku wyniést on 0,1,

co oznacza 1 wypadek $miertelny na 10 tys. pracownikow.
W 2022 roku wskaznik wynidst odpowiednio 0,23 i 0,14. Od
powyzszych trendéw znaczaco odbiega wykres wskaznika
czestotliwosci wypadkéw $miertelnych wystepujacy w kopal-
niach rud miedzi. W 2016 roku osiagnal on w analizowan-
ym okresie rekordowg warto$s¢ wynoszaca 0,88, oznaczajac
blisko 1 wypadek $miertelny na 1000 osob zatrudnionych.
Spowodowane to bylo kilkoma zdarzeniami, do ktérych do-
szto w kopalniach rud miedzi m.in. takich jak: dynamiczne
oddzialywanie wstrzasu goérotworu (tapniecia) - 9 wypad-
kéw $miertelnych, oberwanie sie skal ze stropu i ocioséw — 4
wypadki $miertelne, uderzenie przez urzadzenia transportu
poziomego - 2 wypadki $miertelne. W tym tragicznym roku
w kopalniach rud miedzi zgingto 17 gérnikow.

W ostatniej dekadzie najbardziej niebezpieczna praca pod
wzgledem wypadkow $miertelnych jest praca w podziemnych
zaktadach goérniczych - $redniorocznie blisko 14 wypadkéw
$miertelnych na 100 ty$ zatrudnionych - rysunek 11. W
kopalniach rud miedzi wskaznik czestosci wypadkow $mi-
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ertelnych wyniost ok. 0,22, a w kopalniach wegla kamiennego
0,12, oznaczajac statystycznie 2,2 i 1,2 wypadki na 10 tysie-
cy pracownikéow. Najmniej wypadkéw odnotowano w gor-
nictwie otworowym i odkrywkowym - ponizej 1 wypadku na
10 tysiecy zatrudnionych.

Innym wskaznikiem czgsto stosowanym w gornictwie
jest wskaznik ,wydajnoéci’, okresla on jaka liczba wypad-
kéw przypada na milion ton wydobytej kopaliny. W badan-
ym okresie, $redniorocznie zanotowano w gornictwie wegla
kamiennego 28 wypadkow na milion ton wydobytego wegla,
natomiast w kopalniach rud miedzi - blisko 10 wypadkow
na milion ton wydobytej rudy. Stosunkowo niski wskaznik
wystepuje w kopalniach wegla brunatnego - 5 wypadkéw na
10 milionéw ton wydobytego wegla, wynika on jednak z zu-
pelnie innego rodzaju zagrozen i specyfiki pracy wystepuja-
cym w kopalniach odkrywkowych.

Podsumowanie

W ostatniej dekadzie nastgpita poprawa sytuacji gosp-
odarczej kraju, na co wskazujg pozytywnie ksztaltujace sig
wskazniki makroekonomiczne. Pomimo okresowego spow-
olnienia gospodarczego wynikajace z pandemii Covid-19 w
analizowanym okresie nastgpilo zwigkszenie liczby miejsc
pracy oraz spadek bezrobocia. W 2022 roku w polskim gor-
nictwie zatrudnionych bylo lacznie 167 tysiecy osob, ktore
byly narazone na liczne zagrozenia, mogace powodowac
wypadki, urazy i choroby. Na podstawie przeprowadzonej
analizy danych pochodzacych z Wyzszego Urzedu Goérnicze-
go jak rowniez z Gtéwnego Urzedu Statystycznego dotyczace-
go wypadkowosci w polskim goérnictwie mozna wysuna¢ nas-
tepujace wnioski:

1. W latach 2013-2022 w gornictwie nastapil 18%
spadek liczby poszkodowanych w wypadkach przy
pracy, przy jednoczesnej redukeji zatrudnienia o 48
tysiecy oséb. W przeliczeniu na 1000 zatrudnionych,
wskaznik czestoéci wypadkow wzrdst w analizowa-
nym okresie o 0,63, co oznacza, ze pomimo zmnie-
jszenia liczby calkowitej liczby wypadkow, bezpiec-
zenstwo w gornictwie nie uleglto poprawie. Lacznie
w badanym okresie wypadkom uleglo 21,7 tys. osob.

2. W analizowanym okresie wskaznik czestosci wypad-
koéw ciezkich jest na podobnym poziomie, natomiast
niepokojacy jest trend rosnacy wskaznika czesto$ci
wypadkéw $miertelnych — wzrost o 0,08, co oznacza
statystycznie 8 wypadkow $miertelnych wigcej na
100 tysiecy zatrudnionych, w poréwnaniu z poczatk-
iem badanego okresu.

3. Najbardziej niebezpieczng praca pod wzgledem
wypadkéw przy pracy jest praca w podziemnych
zaktadach goérniczych. W omawianym okresie $red-
nioroczny wskaznik czesto$ci wypadkéw wynidst
tam 15,7, natomiast wskaznik czestosci wypadkéw
$miertelnych 0,14, ktéry byl dwukrotnie wyzszy niz
wyliczony wskaznik dla goérnictwa otworowego i
robot geologicznych.

4. Pracownicy goérnictwa wegla kamiennego stanowia
najwieksza grupe osob zatrudnionych w gérnictwie,
w 2022 roku zatrudnionych bylo ponad 93 ty$. osob,
w tym 68 ty$. to zaloga wlasna. Wskaznik czestos-
ci wypadkéw ogoélem w analizowanym okresie ma

wyrazny trend rosngcy. W 2022 roku wystapito pon-
ad 5 wypadkow wiecej na 1000 zatrudnionych, niz w
roku 2013. Zwiekszyt si¢ rowniez wskaznik czestosci
wypadkéw $miertelnych z 0,1 do 0,23, co oznacza,
iz w ostatnim analizowanym roku wystgpilo ponad
dwukrotnie wig¢cej wypadkéw $miertelnych na 1000
zatrudnionych niz w na poczatku badanego okresu.
Statystycznie najbardziej niebezpieczna dla zycia
pracownika jest praca w kopalniach rud miedzi.
Srednioroczny wskaznik czestosci wypadkéw $mi-
ertelnych w tych kopalniach wyniost 0,22 i jest na-
jwyzszy w calym gérnictwie. Przyczynily sie do tego
tragiczne zdarzenia majace miejsce w 2016 roku, w
ktérym zgingto 17 gérnikéw. Odmiennie ksztaltuje
si¢ za to wskaznik czestosci wypadkow ogdtem, ktory
w przypadku kopaln rud miedzi ma wyrazng ten-
dencje spadkowa. Z 22,9 w 2013 roku, spadl do 8,4 w
roku 2022. Oznacza to blisko 15 wypadkéw mniej na
1000 zatrudnionych.

Najmniejsza wypadkowo$¢ wystepuje w gornictwie
otworowym i robotach geologicznych. Wskaznik
czgstosci wypadkow ogotem jest 10 krotnie mniejszy
niz w calym goérnictwie i $redniorocznie dla ana-
lizowanego okresu wynidst 1,36. Drugim rodzajem
goérnictwa, w ktérym wystepuje najmniej wypadkow
jest gornictwo odkrywkowe - wskaznik czestodci
wypadkéw ogdlem wynidst 1,53. Pomimo stosun-
kowo niskiej wypadkowosci w gérnictwie odkry-
wkowym wystepuja tam liczne wypadki ciezkie i
$miertelne. W 2022 roku wskaznik czestos$ci wypad-
kow $miertelnych byl wyzszy niz w kopalniach rud
miedzi i wyniost 0,14.

Warunki pracy dla gérnictwa podziemnego s3
odmienne od prac prowadzonych na powierzch-
ni. Wystepuja inne zagrozenia i niebezpieczenst-
wa, mogace powodowaé wypadki, urazy i choroby.
Przedstawiona analiza wskaznikowa wypadkowosci
w gérnictwie wydaje si¢ potwierdza¢ te rdznice.
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Assessment of Occupational Safety Based on the Analysis of Accidents in the Mining Industry
The main purpose of the work is to present the level of accidents in the Polish mining industry and to obtain answers, among others,
to the following questions: what are the accident rates in the last decade and in which types of mining do the most accidents at work
occur? In order to achieve the objectives of the work, statistical data from the years 2013-2022 from the State Mining Authority and the
Central Statistical Office were analyzed. The data analysis was carried out for the entire mining industry as well as for its individual
types, i.e. underground, open pit and borehole mining. In addition to the absolute accident rate analysis, an indicator analysis was
also used, with particular emphasis on the frequency rates of accidents at work: total, severe and fatal. The work also defines the basic

concepts of accidents at work.

Keywords: accidents, accident rate, mining, mining companies

Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society

257



258 Inzynieria Mineralna — Styczei — Czerwiec 2023 January - June — Journal of the Polish Mineral Engineering Society



energetycznych

Analiza efektywnos$ci finansowej przedsiebiorstw
sektora paliwowego w dobie przemian

Robert RANOSZY, Joanna JAKOBCZYK?, Klaudia PALMOWSKA®

Y AGH University in Krakow, Faculty of Civil Engineering and Resource Management, Krakow;, Poland; email: rranosz@agh.edu.pl,

ORCID: 0000-0001-7478-9129

? AGH University in Krakow, Faculty of Civil Engineering and Resource Management, Krakow, Poland; ORCID: 0000-0001-5030-9637
% AGH University in Krakow, Faculty of Civil Engineering and Resource Management, Krakow, Poland

http://doi.org/10.29227/IM-2023-01-32
Submission date: 21-05-2023 | Review date: 12-06-2023

najnizszym poziomie aktywow.

Abstrakt
Celem niniejszego artykutu jest zbadanie podstawowych wielkosci finansowych dla przedsigbiorstw sektoréw produkujgcych energie
elektryczng z nastepujgcych Zrodet: z paliw kopalnych, nuklearnej, wodnej, stonecznej, wiatrowej oraz geotermalnej i biomasy.
Badane wielkosci finansowe to: zysk netto, poziom aktywéw oraz kapitatu wltasnego. Na podstawie tych wielkosci dokonano obliczenia
podstawowych wskaznikéw rentownosci tj.: ROA i ROE. Wyniki bada# jednoznacznie wskazujg, iz przedsiebiorstwa z sektora
bazujgcego na produkcji energii z paliw kopalnych osiggajg najgorsze wyniki zaréwno rentownosci, jak i nominalnego wyniku netto.
Jednoczesnie sq spotkami, ktére posiadajg najwigkszy poziom aktywow. Z drugiej strony przedsigbiorstwa z sektora energii wiatrowej
okazaly sig by¢ najbardziej efektywnymi zaréwno pod kgtem rentownosci kapitatu wlasnego, jak i aktywow przy jednoczesnym

Stowa Kluczowe: energia, wyniki finansowe, Zrédla energii, surowce, zysk netto, aktywa, kapitat wlasny, ROA, ROE

1. Wprowadzenie

Wytwarzanie oraz konsumpcja energii nalezag do podsta-
wowych proceséw zachodzacych na Ziemi. Na przestrzeni
wiekdéw mozna zauwazy¢ glebokie zmiany wystepujace w tym
sektorze. W dzisiejszych czasach dotycza one gléwnie odcho-
dzenia od konwencjonalnych zrddel energii na rzecz ener-
getyki odnawialnej. Taka tendencje w szczegdlnosci mozna
zaobserwowaé w Europie [1,2,3,4,5]. Dodatkowo energetyka
centralnie planowana zastgpowana jest rozproszonymi zro-
dlami energii [6].

Zmiany dotyczace struktury energetyki przekladajg sie
takze na sytuacje finansowa przedsigbiorstw z tego sektora.
Jedynie firmy, ktore umieja dostosowywac si¢ do obecnych
uwarunkowan odniosg sukces na rynku, a co za tym idzie, ich
kondycja finansowa ulegnie poprawie. Problemy oceny efek-
tywnosci funkcjonowania przedsigbiorstw branzy energetycz-
nej w Polsce, a takze sytuacja i wyniki finansowe, zdetermi-
nowane w duzym stopniu przez zmiennos¢ cen wegla, byly
przedmiotem publikacji [7,8,9].

Istotny wplyw na sektor energetyczny majg réwniez wy-
stepujace kryzysy gospodarcze, ktére przynosza czesto trudne
do naprawy skutki. Za ostatni taki kryzys uznaje si¢ pandemie
COVID-19 [10,11,12], oraz wojne¢ w Ukrainie, ktére to zda-
rzenia spowodowaly wiele zakldcen w $wiatowej energetyce
[13,14]. Dlatego tak istotna jest odpowiednia ocena stanu jed-
nostki gospodarczej oraz umiejetne dostosowywanie decyzji
do panujacych warunkow [15].

Sukces przedsiebiorstwa zalezny jest m.in. od poziomu
rozwoju danej jednostki, osigganiu zalozonych celéw, a takze
od wzrostu jej stanu majatkowo-kapitalowego czy umiejetno-
$ci zmniejszenia zagrozen, ktdre potencjalnie moga pojawic¢
sie w przysztosci [15,16,17,18,19]. Jednym z gléwnych aspek-
tow, na ktérych koncentrujg si¢ podmioty z branzy energe-

tycznej to wzrost efektywnosci [4]. Niezbedne jest zatem
zbadanie sytuacji przedsigbiorstwa w przesztodci, tak aby do-
pasowac¢ je do obecnych warunkéw gospodarczych i zapew-
ni¢ lepsza przysztos¢, poprzez podejmowanie odpowiednich
decyzji. Analiza finansowa poprzez wykorzystanie swoich
narzedzi umozliwia okreslenie aktualnej sytuacji finansowej
firm oraz stanowi zrédto informacji odnosnie funkcjonowa-
nia przedsigbiorstw w przyszlosci [20].

2. Istota analizy finansowej w przedsiebiorstwie

Zrédta energii (zaréwno te odnawialne, jak i konwencjo-
nalne), sa jednym z gléwnych czynnikéw ksztaltujacych sy-
tuacje ekonomiczng wielu krajow, a w konsekwencji poszcze-
gblnych przedsigbiorstw w nich funkcjonujacych. Energia jest
potrzebna nie tylko do komfortowego funkcjonowania po-
szczegolnych gospodarstw domowych, ale takze dla przedsie-
biorstw funkcjonujacych na wolnym rynku. Poniewaz celem
kazdego przedsiebiorstwa jest efektywnos¢ finansowa majaca
przynosi¢ okreslone efekty ekonomiczne, niezbedne jest stale
badanie jego sytuacji finansowej by odpowiednio reagowa¢ na
dokonujace sie zmiany w strukturze energetyki i wystepujace
kryzysy gospodarcze.

Przedmiotem badan analizy finansowej sa wielkosci eko-
nomiczne takie jak [21, 22]:

o Stan majgtkowo-finansowy przedsigbiorstwa,

e Wynik finansowy,

o Plynnos¢ finansowa firmy.

Analiza finansowa to instrument zarzadzania finansami,
ktdérego gléwna istotg jest obserwacja poszczegélnych danych
ekonomicznych oraz wycigganie wnioskéw, ktore pozwolg
okregli¢ aktualng kondycje przedsigbiorstwa. Celem analizy
jest zebranie informacji, ktére umozliwiaja osiagniecie od-
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powiedniej struktury majatku oraz racjonalne zarzadzanie
strumieniami pieni¢znymi. Analiza finansowa gwarantuje
stala kontrole kosztéw, przychodéw oraz wyniku finansowe-
go. Dodatkowo ulatwia ocen¢ efektywnosci finansowej przed-
siebiorstwa oraz umozliwia podejmowanie decyzji w zakresie
dalszego rozwoju firmy i inwestycji [21, 23].

Podstawowym zrodlem danych niezb¢dnym do przepro-
wadzenia analizy finansowej jest sprawozdanie finansowe.
Sprawozdanie finansowe zawiera wszystkie niezbedne infor-
macje na temat rocznej dziatalnosci finansowej przedsigbior-
stwa i sporzadzane jest na dzien zamknigcia ksiag rachunko-
wych [24].

Wyrdznia sie dwa podstawowe etapy analizy finansowej [25]:

o Wstepna analize sprawozdan finansowych,

o Analize wskaznikowa.

Wstepna analiza sprawozdan finansowych umozliwia po-
zyskanie podstawowych informacji na temat struktury ma-
jatkowo-kapitatowej oraz dynamiki finansowej przedsigbior-
stwa. W skfad analizy finansowej wchodzi analiza pionowa
oraz pozioma [21,25].

Drugi etap stanowi analiza wskaznikowa, ktérej gléwnym
celem jest rozwiniecie uzyskanych wynikow ze wstepnej ana-
lizy. Analiza wskaznikowa umozliwia ocen¢ sytuacji finanso-
wej w firmie oraz badanie zachodzacych trendéw.

3. Metodologia

Analiza finansowa przedsiebiorstw z sektora energetycz-
nego zostala przeprowadzona na podstawie danych z Serwisu
Ekonomicznego EMIS dla lat 2018-2021. Analizie poddano
9500 (dane surowe) przedsigbiorstw z poszczegélnych kon-
tynentow. Z uwagi na fakt, iz serwis EMIS nie ma dostepu
do wszystkich przedsigbiorstw z kazdego panstwa na $wiecie,
dane swoim zasiegiem obejmujg nastepujace kontynenty oraz
panstwa:

o Afryka (South Africa, Kenya, Zambia, Mauritius,
Nambia, Maroco, Algeria, Ghana, Nigeria, Ivory Co-
ast, Mozambique, Egypt)

o Ameryka poludniowa (Chile, Brazil, Uruguay, Co-
lombia, Peru, Argentina, Ecuador, Panama, Bolivia,
Venezuela)

o Ameryka PéInocna (Mexico)

o Azja (South Korea, China, Thailand, Malaysia, Hong
Kong SAR, China, United Arab Emirates, Russia,
India, Turkey, Indonesia, Pakistan, Vietnam, Qatar,
Iran, Jordan, Oman, Taiwan, Kazakhstan, Banglade-
sh, Singapore, Palestine, Sir Lanka, Moldavia, Azer-
baijan, Laos, Uzbekistan, Armenia, Saudi Arabia,
Kuwait, Philippines)

. Europa (Poland, Ukraine, Slovakia, Seribia, Hun-
gary, Croatia, Romania, Bosnia and Herzegovina,
Lithuania, Bulgaria, Czech Republic, Estonia, Latvia,
Slovenia, Montenegro, North Macedonia, Moldavia)

Analizie poddano nastepujace dane finansowe: zysk net-
to, aktywa ogoélem, kapital wiasny, wskazniki rentownosci.
Wskazniki rentownosci dostarczajg informacji odnoénie zy-
skownosci przedsigbiorstwa. Analiza rentownoéci przedsie-
biorstwa najczesciej stosowana jest w trzech gtéwnych obsza-
rach dzialalno$ci [25]:

o Sprzedazy - Rentowno$¢ sprzedazy (Return on Sales),

o Aktywow — Rentowno$¢ aktywow (Return on Assets),

o Kapitalu - Rentowno$¢ kapitalu wlasnego (Return
on Equity).

Do analizy finansowej przedsiebiorstw z sektora energe-
tycznego wykorzystano dwa gtéwne wskazniki rentownosci:
wskaznik rentownos$ci aktywdw, wskaznik rentownosci kapi-
tatu wlasnego.

Wskaznik rentownos$ci aktywdw wyrazony jest za pomoca
wzoru numer 1 [26].

ROA = (zysk netto) / (aktywa ogdtem) (1)

Wskaznik rentowno$ci kapitalu wlasnego wyrazony jest
za pomocg wzoru numer 2 [9].

ROE = (zysk netto) / (kapital wlasny) 2)

4. Analiza finansowa przedsiebiorstw z sektora energetycznego
4.1 Zysk netto

Jako pierwszy zostal poddany analizie zysk netto przed-
siebiorstw produkujgcych energie z poszczegolnych Zrddel.
Srednie zyski netto dla poszczegdlnych sektoréw zostaly
przedstawione w tabeli 1.

Przedsigbiorstwa z sektora energetycznego, w analizowa-
nych latach i poszczegdlnych segmentach, generowaly do-
datnie wyniki finansowe. Wyjatkiem sg tutaj dwa segmenty,
a mianowicie: segment bazujacy na produkeji energii z paliw
kopalnych (lata 2019 oraz 2020) oraz segment bazujacy na
produkgji energii stonecznej (rok 2020).

W ramach segmentu bazujacego na produkcji energii
z paliw kopalnych, wynik finansowy w roku 2019 byt spowo-
dowany w gléwnej mierze przez afrykanskie przedsigbiorstwo
Eskom Holdings Soc Limited oraz w Europie, ktore byly wy-
wolane przez polska firme¢ PGE S.A.

W roku 2021 zysk netto przekroczyt poziom 5 mln USD.
Najistotniejszy wplyw na ten wynik mial wzrost sredniego zy-
sku operacyjnego firm majacych swoje siedziby Ameryce Po-
tudniowej, Azji i w Europie oraz zmniejszenie straty w Eskom
Holdings Soc Limited w Afryce. Natomiast w Azji najwigksze
zyski przynosity firmy z siedzibag w Chinach takie jak: China
Shenhua Energy Company Limited, Yankuang Energy Group
Company Limited oraz Sdic Power Holdings Co., Ltd, a takze
Abu Dhabi National Energy Company Pjsc z siedziba w Zjed-
noczonych Emiratach Arabskich.

W roku 2018 $redni zysk netto generowany przez przed-
sigbiorstwa bazujace na energii nuklearnej wynosit 797,09
mln USD. Najwigkszy wplyw na ten wynik miala Amery-
ka Poludniowa oraz Azja. Spadek zysku netto w roku 2019
spowodowany byl stratami wystepujacymi w amerykanskiej
firmie produkujacej energi¢ nuklearng. Wartos¢ zysku netto
w Azji w roku 2020 to gtownie zastuga eliminacji strat w ro-
syjskim przedsigbiorstwie Rusatom Service+ AO. Najwiekszy
$redni zysk netto wynoszacy 904,56 mln USD odnotowano
w roku 2021, na co gléwny wplyw mialy cztery azjatyckie
przedsigbiorstwa: Cgn Power Co., Ltd oraz China National
Nuclear Power Co., Ltd z siedzibg w Chinach, indyjska firma
Nuclear Power Corporation Of India Limited, a takze CGN
Power Company Limited z siedzibg w Hong Kongu.
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Tab. 1. Average net profit generated by enterprises in individual segments in USD million. Own elaboration based on [27]

Zrédio energii 2018 2019 2020 2021

Energia z paliw kopalnianych $ 107,37 $ -150,74 $ -144,31 $ 5,31

Energia nuklearna $ 797,09 $ 71,03 $ 138,46 $ 904,56
Energia wodna $ 46,95 $ 56,81 $ 78,77 $ 55,23
Energia stoneczna $ 4,35 $ 3,47 $-7,29 $17,94
Energia wiatrowa $ 88,86 $ 120,72 $ 86,97 $ 201,79
Energia geotermalna i z biomasy $ 29,03 $17,13 $ 24,25 $ 26,30

Opracowanie wlasne na podstawie [27]

elaboration based on [27]

Tab. 2. Srednia warto§¢ aktywéw firm, ktérych gléwna dziatalnoscia jest produkcja energii z paliw kopalnianych wyrazona w mln USD.

Tab. 2. Average value of assets of companies whose main activity is the production of energy from fossil fuels, expressed in USD million. Own

Zrodto energii 2018 2019 2020 2021
Energia z paliw kopalnianych $15617,73 $ 13 607,01 $ 12 589,35 $ 15 496,60
Energia nuklearna $ 5 909,40 $ 5 432,06 $ 5 854,05 $ 27 396,07
Energia wodna $1718,74 $1811,36 $ 1 802,34 $ 1 891,55
Energia stoneczna $ 634,43 $ 745,49 $ 798,03 $ 1 230,75
Energia wiatrowa $ 2 048,16 $2211,05 $ 2 105,45 $ 3 768,28
Energia geotermalna i z biomasy $ 953,91 $ 965,44 $ 994,08 $ 633,62

Tab. 1. Sredni zysk netto wygenerowany przez przedsigbiorstwa w poszczegdlnych segmentach w mln USD. Opracowanie wlasne na podstawie [27]

Sredni zysk netto dla przedsigbiorstw, ktérych glowna
dziatalno$cig jest produkcja energii wodnej, w roku 2018 wy-
nosit 46,95 mln USD, a wptyw na taki wynik miata Ameryka
Poludniowa, Azja oraz jedyna afrykanska firma Kenya Elec-
tricity Generating Company Plc. W roku 2019 nastgpit wzrost
$redniego zysku o prawie 10 mld USD glownie dzigki amery-
kanskim i azjatyckim koncernom.

W roku 2018 wartos¢ $redniego zysku netto dla firm pro-
dukujacych energie stloneczna wynosita nieco ponad 4 mln
USD, a najwigkszy wplyw na ten wynik mialy cztery azjatyc-
kie przedsiebiorstwa: Hanergy Thin Film Power Group Limite
i GCL New Energy Holdings Limited z Hong Kongu, Qatar
Electricity & Water Company Q.PS.C. oraz Banpu Power
Pcl z Tajlandi. W roku 2018, 2020 i 2021 odnotowano straty
w afrykanskim przedsigbiorstwie Azure Power Global Limi-
ted zajmujacym si¢ produkcjag energii stonecznej na Mau-
ritiusie. Spowodowalo to ujemny $wiatowy zysk netto w roku
2020. Najwyzszy $redni zysk netto rowny 17,94 mln USD od-
notowano juz rok pozniej, a istotny wplyw na ten wynik miato
pojawienie si¢ danych finansowych przedsigbiorstwa z Ame-
ryki Poludniowej

Sredni zysk netto dla przedsiebiorstw bazujacych na ener-
gii wiatrowej w roku 2018 wynosit 88,86 mln USD, a najwigk-
szy wplyw na ten wynik mialy azjatyckie przedsigbiorstwa
z siedziba w Hong Kongu oraz Ameryka Potudniowa, gdzie
zdecydowanym liderem byla firma ENEL Generacion Chile
S.A.ibrazylijskie koncerny energetyczne. W roku 2019 nastg-
pil wzrost §redniego zysku netto o ponad 30 mIn USD. Gtéwne
zmiany zaszty w Europie, poniewaz PGE Energia Odnawialna
S.A. i Enel Green Power Romania SRL przyniosly znaczace
zyski. W roku 2020 odnotowano spadek zyskow spowodowa-
ny glownie przez rumunska firme. Znaczny wzrost mial miej-
sce w roku 2021, wplyw na to miata amerykanska firma ENEL
Generacion Chile S.A., ktdéra przestala odnotowywa¢ straty,
oraz azjatyckie przedsigbiorstwa z Chin i Hong Kongu, ktére
zwiekszyly swoje zyski netto.

W roku 2018 $redni zysk netto dla firm, ktérych gtow-
ng dzialalnoscig jest produkcja energii geotermalnej i energii
z biomasy, wynosit 29,03 mln USD. Najwigkszy wplyw na ten
wynik mialy dwa brazylijskie przedsiebiorstwa produkujace
energie¢ z biomasy: Sao Martinho S.A. oraz Companhia Agri-

cola e Pecuaria Lincoln Junqueira, a takze azjatyckie firma
Energy Absolute Pcl z siedzibg w Tajlandii. Istotng role ode-
graly takze wysokie srednie zyski netto firm, ktére zajmuja si¢
produkcja energii geotermalnej, gtéwnie Paju Energy Service
Co.,Ltd. z Korei Potudniowej oraz Societatea Nationala z Ru-
muni. W roku 2019 odnotowano spadek $redniego zysku net-
to na $wiecie, ktory byl wywolany niskimi zyskami w Amery-
ce Poludniowej. Dodatkowo brazylijskie firmy Guarani S.A.
oraz Usina Eldorado S.A-em Recuperacao Judicial zaraporto-
waly straty w tym okresie. Sytuacja w Ameryce Poludniowej
znaczgco polepszyla si¢ w roku 2020, gdy $redni zysk netto na
tym kontynencie wzrést o ponad 20 mln USD. W tym okresie
znaczgco obnizyly si¢ zyski w Azji. W roku 2021 wzrosty wy-
niki firm z Ameryki Potudniowej oraz Azji.

4.2. Aktywa ogolem

Jako drugi zostal poddany analizie poziom aktywow
przedsiebiorstw produkujacych energie z poszczegdlnych
zrédel. Sredni poziom aktywéw dla poszczegélnych sektordw
zostaly przedstawione w tabeli 2.

Srednia warto$¢ aktywéw dla firm produkujacych energie
z paliw kopalnych na §wiecie w latach 2018-2021 miescila si¢
w zakresie od okoto 12 mld USD do okoto 15,5 mld USD.
Corocznie niekwestionowanym liderem w $redniej wartosci
aktywow bylo przedsiebiorstwo Eskom Holdings Soc Limited
z siedzibg w Republice Potudniowej Afryki. Srednie aktywa
Ameryki Poludniowej utrzymywaly sie na poziomie ponad 3
mld USD, a dopiero w ostatnim okresie raportowania zwigk-
szyly si¢ az do blisko 5,5 mld USD. Na ten wynik wplynely
gtownie dwa przedsigbiorstwa: ENEL Americas S.A. z Chile
oraz Neoenergia S.A. z siedzibg w Brazylii. W Ameryce P61-
nocnej $rednie wartosci aktywow stale rosly za zastuga dwoch
meksykanskich firm: Infraestructura Energetica Nova, S.A.B.
de C.V. oraz Naturgy Mexico, S.A. de C.V. Na $rednig wartos¢
aktywow w Azji gtéwny wplyw mialy przedsiebiorstwa z Chin
oraz z Hong Kongu.

W przypadku przedsigbiorstw produkujgcych energie nu-
klearng na $wiecie $rednia wartos¢ aktywow osiagneta swoj
najwyzszy wynik w roku 2021 réwny 27 396,07 mln USD.
Szczegodlnie istotng role na wzrost tej danej miala Azja, ktérej
$rednia aktywow w roku 2021 znaczaco przewyzszala §rednia
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Tab. 3. Srednia wartos¢ kapitatu wlasnego firm, ktérych gtéwna dzialalnoscia jest produkcja energii z paliw kopalnianych wyrazona w mln USD.
Opracowanie wlasne na podstawie [27]
Tab. 3. Average value of equity of companies whose main activity is the production of energy from fossil fuels, expressed in USD million. Own
elaboration based on [27]

Zroédto energii 2018 2019 2020 2021

Energia z paliw kopalnianych $ 4 400,65 $ 3 656,71 $ 3 697,22 $ 5 322,23
Energia nuklearna $1747,11 $1927,07 $ 2 240,94 $ 9 356,33
Energia wodna $ 846,35 $ 883,06 $ 904,35 $ 950,94
Energia stoneczna $ 164,17 $ 209,23 $ 208,33 $ 358,08
Energia wiatrowa $ 896,68 $ 1 002,39 $ 894,08 $ 1 501,66
Energia geotermalna i z biomasy $ 401,16 $ 375,71 $ 371,12 $ 238,62

Tab. 4. Finansowanie kapitalem wlasnym dla przedsiebiorstw z poszczegdlnych sektorow. Opracowanie wlasne
Tab. 4. Equity financing for enterprises from individual sectors. Own study

Zrédio energii 2018 2019 2020 2021
Energia z paliw kopalnianych 28.18% 26.87% 29.37% 34.34%
Energia nuklearna 29.56% 35.48% 38.28% 34.15%
Energia wodna 49.24% 48.75% 50.18% 50.27%
Energia stoneczna 25.88% 28.07% 26.11% 29.09%
Energia wiatrowa 43.78% 45.34% 42.47% 39.85%
Energia geotermalna i z biomasy 42.05% 38.92% 37.33% 37.66%

$wiatowa. Tak wysoki wynik ustanowily cztery dominujace
firmy w sektorze energetyki nuklearnej w Azji: Cgn Power
Co., Ltd oraz China National Nuclear Power Co., Ltd. z siedzi-
ba w Chinach, CGN Power Company Limited z Hong Kongu
oraz Nuclear Power Corporation Of India Limited.

Srednie wartosci aktywow dla przedsiebiorstw bazujacych
na produkcji energii wodnej stale rosty od wartosci 1 718,74
mln USD w roku 2018 do 1 891,55 mln USD w 2021. Najwigk-
szy wplyw na ten wynik mialta Afryka, a dokladniej przedsie-
biorstwo Kenya Electricity Generating Company Plc. Akty-
wa w Ameryce Poludniowej rowniez ciagle zwigkszaly swoja
wartos¢, glownie dzigki firmie Minera Valparaiso S.A. z Chile
oraz brazylijskim przedsigbiorstwom. Najmniejsza $rednia
wartos$¢ aktywow wystapila w Europie, poniewaz byta ona na
poziomie okolo 500 mln USD.

Z kolei srednia wartos$¢ aktywow dla przedsigbiorstw pro-
dukujacych energie stoneczng firm na $wiecie w roku 2018
wynosita 634,43 mln USD i co rok rosla, az do roku 2021,
w ktérym odnotowano szczytowa warto$¢ rowna 732,09 mln
USD. Najwieksza warto$¢ aktywow wérdd firm produkuja-
cych energie ze slofica zaobserwowano w Afryce, a dokladniej
w koncernie Azure Power Global Limited z siedzibg na Mau-
ritiusie. Azjatyckie firmy o najwiekszych aktywach znajduja
sie w Hong Kongu, w Katarze oraz w Tajlandii.

Natomiast dla przedsi¢biorstw produkujacych energie
wiatrowa $rednia warto$¢ aktywédw w 2018 wynosita 2048,16
mln USDirosta, az do 3 768,28 mln USD w 2021 roku. W roku
2010 odnotowano spadki wartosci aktywéw w Ameryce Potu-
dniowej oraz w Europie. Spadek w Ameryce spowodowany byt
zmniejszeniem sie¢ ilo$ci aktywéw trzech gléwnych przedsie-
biorstw zajmujacych si¢ produkejg energii wiatrowej tj. Com-
panhia Paranaense de Energia - Copel oraz Edp - Energias
do Brasil S.A. z siedziba w Brazylii, a takze ENEL Generacion
Chile S.A. z Chile. Natomiast na obnizke wartosci aktywow
wplyneta sytuacja finansowa polskiej firmy PGE Energia Od-
nawialna S.A. Srednia Aktywéw w Azji z roku na rok wcigz
rosta, glownie dzigki chinskiej firmie China Three Gorges
Renewables (Group) Co.,Ltd oraz trzem przedsiebiorstwom
z Hong Kongu: China Longyuan Power Group Corporation
Limited, Beijing Jingneng Clean Energy Company Limited,
China Suntien Green Energy Corporation Limited.

W latach 2018-2020 érednia warto$¢ aktywéw dla firm
produkujacych energie geotermalna i energie z biomasy stale
rosta osiagajac najwyzszy poziom w roku 2020 réwny 994,08
mln USD. W roku 2021 nastapil spadek do 633,62 mln USD,
wywolany gtéwnie obnizka wartosci aktywéw w Azji i w Eu-
ropie.

4.3. Kapital wlasny

Jako trzeci zostal poddany analizie poziom kapitatow
wlasnych przedsigbiorstw produkujgcych energie z poszcze-
golnych zrodel. Sredni poziom kapitatéw wiasnych dla po-
szczegdlnych sektoréw zostaly przedstawione w tabeli 3.

Srednia warto$¢ kapitalu wlasnego dla firm, ktérych
gtéwng dzialalnoscig jest produkcja energii z paliw kopal-
nych, mieécila sie¢ w przedziale od 3 656,71 mln USD w roku
2019 do 5 322,23 mln USD w 2021. W tym okresie najwiekszy
kapital wlasny wsrod firm zajmujacych sie produkejg ener-
gii z paliw kopalnych zgromadzilo przedsi¢biorstwo Eskom
Holdings Soc Limited w Republice Potudniowej Afryki. Sred-
ni kapital wlasny w Ameryce Poludniowej wynosil ponad 1
500 mln USD w latach 2018 i 2002. W roku 2019 wzrést on
o okoto 200 mln USD, natomiast w roku 2021 wynosil blisko
2 500 mln USD. Najistotniejszy wplyw na takie wyniki mia-
fo przedsiebiorstwo ENEL Americas S.A.z siedzibg w Chile.
Kapitat wlasny w Ameryce Pélnocnej osiaggnal warto$¢ ponad
2 600 mln USD w roku 2018 i ciagle rdst, az do ponad 3 mld
USD w ostatnim okresie raportowania. Na ten wynik gléwny
wplyw mialo meksykanskie przedsigbiorstwo Infraestructura
Energetica Nova, S.A.B. de C.V. Zblizone warto$ci odnotowa-
no w Azji, z ta réznicg, ze w roku 2019 zaobserwowano deli-
katny spadek warto$ci kapitalu wlasnego. Gtéwnym liderem
w Azji byto przedsigbiorstwo China Shenhua Energy Compa-
ny Limited. Sredni kapital wlasny Europy w latach 2018-2020
byt zblizony do poziomu 1 mld USD. Wysoki wzrost tej war-
tosci mial miejsce w roku 2021.

Przedsigbiorstwa, ktorych gléwna dzialalno$cia jest pro-
dukcja energii nuklearnej, w 2018 roku osiagnely $rednia
warto$¢ kapitalu wlasnego na poziomie 1 747,11 mln USD
i warto$¢ ta ciagle rosla, a swdj szczytowy wynik réwny 9
356,33 mln USD osiagneta w roku 2021. Najwigksze $rednie
kapitaly wlasne zaobserwowano w Azji. W latach 2018-2020
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Tab. 5. Poziom wskaznika ROA dla poszczegdlnych sektoréw. Opracowanie wlasne.
Tab. 5. ROA level for individual sectors. Own study.

Zrédto energii 2018 2019 2020 2021
Energia z paliw kopalnianych 0.69% -1.11% -1.15% 0.03%
Energia nuklearna 13.49% 1.31% 2.37% 3.30%
Energia wodna 2.73% 3.14% 4.37% 2.92%
Energia stoneczna 0.69% 0.47% -0.91% 1.46%
Energia wiatrowa 4.34% 5.46% 4.13% 5.35%
Energia geotermalna i z biomasy 3.04% 1.77% 2.44% 4.15%

Tab. 6. Poziom wskaznika ROE dla poszczegolnych sektoréw. Opracowanie wlasne
Tab. 6. ROE level for individual sectors. Own study

Zrodto energii 2018 2019 2020 2021
Energia z paliw kopalnianych 2.44% -4.12% -3.90% 0.10%
Energia nuklearna 45.62% 3.69% 6.18% 9.67%
Energia wodna 5.55% 6.43% 8.71% 5.81%
Energia stoneczna 2.65% 1.66% -3.50% 5.01%
Energia wiatrowa 9.91% 12.04% 9.73% 13.44%
Energia geotermalna i z biomasy 7.24% 4.56% 6.53% 11.02%

miescily si¢ one w przedziale od okoto 3,4 do 4,6 mld USD.
Najwyzszy wynik wynoszacy ponad 18 mld USD odnotowa-
no w 2021, na ktéry najistotniejszy wplyw mialy 2 przedsie-
biorstwa z Chin oraz CGN Power Company Limited z Hong
Kongu. Srednia warto$¢ kapitalu wlasnego przedsiebiorstw
produkujgcych energie nuklearng w Europie mieécita si¢ na
poziomie powyzej 1 mld USD. Liderami w tej kategorii byta
stowacka firma Slovenske Elektrarne,a.s. oraz przedsigbior-
stwo Kozloduy NPP EAD z Bulgarii. Najnizszy $redni kapital
wlasny odnotowano w Ameryce Potudniowej w brazylijskim
koncernie Eletrobras Termonuclear S.A.

Z kolei $rednia warto$¢ kapitatu wlasnego dla firm, kto-
rych gltéwna dzialalnoécia jest produkcja energii wodnej
na $wiecie, ciaggle rosla, osiagajac najwyzszy poziom 950,94
mln USD w roku 2021. Zdecydowanym liderem okazata si¢
by¢ Afryka, a dokladniej firma Kenya Electricity Generating
Company Plc. Z roku na rok zwigkszaly sie¢ takze $rednie ka-
pitaty wlasne w Azji, ktére miescity si¢ w przedziale od okoto
580 do 770 mln USD oraz w Europie, ktore osiagaly wartosci
miedzy 300 a 414 mln USD. W Azji zdecydowanymi liderami
byly dwa chinskie przedsi¢biorstwa China Yangtze Power Co.,
Ltd oraz Huaneng Lancang River Hydropower In. W Euro-
pie firma o najwyzszej $redniej wartoéci kapitalu wlasnego to
Ukrhydroenergo PrA z siedzibg na Ukrainie. Jedyny spadek
$redniego kapitalu wlasnego zostal odnotowany w Ameryce
Poludniowej w roku 2020 i wynikal z obnizenia wartoéci ka-
pitalu w brazylijskich przedsigbiorstwach Centrais Eletricas
Norte Brasil S.A. oraz Cesp - Cia Energetica de Sao Paulo,
a takze w firmie Minera Valparaiso S.A. z Chile.

Firmy, ktérych gléwng dziatalnoscig jest produkcja ener-
gii stonecznej, w roku 2018 osiagnely $rednig warto$¢ kapitatu
wlasnego réwng 164,17 mln USD, w latach kolejnych wzrosta
ona o okofo 20 mln USD. Najwyzsza wartos¢ sredniego ka-
pitatu na $wiecie odnotowano w roku 2021, na ktorg wplyw
miala gtéwnie Ameryka Potudniowa. Na wynik Ameryki naj-
istotniejszy wplyw mialy dwa przedsigbiorstwa: Compania
Nacional de Fuerza Electrica S.A. z Chile oraz Omega Energia
S.A. z siedzibg w Brazylii. Najwyzsza srednig wartos¢ kapita-
tu wlasnego w Afryce réwng 367,16 mln USD odnotowano
w roku 2019, a za ten wynik odpowiedzialna byta firma Azure
Power Global Limited z siedzibg na Mauritiusie. Warto$¢ ka-
pitalow w Azji sukcesywnie rosla osiagajac najwyzszy wynik

w 2021 wynoszacy 304,35 mln USD. Najwiekszy kapital zgro-
madzito przedsiebiorstwo Qatar Electricity & Water Compa-
ny Q.PS.C, a istotny wplyw mialy réwniez firmy z Hong Kon-
gu i z Tajlandii. Wsrdd europejskich koncernéw zajmujacych
si¢ produkcja energii stonecznej najwieksza wartos¢ kapitatu
zostala osiagnieta w roku 2020 gtownie dzieki dwom przed-
siebiorstwom ze Stowenii: Teb D.o.o. oraz Interenergo D.o.o..

Natomiast $rednia warto$¢ kapitalu wlasnego dla firm,
ktérych gtéwna dzialalnosdcig jest produkeja energii wiatro-
wej, w 2018 wynosita 896,68 mln USD, w roku nastepnym od-
notowano wzrost tej wartosci do okoto 1 mld USD, a w okre-
sie kolejnym niewielki spadek. Najwyzsza warto$¢ wynoszaca
1 501,66 mln USD zaobserwowano w roku 2021. Regionami,
ktore mialy najistotniejszy wplyw ta ten wynik byla Amery-
ka Poludniowa oraz Azja. Warto$¢ sredniego zgromadzone-
go kapitalu w Ameryce w latach 2018-2019 miescifa si¢ na
poziomie okoto 1,3 mld USD, w 2020 odnotowano spadek
o ponad 150 mln USD, natomiast juz w roku 2021 warto$¢ ta
przekroczyta 1,6 mld USD. Na ten wynik przetozyly si¢ gtow-
nie kapitaly brazylijskich firm tj: Companhia Paranaense de
Energia - Copel i Edp - Energias do Brasil S.A. oraz przedsie-
biorstwa ENEL Generacion Chile S.A. W Azji redni kapitat
wlasny ciagle rosl, osiagajac najwyzsza warto$¢ w roku 2021
wynoszgcg ponad 1,3 mld USD. Wéréd azjatyckich firm wy-
stepowato dwoch lider6ow, ktorzy mieli zgromadzony najwiek-
szy kapital wlasny - pierwszy z nich to chinska firma Chi-
na Three Gorges Renewables (Group) Co.,Ltd., za$ drugi to
China Longyuan Power Group Corporation Limited z Honk
Kongu. Europa najwyzsza $rednia kapitalu wlasnego odnoto-
wala w roku 2019 réwng 703,01 mln USD, a rok pdzniej na-
stapit spadek o okoto 30%. Sytuacja ta byla gléwnie spowo-
dowana spadkiem kapitaléw w polskiej firmie PGE Energia
Odnawialna S.A. Przedsiebiorstwa z Europy w roku 2021 nie
zamie$cily danych finansowych.

W latach 2019-2020 $rednia warto$¢ kapitatu wlasnego
dla firm, ktérych gtéwng dzialalno$cia jest produkcja ener-
gii geotermalnej i energii z biomasy, wynosita nieco ponad
370 mln USD, a swoja najwyzszg warto$¢ rowng 401,16 mln
USD osiggneta w roku 2018. W Ameryce Poludniowej naj-
wiegkszg warto$¢ $redniego kapitatu wlasnego zaobserwowano
w roku 2018, gléwnie dzigki 3 przedsi¢biorstwom z Brazylii:
Sao Martinho S.A., Guarani S.A. (Olimpia) oraz Companhia
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Agricola e Pecuaria Lincoln Junqueira. Firmy te zajmowaly
sie produkcja energii z biomasy. Niestety w nastepnych okre-
sach wartosci te zaczely znaczaco male¢, a niewielki wzrost
mial miejsce dopiero w 2021 roku. W Azji natomiast w latach
2018-2020 zgromadzony kapital stale rost, osiagajac swoja
szczytowa warto$¢ réwng 545,11 mln USD. W Azji z roku
na rok zwigkszaly si¢ wartosci kapitalow wlasnych 2 gtow-
nych lideréw produkujacych energi¢ z biomasy: Dynagreen
Environmental Protection Group Company Limited z sie-
dziba w Hong Kongu oraz Energy Absolute Pcl z Tajlandii,
a takze chinskiej firmy Wuxi Huaguang Environment& Ener-
gy Group Co.,Ltd. produkujacej energi¢ geotermalng. Europa
najwigksza warto$¢ $rednig kapitalow wilasnych wynoszaca
235,19 mln USD zgromadzita w 2020. Najwiekszy wpltyw na
ten wynik miata firma Societatea Nationala z Rumuni, ktéra
produkuje energi¢ geotermalna.

4.4. Podstawowe wskazniki

Na podstawie wyzej przedstawionych i opisanych wyni-
kéw finansowych oraz stanu aktywow i kapitalu wlasnego,
w ramach artykulu dokonano analizy podstawowych wskazni-
kéw finansowych dla poszczegdlnych zrodel energii. w pierw-
szej kolejnosci policzono, w jakim stopniu przedsigbiorstwa
$rednio z poszczegdlnych zrodet finansujg sie kapitatem wta-
snym — wyniki obliczen zostaly przedstawione w tabeli 4.

Na podstawie otrzymanych wynikéw mozna stwierdzi¢,
iz wszystkie przedsigbiorstwa nie przekraczaja finansowania
kapitalem wlasnym w 50% - zatem zdecydowana wigkszo$¢
finansuje swoje aktywa kapitatem obcym (kredyty oraz kre-
dyty kupieckie) - liderem w tym obszarze sa przedsigbiorstwa
z segmentu bazujacego na paliwach kopalnych oraz z segmen-
tu bazujacego na energii jadrowej. W analizowanych latach
finansowanie kapitalem obcym dla tych segmentéw wacha sie
w granicach 70%. W najmniejszym stopniu z kapitatu obcego
korzystaja przedsiebiorstwa z segmentu produkujacego ener-
gie na bazie energii wodnej — w tym przypadku w polowie ak-
tywa sa finansowane kapitatem obcym.

Waznym aspektem, z finansowego punktu widzenia, jest
stopien wykorzystania posiadanych aktywéw do generowania
zyskow. Wyniki tych obliczen zostaly zaprezentowane w ta-
belach 5.

Jak przedstawiono w tabeli 2 najwyzszy poziom aktywow
posiadany jest przez segment paliw kopalnych oraz energii
nuklearnej (jest to ponad 80% aktywow z wszystkich analizo-
wanych segment6éw). Niemniej jednak, jak wynika z tabeli 5,
segmenty te nie posiadaja najwyzszych stop zwrotu z zaanga-
zowanych aktywéw - co wigcej, przedsiebiorstwa z segmentu

paliw kopalnych prezentuja sie najgorzej na tle pozostalych
segmentow. Najwyzszy wskaznik ROA, na przestrzeni anali-
zowanych lat, osiagnieto w segmencie energii wiatrowej oraz
energii z biomasy. O ile bardzo dobry wynik przedsigbiorstw
z segmentu energii z biomasy mozna wytlumaczy¢ stosunko-
wo niskim poziomem stanu aktywoéw, o tyle juz w przypadku
segmentu energii wiatrowej poziom aktywoéw to trzeci co do
wielko$ci. Na tej podstawie mozna wysnu¢ wniosek, iz aktywa
w segmencie energii wiatrowej s3 najlepiej wykorzystywane
(w stosunku do posiadanych aktywow przynosza najwyz-
sze zyski), a najgorzej na tym tle wypadaja przedsiebiorstwa
z segmentu energii z paliw kopalnych. W podobny sposéb
dokonano analizy rentowno$ci kapitalu wlasnego, a wyniki
zostaly zaprezentowane w tabeli 6.

Do niemalze identycznych wnioskéw mozna dojsé
w przypadku analizy wskaznika ROE. W tym przypadku
zdecydowanie najgorszy zwrot z zainwestowanego kapitatu
wlasnego posiadajg przedsigbiorstwa z segmentu paliw kopal-
nych, a najlepszym wykorzystaniem kapitalu zainwestowa-
nego przez wladcicieli mogg si¢ pochwali¢ przedsigbiorstwa
produkujace energie wiatrows.

Whioski

Wytwarzanie oraz konsumpcja energii to podstawowe
procesy zachodzace na Ziemi. Od momentu, gdy czlowiek po
raz pierwszy nauczyt sie pozyskiwacé energie, az po dzi$ dzien
w strukturze energetycznej odnotowano szereg transforma-
¢ji. Zmiany te nie tylko spowodowaly poprawe jakosci zycia,
zwiekszyly wydajno$¢ proceséw oraz zminimalizowaly nega-
tywny wplyw energetyki na $rodowisko, ale takze przelozyly
si¢ na sytuacje finansowg przedsiebiorstw z tego sektora.

W dzisiejszych czasach obserwuje si¢ odejscie od kon-
wencjonalnych zrddel energii na rzecz wykorzystania ener-
gii odnawialnej. Tylko przedsiebiorstwa, ktére umieja dopa-
sowaé si¢ do aktualnie panujacych uwarunkowan odniosg
sukces na rynku, ktéry przelozy si¢ na poprawe kondycji
finansowej firmy. Zastosowanie analizy finansowej w obsza-
rze rentownosci pozwolilo wyszczegdlni¢ przedsiebiorstwa,
ktérych sytuacja finansowa w latach 2018-2021 byta najlep-
sza. Najwyzsze $rednie wskazniki rentownosci aktywow oraz
kapitatéw wilasnych odnotowano w firmach, ktérych gtéwna
dzialalnoscig jest produkcja energii wiatrowej, za$ najnizsze
w przedsiebiorstwach wytwarzajacych energi¢ na bazie paliw
kopalnych. W tym okresie czasu najwyzsze $rednie warto$ci
wskaznika ROE i ROA zaobserwowano w Ameryce Péinocnej
i w Azji, za$ najnizsze przede wszystkim w Afryce.
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The Analysis of the Financial Efficiency of Enterprises from the Fuel Sector in the Era of Energy

Transformations
The aim of this article is to examine the basic financial figures for companies in the sectors producing electricity from the following
sources: fossil fuels, nuclear, hydro, solar, wind, geothermal and biomass. The financial values examined are: net profit, the level of
assets and equity. On the basis of these figures, the basic profitability ratios were calculated, ie: ROA and ROE. The research results
clearly show that companies from the sector based on the production of energy from fossil fuels achieve the worst results, both in terms
of profitability and the nominal net result. At the same time, they are companies that have the largest level of assets. On the other
hand, companies from the wind energy sector turned out to be the most effective in terms of both return on equity and assets with the

lowest level of assets.
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Abstract
The method presented in the article is based on Monte Carlo simulation and involves studying the impact of random demand
fluctuations on the efficiency of mines and mine groups (companies). For random demand fluctuations, a normal distribution is
assumed, and the analysis variants present-ed include:
o Adopting the mean and variance values based on retrospective data,
o Considering the most probable forecast error resulting from predictive formulas,
o Taking into account correlated changes in demand.

The results obtained are presented in the form of histograms of the degree of operational lever-age. These histograms allow for predicting
how the degree of operational leverage of mines will de-velop, as well as estimating the direction and probability of these changes. The
developed and veri-fied sensitivity analysis using real examples constitutes a useful element in rationalizing decision-making processes.

Keywords: sensitivity analysis, degree of operating leverage, the SIMPLEX algorithm, the Monte Carlo method

1. INTRODUCTION

Changes in the level of coal requirement have a signifi-
cant effect on the financial situations of both individual mi-
nes and groups. Therefore, in market conditions it is essential
to carry out multivar-iant analyses to assess the sensitivity of
coal production and sales plans, as well as other economic
and technical quantities on changes in requirements.

The present author’s research [5, 6, 7] on the options for sen-
sitivity analysis of coal production and sales plans, the product
structure, reserves, capacity and so on to changes in demand
have re-vealed the significant suitability of the Monte Carlo me-
thod in the unbalanced Polish coal market (3, 4, 12, 14].

The sensitivity analysis using the Monte Carlo method
presented in this paper covers research on the effect of ran-
dom fluctuations in demand on the profit and the degree of
operating leverage on the basis of a real coal mines.

2. THE ESSENCE OF OPERATING LEVERAGE

Leverage (in terms of finance) is used when changing the
values of certain economic quantities causes more than pro-
portionate change in other economic quantities.

Any increase (decrease) in gross receipts from sales will
bring the company a more than pro-portional increase (de-
crease) in gross profit on sales (percentage-wise) - assuming
constancy in other factors which affect its level. This is cal-
led operating leverage. In order to determine what change
in profit will be accompanied by a specific gain in sales, the
degree of operating leverage (DOL) is cal-culated [13]:

 %AEBIT

DOL = (1)
%AS
or
DOL= S %2, 2)
EBIT,

where:

%AEBIT - Percentage increase in profit before interest and
taxes,

%AS - Percentage growth in net sales,

S, - The value of net sales as of the base, (PLN),

Kz - The level of variable costs as of the base, (PLN),

EBIT, - The level of profit before interest and taxes as of the
base, (PLN).

The operating leverage mechanism is a useful tool in the
ongoing management of a company. With it, the rate of chan-
ge in profit can be determined, for example: with an increase
(decrease) sales, for example, of 10%, the profit made by the
company will increase (decrease) by 10% x DOL. The degree
of operating leverage (DOL) will depend on the profitability
of sales and the cost structure taking into account their varia-
bility. Its size varies depending on the level of sales, which is
the basis for the calculations. Hence, the operating leverage is
used, inter alia, for predicting a company’s fu-ture economic
performance [13].

3. CHARACTERISTICS OF THE PROPOSED METHOD

The basis for an analysis of profit sensitivity and the de-
gree of operating leverage to changes in demand is the set of
optimal solutions for optimising production and coal sales
for the mining com-pany. The Monte Carlo method is used
for this. The set of optimal solutions for optimisation is creat-
-ed by repeated calculation of an optimal programme for the
production and sale of coal with a given, random, demand
scenario. The optimal solution, however, is obtained using
the SIMPLEX algorithm.

The analysis is conducted for a set of 1 000 random de-
mand sets. The demand vector drawn is the subvector of the
right sides of the 4 optimisation model equation [7]:
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Tab. 1. Technical and economic coefficients for mines ,,B” and ,,D”. Source: Own preparation

Tab. 1. Wskazniki techniczno-ekonomiczne kopalni ,B” i ,,D”. Zrédto: przygotowanie wlasne

Specification Unit Mine ,,B” Mine ,,D”
Average Extraction ton/day 11,800 12,000
Max. Extraction netto ton 2,700,000 4,600,000
Unit cost PLN/t 159.02 115.87
Fixed cost % 86.96 86.98

M nut coal M fine coal IA M fine coal lIA

fine coal II-1 Mfine coal II-2

Fig. 1. Assortment structure of production for mine ,,B”. Source: Own preparation

Rys. 1. Struktura asortymentowa produkcji kopalni ,,B”

Objective function:

p My P
2.2 2 ey ke -xy = 3 Ks, —max 3)
P FE=

Sales restrictions:

oomj

YT x, <2,

A=l k=l

for all k (4)

where:

X,, — net amount of extracted coal of ij type accepted by con-
sumers in group k, (netto tone),

¢, — price of ij type of coal,

kz,, - variable cost for mine j,

Ks, - fixed cost for mine j,

Z, - consumer demand for group k,

i - index of coal type, i =1, 2, 3, .1,

j — index of mine, j =1,2,3,... p,

k, - index of consumer groups, k = 1,2,3,..., m,, where m,
marks numerousness miscellany k_ for coal of ij type.

The remaining restrictions in the model relate to the
structure of production and the capacity of individual mines
[7]. The reality of the solutions obtained is assured by allo-
wing the possibility of storing coal.

Each of the randomly selected demand elements is a ran-
dom variable with normal distribution. The projected volume
of demand is adopted as the expected value (nominal), and
the most likely forecast error resulting from the predictive
formulae is adopted as the dispersion (standard devia-tion).

As a result of the test, new optimal solutions are obta-
ined when considering different demands (new values for the
objective function). This makes it possible to present the re-
sults of the analysis in the form of a histogram of profit and
other economic and technical quantities for both the entire
com-pany and individual mines, as well as determining the

likelihood of obtaining the assumed level for the analyzed
quantities for the company and the mines comprising it.

4. EXAMPLE OF CALCULATIONS AND EVALUATION
OF RESULTS

Calculations are performed for a selected mine ,,D’
which is part of a coal company compris-ing seven mines
with different production characteristics. In Table 1, the pro-
duction capacity of the analyzed ,,B” and ,,D” mines is shown,
together with technical and economic indicators, and their
the product structure is illustrated in Figures 1 and 2.

In the first stage of the analysis, the magnitude of demand
for each group of consumers was randomly generated accor-
ding to a normal distribution with the expected value (nominal)
equal to the planned demand (sales). For retrospective data, the
best model for each group of consumers was fit-ted using re-
gression analysis, and based on this, the forecasted demand for
the planned forecast year was determined. The adopted disper-
sion value (o) represents the standard error of estimation of the
regression function, which is a measure indicating the average
deviations of actual values of the de-pendent variable (coal de-
mand of consumers) from the theoretical values of this variable
calculated from the regression function. It is one of the para-
meters of the random component distribution that allows us to
infer the goodness of fit of the model to the available empirical
data. It is calculated using the formula [1, 2, 8, 9, 10, 11]:

%’ ('V" _'vruod)z (5)

g2on=l MY,

! N-K
Table 2 compares the annual nominal values and disper-
sions in demand for individual groups of customers. Table 3,
meanwhile, presents the optimal production and sales plan
for ,B” and ,D” mines.
For various coal products, the following sales prices were
chosen:
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B cobble M nut coal

pea coal fine coal |

Hfine coal 1A Efine coal II-1 B fine coal II-2

Fig. 2. Assortment structure of production for mine ,,D”. Source: Own preparation

Rys. 2. Struktura asortymentowa produkeji kopalni ,,D”

Tab. 2. Nominal value and dispersion O,

for every group of consumers]. Source: Own preparation

Tab. 2. Zestawienie warto$ci nominalnej zapotrzebowania oraz dyspersji o, dla poszczegélnych grup odbiorcéw. Zrédto: przygotowanie wlasne

Name of consumer

Nominal

prognosis values

Dispersion Gr

group [0 (t)
Export 8 300,857 95,728
Export 9 419,447 133,461
Indv. consumers 1 336,060 13,035
Indv. consumers 3 5,475,600 212,387
Indv. consumers 4 1,391,200 53,962
Dust kettles 2,385,300 92,521
Grates 2 265,940 10,315
Grates 3 1,095,000 42,472
Grates 4 567,619 22,017
Chamber grates 1 425,765 16,514

e  cobble - 450 PLN/t,

e nutcoal - 381 PLN/t,

e peacoal - 365 PLN/t,

o fine coal I - 324 PLN/t,

o fine coal IA - 321 PLN/t,

o fine coal ITA - 310 PLN/t,

o fine coal IT - 300 PLN/t.

The variable unit cost was estimated at 40 PLN/t.

The use of the Monte Carlo method for sensitivity analy-
sis of coal production and sales plans to changes in demand
involves multiple iterations to determine the optimal produc-
tion and sales pro-gram for mines under assumed random
demand scenarios.The selected number of 1 000 draws ena-
-bles an adequate set of production tasks and corresponding
financial results for the various mines to be obtained, as well
as the calculation of the degree of operating leverage.

The obtained results are presented in Table 6 and illu-
strated in Figures 3-10. The vertical black line represents the
value of the operational leverage resulting from the optimal
plan for each mine.

In the second stage, an analysis of the effects of random
changes in demand was conducted based on the most proba-
ble forecast error. To estimate the forecast error of demand
for each consum-er, the following formula was used [1, 2, 8,
9,10, 11]:

7. 2
Cyprog = ﬁ (6)

where:
0’ - variation in the remainder factor, defining according to

the following formula:

N
AL %)
N-K
where:

y, — actual value of endogenous factor,

YV,oa — Model-based value of endogenous factor,

N - number of observations,

K - number of estimating parameters for model structure.
o} - Estimation of variance in prognosis model:

¥

1
o‘é:[l xN+2]'LYT'X]> -[1 xN+2F'O_V2’ (8)
where:
X, - time, during which prognosis is prepared.
also
1 x v %{
1 «x *n
2 Ty_ n=l
= > xtxy=
=0 3 N )
,,,,, >, X, > Xy,
1 Xy n=1 =l

The nominal values and dispersions of consumer demand
used in this stage of the analysis are presented in Table 4.
The obtained results are shown in Table 6 and illustrated in
Figures 3-10.

In the third stage, the impact of correlated fluctuations
in demand on the operational leverage of individual mines
was examined. To do this, the nominal value of the demand
forecast for each consumer was decreased (P1) by the value
of the model error in one case and increased (P2) by the value
of the model error in another case (Formula 6). The data is
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Tab. 3. The optimal plans of production and sales for “B” and ,,D” mines. Source: Own preparation
Tab. 3. Optymalny plan produkgji i sprzedazy wegla dla kopalri ,,B” i ,,D”. Zrédto: przygotowanie wlasne

Mine “B”
Gross profits: 62,938,398 PLN
Mine reserves: 0 t

Offer: 2,700,000 t
Sold: 1,776,600 t

Consumers assf:'t::ent Quantity (t)
Indv. consumers 4 nut coal 328,143
Export 8 nut coal 14,857
Indv. Consumers 1 nut coal 143,000
Indv. consumers 3 fine coal IA 237,000
Dust kettles fine coal IA 330,000
Dust kettles fine coal II 380,700
Export 9 fine coal IT 342,900
Coal dump fine coal IT 923,400

Mine “D”

Offer: 4,600,000 t
Sold: 4,022,220 t

Gross profits: 371,140,074 PLN
Mine reserves: 0 t

Consumers assoc:.ti:ent Quantity (t)
Indv. consumers 4 | cobble 101,200
Indv. consumers 4 nut coal 322,000
Indv. consumers 4 pea coal 414,000
Indv. consumers 3 fine coal I 2,120,600
Grates 4 fine coal IT 567,620
Indv. consumers 3 fine coal IIA 496,800
Coal dump fine coal IT 7,380
Coal dump fine coal 1T 570,400

Tab. 4. Nominal value and dispersion 0o

Tab. 4. Zestawienie wartosci nominalnej zapotrzebowania oraz dyspersji o,

for every group of consumers [t]. Source: Own preparation
. dla poszczegdlnych grup odbiorcow. Zrédlo: przygotowanie wlasne

rO;

Name of consumer group | Nominal prognosis values (t) Dlspers(l:))n Oyprog
Export 8 300,857 70,205.89
Export 9 419,447 116,913.60
Indv. consumers 1 336,060 10,565.02
Indv. consumers 3 5,475,600 140,552.80
Indv. consumers 4 1,391,200 35,710,60
Dust kettles 2,385,300 61,228.09
Grates 2 265,940 6,826.40
Grates 3 1,095,000 28,107.22
Grates 4 567,619 14,570.20
Chamber grates 1 425,765 10,928.80

Tab. 5. The compilation of the nominal forecast values P1 and P2, as well as the dispersions ¢ for each con-sumer group. Source: Own preparation

Yprog

Tab. 5. Zestawienie warto$ci nominalnej prognoz P1 i P2 oraz dyspersji 6 dla poszczegélnych grup odbiorcow. Zrédlo: przygotowanie wlasne

yprog

Name of consumer Nominal prognosis | Nominal prognosis Dispersion Gjprog
group values P (t) values P: (t) )
Export 8 230,651.11 371,062.89 70,205.89
Export 9 302,533.40 536,360.60 116,913.60
Indv. consumers 1 325,494.98 346,625.02 10,565.02
Indv. consumers 3 5,335,046.20 5,616,151.80 140,552.80
Indv. consumers 4 1,355,489.40 1,426,910.60 35,710.60
Dust kettles 2,324,071.91 2,446,528.10 61,228.09
Grates 2 259,113.60 272,766.40 6,826.40
Grates 3 1,066,892.78 1,123,107.20 28,107.22
Grates 4 553,048.80 582,189.20 14,570.20
Chamber grates 1 414,836.20 436,693.80 10,928.80
presented in Table 5, and the ob-tained results are shown in for O g’ the DOL will be 6.41 (92% chance), and for P, and

Table 6 and illustrated in Figures 3-10

Analyzing the presented histograms (Figures 3-10) of the
achieved operational leverage degree for mines "B" and "D,"
their distortion can be observed. This distortion results from
the mismatch between the production structure of the analy-
zed mines and the demand from consumers, as con-firmed in
previous studies [1].

The nominal value of the operational leverage degree for
mine "B" is 6.52 (represented by the black vertical line). This
means that a decrease in sales, for example, by 10%, will re-
sult in a profit decrease of 65.2%, and vice versa. The pro-
bability of maintaining such a leverage degree is 0.80 and
0.90, respectively, for 0, and o (Figures 3 and 4). With a
decrease in demand to the P, level, the probability of achie-
ving the nominal leverage value will be approximately 50%
(Figure 5), while in the case of an increase in consumer de-
mand to the P, level, it will be only 13% (Figure 6). In each
analyzed case, there is a higher probability of a favorable
situation for the mine, namely a decrease in the degree to
the mean value. For o, the DOL will be 6.28 (89% chance),

P, respectively, the DOL will be 6.19 (70% chance) and 6.29
(90% chance). Other values of the leverage degree may occur,
but with a very low probability ranging from 0.001 to 0.129
(Table 6).

For mine "D," the probability of achieving the nominal
level of the leverage degree (represent-ed by the black vertical
line) is almost equal to 1 in each analyzed case, correspon-
ding to alevel of 2.16 (Figures 7-10). There are only 3 chances
out of 1000 for the value 2.27 to occur (for o, and P,) (Figure
2, Table 4).

5. CONCLUSION

The magnitude of the demand from potential and exi-
sting customers has a decisive impact on the mine’s produc-
tion volume, and thus the effectiveness of the company. The
presented method of analysis provides a useful tool in assi-
sting decision making, particularly in the area of reasonable
volumes for production and sale of coal and also when con-
ducting specific strategies regarding the mine’s (company’s)
continued operation. It also provides the basis for action to
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Tab. 6. The compilation of nominal, minimum, maximum, and mean values of the predicted operational lever-age, as well as the probability of
achieving these values for the nominal values P1 and P2, and dispersions o, and O, o SOUICE: OWn preparation
Tab. 6. Zestawienie warto$ci nominalnej, minimalnej, maksymalnej i $redniej przewidywanego stopnia dzwigni operacyjnej oraz prawdopodobienst-
wa jego osiggniecia dla wartosci nominalnych P1i P2 oraz dyspersjio, o . Zrédlo: przygotowanie wlasne

rOf

Degree of operating leverage (-) Likelihood of attaining (-)
Nominal | Minimum | Maximum Average Minimum [ Maximum | Nominal | Average
value value value value value value value value
Mine ,,B”
W - 6.52 2.19 7.53 6.28 0.001 0.008 0.805 0.886
B yprog | 6.52 3.73 6.53 6.41 0.003 0.003 0.902 0.917
Py 6.52 3.58 6.91 6.19 0.003 0.054 0.523 0.696
|23 6.52 2.80 6.52 6.29 0.003 0.129 0.129 0.900
Mine ,,D”
X r 2.164 2.16 2.26 2.169 0.115 0.003 0.885 0.454
W yprog | 2.164 2.16 2.18 2.166 0.003 0.003 0.586 0.437
Py 2.164 2.16 2.27 2.17 0.006 0.003 0.892 0.514
P2 2.164 2.16 2.18 2.162 0.446 0.003 0.156 0.994

1000

frequency [-]
@
3
8

degree of operating leverage [-]

Fig. 3. Histogram showing frequencies of achieving given degree of operating leverage for mine ,,B” with dispersion or . Source: Own preparation
Rys. 3. Histogram czestosci uzyskiwanych stopni dzwigni operacyjnej dla kopalni ,,B” przy dyspersji or. Zrédto: przygotowanie wlasne
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Fig. 4. Histogram showing frequencies of achieving given degree of operating leverage for mine ,,B” with dispersion o . Source: Own preparation

Rys. 4. Histogram czgstosci uzyskiwanych stopni dzwigni operacyjnej dla kopalni ,,B” przy dyspersjio . Zrédlo: przygotowanie wlasne
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I}
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degree of operating leverage [-]

Fig. 5. Histogram of the frequency of obtained operational leverage degrees for mine “B" with the nominal value P1 and dispersiono_
Rys. 5. Histogram czestosci uzyskiwanych stopni dzwigni operacyjnej dla kopalni ,,B” przy wartosci nominalnej P1 i dyspersjio, . Zrédlo: przygotowanie wlasne

degree of operating leverage [-]

Fig. 6. Histogram of the frequency of obtained operational leverage degrees for mine "B" with the nominal value P, and dispersion o,
Rys. 6. Histogram czgstosci uzyskiwanych stopni dzwigni operacyjnej dla kopalni ,,B” przy wartosci nominalnej P, i dyspersji o

yprog
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Fig. 7. Histogram showing frequencies of achieving given degree of operating leverage for mine ,,D” with dispersion o, Source: Own preparation

Rys. 7. Histogram czestosci uzyskiwanych stopni dzwigni operacyjnej dla kopalni ,,D” przy dyspersji o, Zrédlo: przygotowanie wiasne

degree of operating leverage [-]

Fig. 8. Histogram showing frequencies of achieving given degree of operating leverage for mine ,,D” with dispersion o, . Source: Own preparation

Rys. 8. Histogram czesto$ci uzyskiwanych stopni dZwigni operacyjnej dla kopalni ,,D” przy dyspersji o_

orog’ Zrédlo: przygotowanie whasne

degree of operating leverage [-]

Fig. 9. Histogram of the frequency of obtained operational leverage degrees for mine "D" with the nominal value P1 and dispersion o,
Rys. 9. Histogram czgstosci uzyskiwanych stopni dzwigni operacyjnej dla kopalni ,,D” przy wartosci nominalnej P11 dyspersji o,

rog

rog

degree of operating leverage [-]

Fig. 10. Histogram of the frequency of obtained operational leverage degrees for mine "B" with the nominal value P2 and dispersion o,
Rys. 10. Histogram czgstosci uzyskiwanych stopni dzwigni operacyjnej dla kopalni ,,D” przy wartosci nominalnej P2 i dyspersji o

yprog

rog

adapt the production structure, both in terms of quantity and
quality, to customer requirements. probability.

This method of analysis is likely to reflect real situations
that might occur. The results obtained for the multi-va-
riant change in demand enable a direct indication of what

values the volumes ana-lysed can achieve (for example: number 16.16.100.215.

profit or the degree of operating leverage), and with what

This research was prepared as part of a scientific subsidy from
the AGH University of Science and Technology in Poland under
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Metoda oceny wptywu zmiennego zapotrzebowania odbiorcow wegla na efektywnos¢ funkcjono-

wania kopaln
Zaprezentowana w artykule metoda oparta jest na symulacji Monte Carlo i obejmuje badanie wptywu wahan losowych zapotrzebo-
wania na efektywnos¢ kopalii oraz ich grup (spotek). Dla losowych wahati zapotrzebowania przyjeto rozktad normalny, a przedsta-
wione warianty analizy uwzgledniajg:

. przyjecie wartosci oczekiwanej i dyspersji wedtug danych retrospektywnych;
. przyjecie najbardziej prawdopodobnego bledu prognozy wynikajgcego z formut predykcyjnych;
. uwzglednienie skorelowanych zmian zapotrzebowania.

Uzyskane wyniki przedstawiono w postaci histograméw stopnia dzwigni operacyjnej. Pozwalajg one przewidywad, jak bedzie ksztat-
towat sig stopiert dZwigni operacyjnej kopaln, jak rowniez umozliwia oszacowaé, w ktérym kierunku zmiany te bedg postepowad
i z jakim prawdopodobieristwem. Opracowana i zweryfikowana na realnych przyktadach analiza wrazliwosci stanowi przydatny
element racjonalizacji proceséw decyzyjnych.

Stowa kluczowe: analiza wrazliwosci, dZwignia operacyjna, algorytm SIMPLEX, metoda Monte Carlo
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Abstrakt

Odpady towarzyszq czlowiekowi od zawsze. W miare postepu ewolucyjnego cztowieka zmieniala sig nie tylko jakosé¢ odpadéw, ale
takze ich ilos¢. Juz w starozytnosci podejmowano préby uporzgdkowania kwestii odpadow, co poprzez stulecia skutkowalo roznymi
regulacjami prawnymi.

Ostatnie 150 lat to gwatltowny rozwdj technik i technologii majgcych na celu rozwigzania probleméw zwigzanych z odpadami, w tym
takze komunalnymi. Wymusily to m. in. rewolucja przemystowa, ktérej towarzyszyt gwattowny rozwdj miast zwigzany ze wzrostem
liczby mieszkaticow, a w konsekwencji wzrosta ilos¢ wytwarzanych odpadoéw.

Aktualne dzialania, szczeg6lnie w Unii Europejskiej, zmierzajg w kierunku maksymalnego wykorzystania odpadéw, ograniczajgc
ich sktadowanie na wysypiskach na rzecz ponownego zagospodarowania. Jednym z elementow w tym laricuchu dzialan jest spalanie
odpadéw komunalnych, ktére pozwala na istotne ograniczenie ilosci odpadow kierowanych na wysypiska. Problemem sq jednak
odpady wtérne, bedgce produktami spalania, ktére sq klasyfikowane jako odpady niebezpieczne. Po poddaniu ich odpowiedniej
obrébce docelowo trafiajg na sktadowiska odpadow niebezpiecznych, ktore mimo stosowania zaawansowanych zabezpieczen stanowig

potencjalne zagrozenie dla Srodowiska.

Stowa kluczowe: odpady komunalne, spalanie odpadéw, odpady wtdrne

Wprowadzenie

Jednym z elementéw towarzyszacym czlowiekowi od za-
rania dziejow s3 odpady. Siegajac czaséw prehistorycznych
takimi odpadami byly np. niejadalne resztki pozywienia, od-
pady z obrobki skor upolowanych zwierzat, odpady z obrob-
ki drewna, kamienia itp. Nie stanowily one wéowczas i przez
kolejne tysiaclecia istotnego problemu, gdyz byly to odpady
w pelni biodegradowalne badz neutralne dla érodowiska, a do
tego powstajace w stosunkowo niewielkich ilo$ciach.

Wraz z rozwojem cywilizacyjnym wzrastal wolumen wy-
twarzanych przez czlowieka odpadéw, zmieniala si¢ réwniez
ich jako$¢. Mowiac wspolczesnym jezykiem mozna stwier-
dzi¢, ze odpady ,,nadazaly” za rozwojem technologicznym.

Problem odpadéw dostrzezono juz w starozytnej Gre-
¢ji w V w. p.n.e. organizujac pierwsze wysypiska odpadow,
a w 320 r p.n.e. w Atenach ustanowiono pierwsze regulacje
prawne dotyczace odpadéw [2]. Pierwsze stuzby komunalne
odpowiedzialne za oczyszczanie miasta powotali Rzymianie
w III w. p.n.e.

W 1373 r. w Krakowie wydano jedng z pierwszych w Eu-
ropie ustawe (tzw. wilkierz) dotyczacg zachowania czysto$ci
i porzadku w miescie. Mieszkancy gospodarstw domowych
zostali zobowigzani do zbierania nieczystosci ze swojego tere-
nu oraz z potowy ulicy. Dopiero ponad 150 lat p6zniej podob-
ne ustawy pojawity si¢ w Paryzu oraz w Wiedniu [2].

XVIII wiek rozpoczyna gwaltowny rozwdj przemystu.
Wraz z nim powstajg nowe miasta, a istniejace si¢ powieksza-
ja. To z kolei napedza konsumpcjonizm, efektem czego jest
coraz wigksze zréznicowanie odpadow trafiajacych na wysy-
piska oraz ich wolumen. Dopiero wiek XIX wraz z rewolucja
przemystowa rozpoczal nowa er¢ odpadéw: spalanie (o czym
dalej), recykling i selektywna ich zbidrke. Jednak nalezy za-

uwazyé, ze juz w XI w. w Japonii przerabiano zuzyty papier do
ponownego wykorzystania, co niewatpliwie nalezy uzna¢ za
forme recyklingu.

Dostrzezono, ze z odpadéw mozna wyselekcjonowaé pew-
ng ich cze$¢ do powtdrnego wykorzystania. Pierwszy zaklad
zajmujacy si¢ recyklingiem odpadéw powstal w Nowym Jor-
ku w 1898 r. [1], to jednak dopiero w 2 pol. XX w. rozpoczeto
na szeroka skale wykorzystywa¢ odpady i surowce wtérne.

Coraz wigksze ilosci odpadow i ich duze zréznicowanie to
efekt z jednej strony zwigkszajacej sie liczby ludnoéci, z dru-
giej za$ skutek rozwoju gospodarczego. Aby mozna bylo racjo-
nalnie postepowa¢ z odpadami, koniecznym bylo stworzenie
usystematyzowanego katalogu odpadéw, co w przypadku Pol-
ski znalazlo swoje odzwierciedlenie w obowiazujacym prawie
[11]. Odpady podzielono na 20 grup w zaleznoéci od zrédia
ich powstawania. Te z kolei podzielono na podgrupy i rodza-
je, wskazujac rownoczesnie odpady niebezpieczne. W sumie
katalog zawiera ok. 950 rodzajéw odpadow.

Przyjmujac za kryterium miejsce powstawania odpadéw
rozroznia sie [10]:

o odpady przemyslowe, zwigzane z dzialalno$cig go-

spodarcza — wg katalogu [11] s3 to grupy 1-19;

o odpady komunalne, powstajace na terenach za-
mieszkalych i zwigzanych z bytowaniem ludzi - wg
katalogu [11] s3 to odpady o kodzie 20 03 xx (inne
odpady komunalne), a takze odpady o kodzie 15 01
xx z sektora komunalnego (odpady opakowaniowe,
wlacznie z selektywnie gromadzonymi komunalny-
mi odpadami opakowaniowymi) oraz o kodzie 19 12
xx — odpady z mechanicznej obrébki odpadéw (np.
obrobki recznej, sortowania, zgniatania, granulowa-
nia) nie ujete w innych grupach.
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Rys. 1. Hierarchia postepowania z odpadami. Po lewej stronie stan obecny, po prawej — stan docelowy. Zrédto: [3]
Fig. 1. Waste management hierarchy. On the left, the current state, on the right - the target state. Source: [3]

Tab. 1. Zebrane odpady komunalne w latach 2013-2022. Zrédto: opracowanie wlasne na podstawie danych GUS
Tab. 1. Municipal waste collected in 2013-2022. Source: own elaboration based on Central Statistical Office data

Zmi w tym zebrane selektywnie:
miana w -
Tloé¢ Zmiana stosunku udziat w zmiana ZSEI:S:k‘GI
Rok zebranyllch rok do do roku llode catym rok do do roku
odpadow roku bazowego strumie,niu roku bazowego
(2013) odpadoéw (2013)
tys. Mg % % tys. Mg % % %
2013 9474 0,0 0,0 1275 13,5 0,0 0,0
2014 10 330 9,0 9,0 2 050 19,8 47,4 47,4
2015 10 864 51 14,7 2 537 23,4 17,7 73,5
2016 11 654 7,3 23,0 2942 25,2 8,1 87,6
2017 11 969 2,7 26,3 3239 27,1 7,2 101,1
2018 12 485 4,3 31,8 3608 28,9 6,8 114,7
2019 12 753 2,1 34,6 3977 31,2 7.9 131,7
2020 13117 2,9 38,5 4975 37,9 21,6 181,8
2021 13 674 4,2 44,3 5440 39,8 4,9 195,6
2022 13 420 -1,9 41,7 5361 39,9 0,4 196,8

Szeroko rozumiana gospodarka odpadami ma gtéwnie na
celu zapobieganie powstawaniu odpadéw poprzez rozwiazy-
wanie problemu odpadéw ,,u zrédla”, a nastepnie odzyskiwa-
nie surowcéw i ponowne wykorzystanie odpadéow. W przy-
padku odpadéw niewykorzystanych, celem jest bezpieczne
dla $rodowiska koncowe ich unieszkodliwianie, zas forma
ostateczna jest ich sktadowanie (Rys. 1).

Przedstawiona procedura dotyczy wszystkich wytwarza-
nych odpadéw. W odniesieniu do odpadéw przemystowych
istniejg rozwigzania techniczno-technologiczne, ktérych cig-
gly rozwdj pozwala na coraz efektywniejsze wpisywanie sie
w poszczegdlne etapy hierarchii postepowania z odpadami.
Problemem s3 odpady komunalne, gdyz przez dlugie dzie-
sieciolecia byly one sktadowane na wysypiskach, natomiast
nowe regulacje prawne, w tym unijne, dazg do zmiany spo-
tecznego myslenia o tych odpadach, a w konsekwencji ogra-
niczania liczby i powierzchni wysypisk oraz poddawania ich
procesom zwigzanym z odzyskiem.

Nowe myslenie i postepowanie z odpadami komunalnymi
Szeroka akcja edukacyjno-spofeczna na temat odpadéw
komunalnych prowadzona od kilku lat zdaje si¢ przynosi¢
oczekiwane skutki. Efektem tego jest ustabilizowanie sie ilo-
$ci zebranych odpadéw, ktora w ciagu ostatnich 2 lat oscyluje
w okolicy 13,4 - 13,7 mln Mg. Z drugiej strony, w okresie ostat-
nich 10 lat przyrost zebranych odpadéw komunalnych przekro-
czyl 40%. Mimo tego obserwuje si¢ inne pozytywne zjawisko
- wzrasta ilo§¢ odpadow zbieranych selektywnie. Poziom segre-
gacji wynosi niemal 40% wszystkich zebranych odpadéw, a na
przestrzeni minionej dekady jest to wzrost blisko 200% — Tab. 1.

Zebrane odpady komunalne zmieszane (a wiec te, ktore
nie podlegaty zbidrce selektywnej) kierowane sa do procesow:
. odzysku, w tym:
— przeksztalcania termicznego z odzyskiem energii;
- przetwarzania biologicznego (kompostowanie lub
fermentacja);
- recyklingu;
. unieszkodliwiania, w tym:
- przeksztalcania termicznego bez odzysku energii;
- skladowania.

Analizujgc miniong dekade wyraznie wida¢ zmiany in
plus, ktore w tym czasie nastgpity — Tab. 2.

Analizujgc dane przedstawione w Tab. 1 i 2 oraz inne sta-
tystyki podane przez GUS mozna wyciagna¢ kilka istotnych
wnioskow:

o ilo$¢ zbieranych odpadéw komunalnych ma tenden-
cje rosnaca, choé w 2022 r. obserwuje sie niewielkie
przelamanie tego trendu;

o w wydzielonym strumieniu odpadéw zebranych se-
lektywnie obserwuje sie istotny wzrost iloéci tak ze-
branych odpadéw, jednak w okresie ostatnich 3 lat
sytuacja ulegla pewnej stabilizacji. Prawdopodobnie
mozna to zjawisko powigza¢ z liczbg Punktéw Se-
lektywnego Zbierania Odpadéw Komunalnych (tzw.
PSZOK6w). Jak podaje GUS, w 2022 r. w Polsce bylo
2301 PSZOKoéw, wobec 2477 gmin. Wynika z tego, ze
statystycznie blisko 10% gmin nie posiada w swoich
granicach takich punktéw. Z kolei w przypadku du-
zych aglomeracji miejskich takich punktéw powin-
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Tab. 2. Sposéb zagospodarowania zebranych odpadéw komunalnych w latach 2013-2022. Zrédto: opracowanie wlasne na podstawie danych GUS

Tab. 2. Method of managing collected municipal waste in 2013-2022. Source: own elaboration based on Central Statistical Office data

Ilos¢ w_tym przeznaczone do:
zebranych przeksztatcenia przetwarzania . .
Rok odpaddw termicznego biologicznego recyklingu sktadowania
tys. Mg

2013 9474 766 1230 b.d. 5979

2014 10 330 1560 1154 2180 5437

2015 10 864 1439 1750 2 867 4 808

2016 11 654 2 266 1890 3244 4 255
a)

2017 11 969 ros 848 3199 5000
)

2018 12 485 leizb)a 1012 3 269 5191
)]

2019 12753 2 1153 3192 5 487
a)

2020 13117 et 1578 3499 5218
)]

2021 13 674 2177?2; 1824 3681 5296
a)

2022 13 420 2 1899 3585 5108

a) z odzyskiem energii, b) bez odzysku energii

Fot. 1. Paleniska w spalarni ,, Descructor”. Zrédto: [8]

Photo. 1. Hearths in the "Descructor” incinerator. Source: [8]

Fot. 2. Miejskie Zaklady Sanitarne w Warszawie wraz ze spalarnig odpadéw komunalnych. Zrédto: [15]

Photo. 2. Municipal Sanitary Works in Warsaw with a municipal waste incineration plant. Source: [15]

no by¢ co najmniej kilka. W zwiazku z tym poprawy
w zakresie ilosci odpadéw zebranych selektywnie
nalezy upatrywaé w zwiekszeniu liczby PSZOKéow;
ilo$¢ odpadéw poddawana przeksztalcaniu termicz-
nemu wynika z mozliwoéci (wydajnosci) istniejacych
zakladéw. Niewatpliwie budowa kolejnych jest w sta-
nie zwigkszy¢ wolumen odpadéw przeznaczonych
do tej formy utylizacji, dodatkowo generujagc odzysk
energii;

ilo§¢ odpadéw przeznaczonych do przetwarza-
nia biologicznego (kompostowanie i fermentacja)
réwniez ulegla stabilizacji ilo$ciowej, natomiast od
strony procentowej udzialu w calym strumieniu od-
padéw obserwuje si¢ nieznaczny wzrost tej formy
odzysku odpaddw;

podobng stabilizacje iloSciowa mozna zauwazy¢
w odpadach poddanych procesom recyklingu, jed-
nak procentowo mozna odnotowa¢ spadek;

za mniej wigcej stabilng mozna uzna¢ ilo§¢ odpa-
déw kierowana na skladowiska, przy réwnoczesnym

spadku liczby tych obiektéw z 431 o powierzchni
1944, 3 ha w 2013 r. do 259 o powierzchni 1624 ha
w 2022 r. Poréwnujac rok 2013 z rokiem 2022 moz-
na stwierdzi¢ spadek powierzchni sktadowisk o ok.
15%, co jest wprost proporcjonalne do ilo$ci umiesz-
czanych na tych skltadowiskach odpadéw - ich ilo§¢
réwniez spadla o ok. 15%;

iloé¢ odpadéw lokowanych na sktadowiskach w od-
niesieniu do calego strumienia odpadéw komunal-
nych ma trend malejacy. W 2013 r. odpady na skia-
dowiskach stanowily ok. 63% wszystkich odpadow
komunalnych, gdy w 2022 r. byto to juz 38%;
ponadto 92% skladowisk jest wyposazonych w in-
stalacje sluzace do odgazowywania, w wyniku czego
w 2022 r. poprzez spalanie ujetego gazu odzyska-
no ok. 30,9 GWht (energia cieplna) oraz ok. 102,5
GWhe (energia elektryczna).

Szacuje sie, ze w ciggu kolejnych 10 lat ilo§¢ wytwarzanych

odpadéw komunalnych osiagnie poziom ok. 15,5 mIn Mg [14].
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Fot. 3. Spalarnia odpadéw w Poznaniu uruchomiona w 1927 r. Zrédto: [15]

Photo. 3. Waste incineration plant in Poznar launched in 1927. Source: [15]

Fot. 4. Elektrocieptownia Zabrze z kottem wielopaliwowym. Zrédto: [15]
Photo. 4. Zabrze Heat and Power Plant with a multi-fuel boiler. Source: [15]

Z kolei oczekuje si¢, ze poziom przygotowania do ponow-
nego uzycia i recyklingu odpadéw komunalnych wyniesie
55% w roku 2025, 60% w roku 2030 oraz 65% w roku 2035.
Réwnoczesnie zaklada sie, ze na sktadowiska odpadéw ko-
munalnych trafi 30% wytworzonych odpadéw w 2025 r., 20%
w 2030 r. i 10% w 2035 r. W zwiazku z tym w perspektywie
do roku 2034 zaklada si¢ budowe 814 nowych PSZOKéw oraz
modernizacj¢ ok. 30% obecnie funkcjonujacych. Oceniono,
ze w duzych miastach (aglomeracjach miejskich) powinien
funkcjonowa¢ 1 PSZOK na 50 tys. mieszkancow. W przypad-
ku matych miast (ponizej 50 tys. mieszkancéow) — 1 PSZOK,
podobnie w gminach wiejskich. Lacznie w skali kraju wyste-
puje zapotrzebowanie na poziomie ok. 2 714 PSZOKow [12].

Tymczasem obecnie poziom przygotowania do ponow-
nego uzycia i recyklingu odpadéw komunalnych wynosi ok.
40%, a na skladowiska trafia ok. 38% odpadéw komunalnych.

Aby sprosta¢ tym wyzwaniom jednym z kierunkéw dzia-
tania powinno by¢ zwigkszenie potencjatu instalacji do ter-
micznego przeksztalcania odpadéw komunalnych.

Termiczne przeksztalcanie odpadow komunalnych szansa
na poprawe obecnej sytuacji?

Z duzg dozg prawdopodobienstwa mozna domniemywac,
ze proceder spalania odpadow towarzyszy cztowiekowi od
chwili opanowania przez niego ognia. I trwa po dzien dzisiej-
szy, cho¢ w roznych formach. Najbardziej pozadana to sposéb
kontrolowanego spalania w dostosowanych do tego urzadze-
niach, najlepiej z odzyskiem energii. Inng forma jest spalanie
odpadéw w paleniskach domowych, aktualnie w Polsce zaka-
zang z uwagi na znaczny stopien szkodliwosci, co nie oznacza,
ze niepraktykowana. Na szcze$cie wzrasta poziom §wiadomo-
$ci spotecznej w tym zakresie, co jest niewatpliwie skutkiem
kampanii edukacyjnych.

Pierwsze préby spalania odpadéw na wigksza skale podje-
to w 2 pot. XIX w. w Wielkiej Brytanii. W 1870 r. uruchomio-

no w Paddington pod Londynem pierwszg spalarnie, jednak
w krotkim czasie zostala ona zamknieta z uwagi na niska efek-
tywno$¢. Kolejna, tym razem udang, prébe podjeto w Not-
tingham w 1874 r. Powstata spalarnia ,,Destructor” (Fot. 1)
pracowala 24 godz./dobe, a jej roczna wydajno$¢ wynosita ok.
24 tys. Mg spalanych odpaddow.

Projekt ten mozna okreéli¢ mianem sukcesu, gdyz w do
1890 r. na terenie Wielkiej Brytanii pracowato 39 takich insta-
lacji. W tym czasie instalacja pierwotna byla udoskonalana,
czego efektem bylo odzyskiwanie ciepla i produkeja pary do
napedu generatoréw elektrycznych [8].

Technologia ta zyskala na tyle duza popularnos¢, ze w latach
1876-1908 w Europie wybudowano ponad 210 instalacji do spa-
lania odpadéw, i ponad 180 w Stanach Zjednoczonych [15].

Pierwsza spalarnia w Polsce powstata w 1912 r. w Warsza-
wie przy ul. Spokojnej 15 (Fot. 2). Dzialata do 1944 r., znisz-
czona w trakcie Powstania Warszawskiego.

Kolejna, jedna z najnowocze$niejszych w owym czasie,
powstata w 1927 r. w Poznaniu (Fot. 3) i pracowatla przez ko-
lejnych 30 lat.

Z poczatkiem lat 50. XX w. spalarnie uznano za obiek-
ty zbyt kosztowne wobec skladowisk odpadéw. Bylo to
przyczyna regresu w budowie nowych obiektéw termicz-
nego unieszkodliwiania odpaddéw, ktéry trwat do lat 70.
Wowczas zaczely powstawad instalacje kolejnej generacji,
ktérych zadaniem bylo wytworzenie energii elektrycznej
i cieplnej, ale réwnocze$nie ograniczenie nadmiernej emi-
sji odprowadzanych do atmosfery zanieczyszczen pytowych
i gazowych [2].

Aktualnie w Europie dziata blisko 500 instalacji termicz-
nego przeksztalcania odpadoéw, z czego 8 w Polsce — Tab. 3.

Lacznie aktualnie pracujgce instalacje s3 w stanie prze-
tworzy¢ 1114 tys. Mg odpadéw komunalnych. Po zakoncze-
niu rozbudowy instalacji w Warszawie i Rzeszowie zdolno$ci
przerobowe osiaggna warto$¢ 1459 tys. Mg.
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Tab. 4. Cementownl,?algoileg;le ce

Tab. 3. Instalacje termicznego przeksztalcania odpadéw w Polsce. Zrédlo: opracowanie wlasne

Tab. 3. Waste thermal treatment installations in Poland. Source: own study

Nazwa Lokalizacja Rok uruchomienia Wydajnosc Zdolnosc oqzySku
tys. Mg/rok energii
10,5 GWhe
Zaktad 7
Unieszkodliwiania Warszawa po rozz?)?uljowie 40 po Egzt?lﬁztwie
Statych Odpaddéw 2024 po rozbudowie 305 100 GWh.
Komunalnych 200 GWh:
Zaktad
Termicznego
Unieszkodliwiania Konin 2015 94 47 Gwhe
. 33 GWh
Odpadow
Komunalnych
Zaktad
ggfasgg\?vd"w'a”'a Biatystok 2016 120 fgoGGw;t
Komunalnych
Zaktad
Termicznego
Przeksztatcania . 65 GWhe
Odpadéw w Krakow 2016 220 280 GWhe
Krakowie
(Ekospalarnia)
Instalacja 130 GWhe
Termicznego 83 GWht
Przeksztatcania Poznan 2016 210
Odpaddéw 108 GWhe @
Komunalnych 146 GWh: @
Zaktad
Termicznego
Przeksztatcania Bydgoszcz 2017 180 88,5 GWhe
i 180 GWhe
Odpadow
Komunalnych
88 GWhe
Zaktad 256 GWhe
Unieszkodliwiania Szczecin 2017 150
Odpadéw 88,5 GWhe @ ®
202 GWhe
Instalacja 2018 100
gfzr;:x::fsrﬁa 5 Rzeszéw po rozzbudowie po rozbudowie 13273GGV\\:\?&
. - 024 180
Odzyskiem Energii

2 dane za 2022 r., ® produkcja brutto bez uwzglednienia potrzeb zaktadu

1nlstalac e do termiczne: o

rzekg}talcama odpadow. Zrédto: o&u%lc%vgg&e Bv}[%srﬁ]na podstawie [6, 14]

entp ith installations waste treatmient. Source: own O]
- Moce Moce Odzysk
Cementownia Wiasciciel (WIBQZ\?JZ;Z?;O) przerobowe wykorzystane energii ¥
) [tys. Mg/rok] [%] [GWhi]
Cement - -
Karsy 03aréw S.A. Swietokrzyskie 1000 30,9 1718
Chetm Cemex Polska lubelskie 934 338 1674
Rudniki Sp. zo0.0. Slaskie 201 ! 387
. kujawsko-
Bielawy ceanagit":gg A pomorskie 430 32,5 1155
Matogoszcz o Swietokrzyskie 634 1018
PR Gorazdze )
Gorazdze Cement S.A. opolskie 580 80,2 2 874
Dyckerhoff
Nowiny Polska sp. z Swietokrzyskie 510 27,7 848
0.0.
Trebaczew Warta S.A. tédzkie 260 55,3 0,3
Opole Odra S.A. opolskie 85 36,4 229

) dane za rok 2020, za [14]

Tab. 5. Planowane budowy instalacji termicznego przeksztalcania odpadéw. Zrédto: opracowanie wlasne na podstawie [7]

Tab. 5. Planned construction of thermal waste treatment installations. Source: own study based on [7]

R Wydajnos¢ .
Lokalizacja [tys. Mg/rok] Uwagi

£édz 150

£édz 200

Betchatdw 180

Ruda Slaska 80-120

Bielsko-Biata 100 min. wartos¢ opatowa odpadéw 12 MJ/kg

Bedzin 200

Chorzéw 100

Oswiecim 130 + 202 @ odpady komunalne + osady Sciekowe
gtéwnie odpady komunalne z niewielkim strumieniem

Inowroctaw 310 .
odpaddw przemystowych

Gliwice 46 w tym 6 tys. Mg podsuszonych osadéw $ciekowych
spalanie RDFu
Refuse Derived Fuel - paliwa obejmujace szeroka game

T odpaddw, ktore zostaty przetworzone w celu osiagniecia

ychy 25 P - R i .

wysokiej wartosci opatowej. RDF, najczesciej stosowany jest
w odniesieniu do frakcji kalorycznej odpadéw o duzej wartosci
opatowej (zwykle okoto 18 MJ na kilogram masy).

Rzeszow 50-100 druga spalarnia w miescie

Chrzanow 23,6 spalanie RDFu w cieptowni

Andrychdw 30

Krosno 22

Starachowice 30
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Popiot
5kg

Komora
spalania

System
Wymiennik ‘ oczyszczania T

S = i

Uktad
odpylania Emisja
0,05 kg

clepla spalin

Popiét Produkty
lotny Pytz oczyszczania
5kg odpylania spalin

20 kg 12 kg

Rys. 2. Przyktadowy bilans masy spalarni odpadéw komunalnych. Zrédto: [4]

Fig. 2. An example of a mass balance of a municipal waste incineration plant. Source: [4]

W trakcie budowy sg instalacje w Gdansku i Olsztynie,
ktorych realizacja powinna by¢ zakonczona w 2023 r. Ich uru-
chomienie to szansa na przetworzenie kolejnych 260 tys. Mg
odpadow.

Précz typowych instalacji do termicznego przeksztalcania
odpadéw komunalnych z odzyskiem energii (Tab. 3) istnieja
wspolspalarnie odpadéw w cementowniach oraz w zakladzie
energetycznym. Nalezy jednak zauwazy¢ réznice pomiedzy
spalarnia a wspodtspalarnig. Ta pierwsza ma za zadanie prze-
ksztalcanie odpaddw, natomiast uzykana energia jest niejako
efektem ubocznym. W przypadku wspdtspalarni spalane od-
pady wraz z innymi paliwami maja na celu wytworzenie ener-
gii, ktora jest wykorzystywana w procesach podstawowych
danego zaktadu (produkcja cementu i klinkieru, wytwarzanie
energii elektrycznej i cieplnej) [13].

Wspdlspalanie odpadéw w cementowniach jest mozliwe
dzigki specjalnie dedykowanym instalacjom do termicznego
przeksztalcania odpaddw, ktérych w Polsce jest 9 — Tab. 4.

Wskazane w Tab. 4 cementownie majg faczny potencjat
przerobowy na poziomie ok. 4,6 mln Mg odpadéw rocznie.
W 2020 r. wykorzystane zostalo tylko 39,3% mocy przerobo-
wych, tj. przeksztalceniu poddano 1819,9 tys. Mg odpadow
odzyskujac przy tym energie w ilosci 9,9 TWht. Nalezy za-
znaczy¢, ze ponad 87% spalonych odpadéw to odpady o ko-
dzie 19 12 10, natomiast nie spalano odpadéw z grupy 20, tj.
odpadéw komunalnych [14]. Na uwage zwraca rowniez fakt,
ze sukcesywnie w cementowniach wegiel zastegpowany jest
paliwami alternatywnymi (tu: odpadami). W 2019 r. w ogdl-
nym wolumenie paliwa do zasilania proceséw produkcyjnych
udzial odpadéw stanowit 75% [5].

Wspolspalarnia w zakladzie energetycznym zostala zre-
alizowana w Elektrocieplowni Zabrze (Fot. 4) w zakladzie
energetycznego spalania paliw. Zgodnie z posiadanym po-
zwoleniem, Elektrocieplownia moze poddawac termicznemu
przeksztalceniu 450 tys. Mg odpadéw rocznie, w tym 250 tys.
Mg odpadéw komunalnych oraz pochodzacych z przetworze-
nia odpadéw komunalnych. W 2020 r. instalacja odzyskata
396 GWht spalajac 101,7 tys. Mg odpadow o kodzie 19 12 10,
z czego 81,1 tys. Mg stanowily odpady komunalne [14].

Obecnie w Polsce istnieje kilkadziesiat projektow, ktdre
rozwazajg na przestrzenie najblizszych kilku - kilkunastu lat
mozliwo$¢ budowy instalacji termicznego przeksztalcania
odpadoéw. Stopien zaawansowania tych projektéw jest moc-
no zréznicowany i obejmuje instalacje o wydajnosci od 22 do

310 tys. Mg/rok — Tab. 5. Jest rowniez wskazanych kilkanascie
innych lokalizacji (np. Katowice, Wodzistaw Slaski), jednak
w chwili obecnej brak jest jakichkolwiek danych na temat
ewentualnych instalacji.

Aktualnie przepustowo$¢ czynnych instalacji przeksztal-
cania odpadow jest niewystarczajaca w stosunku do potrzeb,
co moze skutkowac tym, ze zabraknie wolnej pojemnosci na
skladowiskach [1]. Wobec powyzszego, budowa kolejnych in-
stalacji wydaje sie by¢ koniecznoscia. Jednak dazac w kierun-
ku gospodarki o obiegu zamknietym nalezy dazy¢ w kierunku
maksymalnego wykorzystania surowcow. Przeksztalceniu ter-
micznemu powinny by¢ poddawane przede wszystkim odpa-
dy nienadajace si¢ do recyklingu.

Odpady generuja nowe odpady

Na skutek termicznego przeksztalcania odpadéw ko-
munalnych powstaje szereg produktéw, bedacych efektem
spalania. Ich rodzaj oraz ilo§¢ w gtéwnej mierze zalezy od
struktury spalanych odpadéw komunalnych (nalezy zauwa-
zy¢, ze struktura ta charakteryzuje sie pewna zmiennoscia
w czasie — sezonowoscia, co jest zwigzane z porami roku,
w ktorych powstaja spalane odpady komunalne), ale takze
od technologii spalania odpadéw oraz technologii oczysz-
czania spalin.

Efektem termicznego przeksztalcania odpadéw komu-
nalnych (w procesie spalania) jest powstawanie stalej pozo-
stalosci w postaci zuzli i popioléw paleniskowych. Do tego
dochodza jeszcze tzw. popioly lotne. Powstajg one na skutek
przeplywu powietrza przez strefe spalania, ktore ,porywa”
drobne czgsteczki cial stalych tworzac emisje pytu z procesu
spalania. Wraz ze wzrostem predko$ci przeptywu powietrza
i w zwigzku z tym lepszym natlenianiem strefy spalania emi-
sja pylow jest wieksza. Wielko$¢ emisji pytow jest uzalezniona
od wielu czynnikéw, m. in. technologii spalania odpaddow, ale
tez od zawartosci substancji niepalnych w paliwie (odpadach
komunalnych). Gtéwnym sktadnikiem pytéw sa zwigzki krze-
mu, glinokrzemiany, tlenki zelaza, ale tez zwigzki alkaliczne,
w szczegblnosci tlenki siarki. Z uwagi na ochrone¢ $rodowi-
ska niezbedne jest oczyszczanie spalin - reguluje to dyrekty-
wa unijna 2010/75/WE. System oczyszczania spalin jest dos¢
skomplikowany i skfada si¢ z kilku elementow:

o odpylania gazéw spalinowych;

o usuwania gazow kwasnych;

. usuwania tlenkow azotu;
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Tab. 6. Klasyfikacja produktéw termicznego przeksztalcania odpadéw komunalnych wg [11]. Zrédlo: opracowanie wlasne

Tab. 6. Classification of municipal waste thermal treatment products according to [11]. Source: own study

Mle]socdeng\g;tanla Nazwa odpadu wg Rys. 2 Kod odpadu Grupy,vsgdl?artl;ﬁygglurﬁgzaa]&(\):padow
19 01 11% Zuzle i popioty paleniskowe
zawierajace substancje niebezpieczne
Komora spalania Zuzel, popiét paleniskowy Zuzle i popioty paleniskowe inne niz
1901 12 wymienione
w1901 11
19 01 13* Pppioiy _Iotne zawierajace substancje
Wymiennik ciepta Popidt lotny nlet?ezpleczne_ — —
1901 14 Popioty lotne inne niz wymienione w
190113
19 01 15% Py’fy z kptiéw zawierajace substancje
Uktad odpylania Pyt z odpylania nlebezpleczne‘ = —
1901 16 Pyty z kottéw inne niz wymienione w
1901 15
Osady filtracyjne (np. placek
19 01 05* filtracyjny) z oczyszczania gazéw
n odlotowych
Prodykty oczyszczania Szlamy i inne odpady uwodnione z
System oczly:zczanla spalin 19 01 06* oczyszczania gazéw odlotowych
spall 19 01 07* Odpady state z oczyszczania gazéw
odlotowych
Zuzyte sorbenty (wegiel 19 01 10% Zuzyty wegiel aktywny z oczyszczania
aktywny) gazoéw odlotowych

Odpady oznaczone * (gwiazdkq) oznaczajg odpady niebezpieczne

Tab. 7. Gospodarcze wykorzystanie zuzli i popioléw paleniskowych w niektérych paistwach UE. Zrédlo: opracowanie wlasne na podstawie [16]

Tab. 7. Commercial use of slags and bottom ashes in some EU countries. Source: own study based on [16]

, Stopien wykorzystania Sposoéb wykorzystania
Panstwo
gospodarczego [%] gospodarczego

Austria 0 kierowane na sktadowiska
Belgia 100 materiaty budowlane
Czechy 0 kierowane na sktadowiska
Dania 98 budownictwo drogowe
Francja 30 materiaty budowlane
Hiszpania 0 kierowane na sktadowiska
Holandia 75 budownictwo drogowe
Niemcy 85 budownictwo drogowe
Portugalia 0 kierowane na skfadowiska
Szwecja 85 budownictwo drogowe
Wielka Brytania 40 budownictwo drogowe
Wiochy 20 budownictwo drogowe

o usuwania metali ciezkich;
o usuwania zwigzkéw organicznych.

Niewatpliwg zaletg termicznego przeksztalcania odpadow
jest redukcja objetosci odpadéw na wejsciu do instalacji w po-
réwnaniu z objetoécia na wyjéciu z instalacji i ksztaltuje si¢
na poziomie 80-95%. Z kolei redukcja masy wynosi od 60 do
70% [9].

Na Rys. 2 pokazano przyktadowy bilans masy spalarni od-
padéw komunalnych. Pokazane warto$ci wychodu poszcze-
golnych frakeji nalezy traktowacd orientacyjnie.

Préocz produktéw spalania pokazanych na Rys. 2 wyste-
puja réwniez jako odpady wszelkiego rodzaju sorbenty wy-
korzystane w procesie oczyszczania spalin, albo w postaci cial
stalych (np. wegiel aktywny w przypadku metody ,suchej”)
badz szlamoéw (w przypadku technologii ,mokrej”). Wysuszo-
ne szlamy okreslane sg jako tzw. placki filtracyjne.

Kazdy produkt spalania (tu: odpad wtérny) podlega za-
klasyfikowaniu do wlasciwej grupy odpadéw zgodnie z kata-
logiem odpadéw [11]. Klasyfikacje t¢ w odniesieniu do od-
padoéw zidentyfikowanych na Rys. 2 przedstawiono w Tab. 6.

Jak wynika z Tab. 6, czgs¢ odpaddéw jest kwalifikowana
jako niebezpieczne z uwagi na zawarto$¢ w nich substancji
niebezpiecznych. W zdecydowanej wigkszosci zuzle i popioty
paleniskowe nie sg kwalifikowane jako odpady niebezpieczne,
dzigki czemu mogg by¢ wykorzystane gospodarczo. Niemniej
jednak przed skierowaniem ich do ponownego wykorzystania
poddaje si¢ je wstepnej obrobcee, ktdrej celem jest separacja
frakcji metalicznej (odzyskanie zlomu metali). Docelowo

material ten najczesciej wykorzystywany jest w budownic-
twie drogowym (Polska), badz do produkeji prefabrykatow
budowlanych.

Mimo mozliwo$ci wykorzystania zuzli i popiotéw paleni-
skowych w budownictwie, w niektérych krajach Unii Euro-
pejskiej odpady te kierowane s3 na skladowiska — Tab. 7. Naj-
prawdopodobniej jest to konsekwencja bardziej restrykcyjnych
przepiséw krajowych w stosunku do Dyrektywy Unijne;.

O wiele powazniejszy problem stanowia odpady z oczysz-
czania gazoéw spalinowych (popioly lotne, pyly z oczyszcza-
nia gazéw odlotowych), ktére zawierajg znaczne ilosci me-
tali cigzkich oraz produkty niepelnego spalania (dioksyny,
bifenyle, wielopierscieniowe weglowodory aromatyczne itp.).
Poniewaz sa to odpady zaliczane do grupy odpaddéw nie-
bezpiecznych, w Polsce odpady te kierowane sa - po wcze-
$niejszej dodatkowej obrobce (immobilizacji) — na specjalnie
przygotowane powierzchniowe skladowiska odpadéw niebez-
piecznych. W Tab. 8 zestawiono ilosci popiotéw i pytow za-
kwalifikowanych jako niebezpieczne (odpady ,z gwiazdka”),
wytwarzanych przez spalarnie odpadéw komunalnych.

W przypadku odpadéw stanowigcych mieszanke odpa-
dow oznaczonych odpowiednimi kodami, mieszanka moze
by¢ przyporzadkowana tylko do jednego kodu odpadow.
Wowczas pod tym kodem probka odpadéw przechodzi przez
caly proces zarzadzania odpadami dla potrzeb odzysku lub
unieszkodliwiania.

Odpady wskazane w Tab. 8 stanowia niespelna 4% masy
przeksztatcanych termicznie odpadéw komunalnych. Wydaje
sie to by¢ sukcesem, ale tylko pozornie. Trzeba pamigtac, ze ta
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Tab. 8. Roczny wolumen wtérnych odpadéw niebezpiecznych (frakcja sucha) wytworzonych w 2019 r. przez krajowe instalacje termicznego
przeksztalcania odpadéw komunalnych. Zrédlo: opracowanie wlasne
Tab. 8. Annual volume of secondary hazardous waste (dry fraction) generated in 2019 by domestic installations for the thermal treatment of municipal waste.
Source: own study

Nazwa instalacji,
lokalizacja

Tlo$¢ wytwarzanych odpaddéw o okreslonych kodach

[Mg/rok]

19 01 07*

1901 11* 19 01 13* 19 01 15%*

Zaktad Unieszkodliwiania
Statych Odpadéw
Komunalnych, Warszawa

952,52

196,08

Zaktad Termicznego
Unieszkodliwiania Odpaddéw
Komunalnych, Konin

2 533,36 @

a 698,72

Instalacja Termicznego
Przeksztatcania Odpadow
Komunalnych, Poznan

7 487,34

b) b.d.

Zaktad Unieszkodliwiania
Odpaddéw Komunalnych,
Biatystok

3024,919

Zaktad Termicznego
Przeksztatcania Odpadow,
Krakow

2211,76

6 051,78

Zaktad Termicznego
Przeksztatcania Odpadow
Komunalnych, Bydgoszcz

5 069,00

900,00

Zaktad Unieszkodliwiania
Odpaddw, Szczecin

300,00 9 7 000,00 ©

Instalacja Termicznego
Przetwarzania z Odzyskiem
Energii, Rzeszéw

2 000,00

2 000,00

RAZEM 23 278,89

9 447,86 7 698,72

SUMA

40 425,47

3 mieszanka 19 01 07* i 19 01 13%*, odpady zbierane we wspdlnym silosie, kod 19 01 07* dominujacy
% mieszanka 19 01 07* i 19 01 11%*, odpady zbierane we wspdlnym silosie, kod 19 01 07* dominujacy
9 mieszanka 19 01 07* i 19 01 15%*, odpady zbierane we wspdlnym silosie, kod 19 01 07* dominujacy

9 mieszanka dodatku i sorbentu

©) ciezka frakcja pytu kottowego i lekka frakcja z filtra elektrostatycznego facznie

W przypadku odpadéw stanowigcych mieszanke odpaddw oznaczonych odpowiednimi kodami, mieszanka moze
by¢ przyporzadkowana tylko do jednego kodu odpaddéw. Woéwczas pod tym kodem probka odpadéw przechodzi
przez caty proces zarzgdzania odpadami dla potrzeb odzysku lub unieszkodliwiania.

ilo$¢ odpadéw po odpowiedniej obrdbce trafi na sktadowisko
odpaddéw niebezpiecznych.

Podsumowanie

Instalacje do termicznego przeksztalcania odpadéw komu-
nalnych cieszg si¢ duza popularnoécia na calym swiecie, a w szcze-
gblnosci w krajach o wysokim stopniu rozwoju. Wymusza to nie-
watpliwie rozwdj cywilizacyjny w poszczegolnych krajach. Polska
stara si¢ nadazy¢ za tym trendem, o czym $wiadcza dzialajace juz
spalarnie, oraz te, ktére zostang uruchomione w najblizszej przy-
sztosci. I cho¢ budza wiele kontrowersji, to niewatpliwie maja
duzy wplyw na rozwigzania zwigzane ze sktadowaniem odpadow.
Nie podlega dyskusji uzyskany efekt energetyczny.

Jakikolwiek proces spalania pozostawia po sobie spalania.
Podobnie jest w spalarniach odpadéw komunalnych. Spo-
ra czg¢$¢ produktow spalania — odpadéw wtornych - mozna
wykorzysta¢ gospodarczo. Jednak pozostaja niewielkie ilosci
odpadow (,,z gwiazdky”), ktdre ze wzgledu na swoja specyfike
nie moga by¢ wykorzystane gospodarczo i w zwiazku z tym
trafiajg na skladowiska odpadéw niebezpiecznych. Dzialanie
to nie jest korzystne od strony finansowej, niesie ze sobg tak-
ze potencjalnie niekorzystne oddzialywanie na $rodowisko.
W zwigzku z tym koniecznym staje sie poszukiwanie innych
rozwigzan, ktére pozwola na ograniczenie ilosci odpaddow tra-
fiajacych na skladowiska odpadéw niebezpiecznych.
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Hazardous Secondary Waste from Municipal Waste Incineration Installations

Waste has always accompanied man. As human evolution progressed, not only the quality of waste changed, but also its quantity.
Already in antiquity, attempts were made to organize the issue of waste, which over the centuries resulted in various legal regulations.
The last 150 years have seen a rapid development of techniques and technologies aimed at solving problems related to waste, including
municipal waste. This was forced, among others, by the industrial revolution, which was accompanied by the rapid development of
cities associated with the increase in the number of inhabitants, and as a consequence, the amount of generated waste increased.
Current activities, especially in the European Union, are aimed at the maximum use of waste, limiting its storage in landfills for re-use.
One of the elements in this chain of activities is the incineration of municipal waste, which significantly reduces the amount of waste
sent to landfills. However, the problem is secondary waste, which is the product of combustion and is classified as hazardous waste.
After being properly treated, they end up in hazardous waste landfills, which, despite the use of advanced security measures, pose a
potential threat to the environment.

Keywords: municipal waste, waste incineration, secondary waste
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mineralnych - przeglad referatow zaprezentowanych

Abstrakt

Artykut stanowi przeglad wybranych referatow zaprezentowanych podczas konferencji KOMEKO 2023, zorganizowanej w Szczyrku
przez Instytut Techniki Gérniczej KOMAG w dniach od 27 do 29 marca br. Ich tematyka dotyczyla m.in. innowacyjnych rozwigzan
technicznych i technologicznych

w zakresie przerobki mechanicznej surowcéw mineralnych, racjonalnego gospodarowania odpadami zgodnie z wymaganiami
Zielonego Ladu, wytwarzania wodoru i kompozytow geopolimerowych z odpadow pogérniczych, wzbogacanie odpadéw oraz
kruszyw zawierajgcych pierwiastki ziem rzadkich czy tez recyklingu odpadéw zawierajgcych lit. Duzym zainteresowaniem
uczestnikow konferencji KOMEKO 2023 cieszylt sig panel dyskusyjny poswigcony zautomatyzowanemu, zeroodpadowemu zakladowi
przerdbczemu. Szczegblng uwage zwrécono na temat zagospodarowania odpadow wydobywczych w Polsce w Swietle wyzwan
europejskiej gospodarki o obiegu zamknigtym oraz na temat bezpieczernistwa eksploatacji maszyn i urzgdzen przerébczych w aspekcie
wdrazania innowacyjnych rozwigzan. Konferencja naukowo-techniczna KOMEKO 2023 stanowila forum interesujgcej wymiany
wiedzy i doswiadczeni zawodowych miedzy naukowcami, producentami maszyn i urzqgdzehi przerébczych, a ich uzytkownikami
reprezentujgcymi sektor producentéw surowcéw mineralnych. O sukcesie konferencji swiadczg ozywione i owocne dyskusje miedzy

wszystkimi interesariuszami procesu przerobki surowcow mineralnych.

Stowa kluczowe: przerébka surowcéw mineralnych, gospodarowanie odpadami, recykling odpadéw, odpady pogornicze, maszyny

urzgdzenia przerdbcze

1. Wprowadzenie

Konferencja naukowo-techniczna KOMEKO 2023 zostala
zorganizowana przez Instytut Techniki Goérniczej KOMAG
w okresie od 27 do 29 marca br. Na miejsce konferencji wy-
brano hotel “Klimczok” w Szczyrku, gdzie uczestnicy mogli
w komfortowych warunkach bra¢ udzial w sesjach, dysku-
sjach oraz wydarzeniach towarzyszacych. Honorowy patronat
objeto Ministerstwo Aktywow Panstwowych, natomiast part-
nerami konferencji byli: Jastrzgbska Spotka Weglowa S.A.,
Polska Grupa Gornicza S.A. oraz HALDEX S.A., partnerami
merytorycznymi zostali: Instytut Gospodarki Surowcami Mi-
neralnymi i Energig Polskiej Akademii Nauk oraz Polskie To-
warzystwo Przerébki Kopalin. Patronat medialny sprawowaty
czasopisma: “Inzynieria Mineralna” oraz “Mining Machines”.
Tematyke pigciu sesji konferencyjnych ukierunkowano na
przemyst przyjazny dla $rodowiska. Program obejmowal
prezentacje 25 referatéw przygotowanych przez naukowcow,
producentéw maszyn i urzadzen przerdbczych oraz ich uzyt-
kownikéw reprezentujacych kopalnie surowcéw mineral-
nych. Konferencja KOMEKO 2023 stanowila forum wymia-
ny wiedzy i do$wiadczen miedzy interesariuszami proceséw
przerobki surowcow mineralnych. Na podkreslenie zastuguje
fakt, ze w wielu referatach zaprezentowano innowacyjne roz-
wigzania techniczne i technologiczne w zakresie przerébki
surowcow mineralnych, racjonalnego gospodarowania odpa-
dami, wytwarzania wodoru i kompozytéw geopolimerowych
z odpadéw pogorniczych, wzbogacania odpadéw oraz kru-
szyw zawierajacych pierwiastki ziem rzadkich, rekuperacji
ciepla z istniejacych sktadowisk odpadéw pogorniczych, czy

recyklingu odpadéw zawierajacych lit. Konferencje rozpoczat
panel dyskusyjny, ktérego tematyka byla ukierunkowana na
w pelni zautomatyzowany, zeroodpadowy zaktad przerdbczy
w aspekcie racjonalnego gospodarowania odpadami. W dys-
kusji uczestniczyli przedstawiciele nastepujacych instytucji:
KGHM Cuprum - Centrum Badawczo-Rozwojowe, Instytut
Techniki Gérniczej KOMAG, Instytut Gospodarki Surowca-
mi Mineralnymi i Energig Polskiej Akademii Nauk oraz Po-
litechnika Krakowska. Z duzym zainteresowaniem uczestnicy
konferencji KOMEKO 2023 wystuchali referatu przedstawi-
ciela Wyzszego Urzedu Gorniczego na temat bezpieczenstwa
eksploatacji maszyn i urzadzen w odkrywkowym zakladzie
gorniczym. Tematyka poszczegolnych sesji przedstawiata sie
nastepujgco:

Sesja I - Zeroodpadowy zaklad przerobczy

Tematyka referatow dotyczyla zagospodarowania odpa-
dow wydobywczych w Polsce w $wietle wyzwan europejskiej
gospodarki o obiegu zamknietym, modernizacji zakladu
przeroébczego w kierunku niskiej emisji i automatyzacji pro-
ceséw, nowych sposobow zagospodarowania produktéw pro-
cesu przerdbczego w polskim gornictwie oraz ekonomicznej
oceny koncepcji budowy w pelni zautomatyzowanego, nisko-
emisyjnego zakladu przerébczego w warunkach polskich.

Sesja II - Gospodarowanie odpadami

Tematyka referatéw byla ukierunkowana na odzysk litu
z odpaddéw, nowa technologie¢ wytwarzania wodoru i kompo-
zytow geopolimerowych z odpadéw pogérniczych, potencjal
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Fig. 1. Hard coal and the environment — mining waste
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Fig. 2. Waste in hard coal production

finansowy i technologiczny recyklingu zuzytych sprzetéw
elektrycznych i elektronicznych oraz na koncepcje przyjaznej
dla srodowiska technologii odzysku metali z zuzytych plyt ob-
wodow drukowanych.

Sesja III - Wykorzystanie odpadow

Zagadnienia, przedstawione w referatach wygloszonych
w tej sesji, byly zwigzane z ochrong powierzchni terenu przed
szkodami gérniczymi, wykorzystaniem kopaliny towarzy-
szacej wydobyciu wegla do produkeji kruszyw, efektywnym
wykorzystaniem drobnoziarnistych surowcéw weglowych
w procesach kompaktowania, prototypem dezintegratora,
rozwojem technologii wychwytu CO2 oraz rekuperacjg cie-
pla z istniejacych i budowanych sktadowisk odpadéw pogér-
niczych.

Sesja IV - Zaklad przerdbcezy przyszlo$ci

Referaty prezentowaly kierunki dzialan modernizacyj-
nych w zakladach przerdbki mechanicznej, a takze innowa-
cyjng metode wymiany tasmy w przenosniku tasmowym,
informacje o komponentach ze stali trudnoscieralnej stoso-
wanych w zakladach przerdbezych, na temat nowoczesnych
rozwigzan przerobki mechanicznej wegla, poprawy wlasnosci
uzytkowych wegli oraz konsekwencji dla zakladéow przerob-
czych wynikajacych ze zmiany wymogéw dla silnikéw elek-
trycznych.

Sesja V - Innowacyjne rozwigzania

W ostatniej sesji konferencyjnej przedstawiono wyniki
badan systemu do zabezpieczania kolejowych transportéw
wegla przed pyleniem wtérnym oraz dzialaniem czynnikéw

atmosferycznych, informacje na temat wzbogacenia odpadéw
oraz kruszyw naturalnych zawierajacych pierwiastki ziem
rzadkich, wyniki badan wplywu zakresu uziarnienia wegla
koksowego na efektywno$¢ procesu flotacji pianowej oraz
drogi rozwoju od maszyny do systemu mechatronicznego na
przykladzie flotacji mutow weglowych.

Uczestnicy konferencji zwracali uwage na aktualno$¢ jej
tematyki, zwlaszcza w aspekcie Sprawiedliwej Transformacji
Rejondéw Pogdrniczych, Gospodarki o Obiegu Zamknigtym
oraz Zielonego Ladu. Podkreslali celowo$¢ organizacji tego
typu wydarzen, sprzyjajacych nie tylko wymianie doswiad-
czen naukowych, badawczych i technicznych, ale réwniez
integracji $rodowiska interesariuszy proceséw przerdbki su-
rowcéw mineralnych.

2. Przeglad literatury

Problematyka konferencji jest opisana w wielu dostep-
nych publikacjach zaréwno krajowych, jak i zagranicznych.
Jej aktualnoé¢ oraz interdyscyplinarny charakter potwier-
dzaja przeanalizowane artykuly, zawierajace wyniki badan
i analiz, w szczeg6lnosci dotyczy to metod zarzadzania §ro-
dowiskiem na terenach pogérniczych i transformacji tere-
néw skladowisk odpadéw goérniczych i przerdbezych na te-
renie Zaglebia Gornoslaskiego, co bylo przedmiotem analiz,
ktérych wyniki opisano w [1]. Analizy dotyczyly sktadowisk
réznej wielkos$ci, tworzonych w réznych okresach czasu na
przestrzeni wielu lat. Byly tu skladowiska o réznym ksztalcie
i réznej szacie rodlinnej na ich powierzchni. Zidentyfikowa-
no obszary nagrzewania si¢ skladowisk. Palace si¢ sktado-
wiska stanowia powazne zagrozenie dla $rodowiska, wiec
ich monitoring odgrywa bardzo wazng role, umozliwiajac
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Fig. 3. Storage of waste on the surface

optymalne zarzadzanie skltadowiskami odpadéw z punktu
widzenia ochrony §rodowiska. Innowacyjna metod¢ moni-
torowania neutralizacji odpadéw pochodzacych z procesow
przerébczych przedstawiono w [2]. Wykorzystano w niej
zalezno$¢ miedzy wapniem i siarka wystepujacymi w odpa-
dach. Metoda ta pozwala skutecznie wyeliminowaé tworze-
nie si¢ kwaséw w odpadach powstalych w wyniku przerdbki
wegla. W literaturze mozna znalez¢ interesujace publikacje
dotyczace rekultywacji terenéw zajmowanych przez sktado-
wiska odpadéw pogérniczych w aspekcie wtornego wyko-
rzystania mineraléw odzyskanych ze skltadowisk oraz two-
rzenia nowych ekosysteméw na rekultywowanych terenach
[3]. Wpltyw odpaddéw gorniczych i energetycznych na jako$é
gleby zaprezentowano w [4]. Analizowano zawarto$¢ me-
tali ciezkich (Cd, Co, Cr, Cu, Ni, Pb, Zn) z zastosowaniem
metody spektrometrii emisyjnej (ICP-AES) oraz dyfrakeji
z zastosowaniem promieni Roentgena (XRD). Materialy od-
zyskane ze skladowisk moga stanowi¢ cenny surowiec dla
budownictwa, w wielu przypadkach zastepujacy cement [5].
Geomaterialy pochodzace ze skladowisk sg wykorzystywane
jako kruszywa. W [6] przedstawiono wyniki badan ukierun-
kowanych na okreslenie przydatnosci odpadéw goérniczych
i przerobcezych do produkcji cegiel, stwierdzajac, ze moze to
by¢ surowiec alternatywny. W [7] podano przyktady wyko-
rzystania odpadéw weglowych, pochodzacych z recyklingu,
jako materialu do budowy drég. W procesie wzbogacania
mineraléw stosowane sa rézne technologie m.in. klasyfika-
tory z autogenicznym tozem zawiesinowym [8] czy osadzarki

do wzbogacania wegla koksowego [9]. Aspekt ochrony $ro-
dowiska analizowano w przypadku woéd odprowadzanych
z nieczynnej kopalni w Pélnocnej Portugalii [10]. Badano
46 parametrow jako$ciowych wody pochodzacej z wyrobisk,
stwierdzajac, ze zaréwno pod wzgledem chemicznym, jak
i fizycznym, woda ta nie stanowi zagrozenia dla srodowiska.
Jedna z metod wykorzystania drobnych sortymentéw wegla
oraz popioléw lotnych jest ich granulowanie i brykietowanie
[11]. Jak juz wcze$niej wspomniano [1], palace sie sktadowi-
ska odpadéw goérniczych na gérnym Slasku s3 przedmiotem
badan oraz dziatan zaradczych, realizowanych od wielu lat
réznymi metodami, ktorych skuteczno$¢ nie jest satysfakcjo-
nujaca. Zmiany w glebie wywolane przez palace skladowiska
przeanalizowano w [12]. Zarzadzanie skladowiskami odpa-
dow wymaga wspolpracy miedzy przedstawicielami prze-
mystu, urzednikami na szczeblu panstwowym, regionalnym
i lokalnym, a takze naukowcami i interesariuszami procesu
zagospodarowania skladowisk, ktérzy reprezentuja rozne
grupy spoteczne [13]. System ten efektywnie funkcjonuje
w Australii. Wyniki wielu projektéw naukowo-badawczych
w zakresie mechanicznej przerdbki surowcéw mineralnych,
innowacyjnych rozwigzan maszyn i urzadzen, gospodaro-
wania odpadami w aspekcie ich ponownego wykorzystania
zgodnie z wymaganiami gospodarki o obiegu zamkni¢tym
przedstawiono w [14]. Przeglad literatury stanowil dla Auto-
rek istotng wskazowke ulatwiajaca wybdr referatow przedsta-
wionych podczas konferencji KOMEKO 2023 do zaprezento-
wania w niniejszym artykule.
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Fig. 5. Comparison of the existing and planned enrichment system
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Rys. 6. Uproszczony schemat technologiczny nowego zakladu przerébezego

Fig. 6. Simplified technological scheme of the new processing plant

3. Przeglad wybranych referatow

Autorki publikacji postanowily dokona¢ wyboru szesciu
referatow, ktére ich zdaniem przedstawialy problematyke
przerdbki surowcéw mineralnych w sposob interdyscyplinar-
ny oraz mialy charakter rozwigzan innowacyjnych, a takze
dotyczyty zagadnien gospodarki o obiegu zamknigtym, Spra-
wiedliwej Transformacji Rejonéw Pogdrniczych oraz Zielone-
go Ladu.

o Gospodarka o obiegu zamknigtym - unijne wymagania
w odniesieniu do odpadéw wydobywczych [15]

W Unii Europejskiej obowiazuja trzy dyrektywy dotycza-
ce zagospodarowania odpadéw wydobywczych w kontekscie
gospodarki o obiegu zamknigtym:

- Dyrektywa 2006/21/WE okreéla zasady postepowania

z odpadami wydobywczymi oraz wymagania w zakresie

ochrony $rodowiska i zdrowia czlowieka,
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Rys. 7. Proponowana lokalizacja nowego Zakladu Przerébczego

Fig. 7. Proposed location of the new Processing Plant

Rys. 8. Mobilny system wzbogacania odpadow

Fig. 8. Mobile waste enrichment system

- Dyrektywa 2008/98/WE promuje gospodarke o obiegu
zamknietym poprzez minimalizowanie iloéci odpadow,
maksymalizowanie odzysku surowcow oraz zmniejszanie
emisji gazow cieplarnianych i zanieczyszczen.

- Dyrektywa Parlamentu Europejskiego i Rady 2018/851
z 30 maja 2018 roku zmieniajaca dyrektywe 2008/98/WE
w sprawie odpadow.

Dyrektywa Rady Europy 2006/21/WE okresla szczegotowe
wymagania dotyczace gospodarowania odpadami wydobyw-
czymi oraz ustanawia zasady ich przemieszczania i unieszko-
dliwiania w sposob bezpieczny dla $rodowiska. Jej zalozenia
obejmujg m.in. minimalizacj¢ ilosci odpadéw poprzez wyko-
rzystanie najlepszych dostepnych technologii i proceséw pro-
dukgji, selekcje odpaddw, ktére mogg by¢ poddane odzyskowi
surowcow wtdrnych lub wykorzystaniu w inny sposob, oraz
wprowadzenie procedur post¢gpowania z odpadami, okre$lenie
wymagan dotyczacych planowania, projektowania, budowy
i eksploatacji sktadowisk odpadow, zwiekszenie odpowiedzial-
noéci producentéw za odpady, m.in. poprzez wprowadzenie
obowiazku dostarczania informacji na temat wlasciwosci odpa-
dow, sposobdw ich przechowywania i transportu. Wprowadza
wymaganie wdrozenia systemu monitorowania emisji i dziatan
na rzecz ochrony $rodowiska, a takze wspierania innowacji
i rozwoju technologii, ktére pozwola na lepsze wykorzystanie
surowcow wtornych. Na rys. 1-4 przedstawiono informacje na
temat odpadéw pochodzacych z gérnictwa wegla kamiennego.

W Polsce zdefiniowano gospodarke o obiegu zamknie-
tym w “Mapie drogowej transformacji w kierunku gospodar-

ki o obiegu zamknigtym” w 2019 roku. Odpady, powstajace
przy wydobyciu wegla kamiennego, w 2022 roku wyniosty
20,14mln ton, z czego 75% zostato gospodarczo wykorzysta-
nych na powierzchni. W przypadku goérnictwa weglowego
okoto 5 milionéw ton sktadowanych odpadéw wydobywczych
moze by¢ wykorzystanych do produkeji metakaolinitu, zeoli-
tu, geopolimeréw oraz kruszyw lekkich.

o Modernizacja zaktadu przerébczego w kierunku niskiej
emisji i automatyzacji procesow - innowacyjnosé¢ przerobki
przysztosci [16].

Istotnym ogniwem w ciagu technologicznym produkcji
wegla, jako produktu handlowego, sa zaklady mechanicznej
przerobki wegla, ktorych kluczowym zadaniem jest wytwo-
rzenie produktu zgodnego ze zréznicowanym zapotrzebo-
waniem poszczegolnych segmentéw rynkowych. Produkcja
wegla kamiennego o wysokich parametrach jako$ciowych
wymaga automatyzacji proceséw przerdbczych, innowa-
cyjnych rozwiagzan urzadzen oraz technologii wzbogacania.
Obecnie wzbogacanie wegla kamiennego w polskich zakta-
dach przerdbezych opiera si¢ na technologii cieczy cigzkiej
zawiesinowej dla ziaren > 20 (30) mm, osadzarkach pulsacyj-
nych dla ziaren < 20(30)mm oraz na zastosowaniu flotacji dla
ziaren < 0,5 mm w przypadku wzbogacania wegli koksowych.

Za granica proces wzbogacania odbywa si¢ wylacznie
w cieczy cigzkiej zawiesinowej. Zawezanie klas ziarnowych,
kierowanych do wzbogacania, zwlaszcza w przypadku ziaren
drobnych, ma istotny wplyw na skutecznos¢ procesu wzbo-
gacania, totez celowe jest zastosowanie wzbogacalnika z au-
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Rys. 9. Kostki wykonane z geopolimerow
Fig. 9. Cubes made of geopolymers

Rys. 10. Przykladowe zastosowanie geopolimeréw: a) poziomowanie b) wypelnianie kawern c) wsparcie strukturalne

Fig. 10. Example application of geopolymers: a) leveling b) cavities filling c) structural support

togenicznym lozem zawiesinowym do wzbogacania ziaren
2-0,5mm.

Automatyzacja procesow przerdbcezych obejmuje catoksztalt
zagadnien zwigzanych z automatyzacja kierowania nadawy i za-
silania poszczegélnych urzadzen, a takze ich sterowanie i bloka-
dy. Obejmuje réwniez sterowanie i zarzadzanie dyspozytorskie,
automatyke obiegu cieczy ciezkiej, regulacje i sterowanie pro-
cesami technologicznymi. Nowy paradygmat rozwoju spotecz-
no-gospodarczego, jakim jest zasobooszczedno$¢ i gospodar-
ka o obiegu zamknietym uwzglednia fakt, ze odpady gornicze
i odpady przerdbcze, poza substancja weglowa, zawieraja wiele
surowcow i pierwiastkéw, ktére moga zosta¢ wykorzystane na
skale przemystowa. Sg to przede wszystkim piaskowce, mulow-
ce, ifowce i tupki weglowe, ktére moga by¢ wykorzystane w bu-
downictwie. Na rys.5-7 pokazano informacje na temat uktadu
wzbogacania oraz nowego zakladu przerdbczego.

Zastosowanie nowoczesnych rozwigzan techniczno-
-technologicznych w postaci cyklonéw z cieczg ciezka oraz
wzbogacalnikéw zawiesinowych umozliwi zwiekszenie efek-
tywnosci proceséw wzbogacania wegla koksowego i w efekcie
zwiekszong produkcje koncentratu koksowego dla zalozonej
zawartosci popiotu oraz uzyskanie korzystniejszych para-
metrow jakosciowych produktu odpadowego, co zostato po-
twierdzone wynikami badan laboratoryjnych zrealizowanych
w ITG KOMAG. System rozproszonego sterowania zwiekszy
zakres automatyzacji, zapewniajac optymalizacje produkcji
i zuzycia energii, a takze niezawodnos¢ i bezpieczenstwo pro-
cesu wzbogacania.

o Nowa technologia wytwarzania wodoru i kompozytow ge-
opolimerowych z odpadow pogorniczych [17]

W referacie przedstawiono gléwne cele projektu europej-
skiego koordynowanego przez ITG KOMAG, realizowanego
w ramach Funduszu Badawczego Wegla i Stali. Celem projek-
tu jest opracowanie nowej technologii przetwarzania odpa-
déw mineralnych i popioléw lotnych z wykorzystaniem CO2
do produkeji kompozytéw geopolimerowych. Projekt okresli
kierunki zagospodarowania frakeji energetycznej wydzielo-
nej z odpadéw. Zaplanowane badania beda ukierunkowane
na opracowanie efektywnej metody produkcji wodoru z gazu

syntezowego otrzymywanego w procesie zgazowania frakcji
weglowych. W celu uzyskania wysokiej jakosci materiatow
z odpadéw wydobywczych zostanie opracowana koncepcja
i dokumentacja mobilnego systemu wzbogacania odpadéw
kopalnianych, ktéry bedzie wyposazony w innowacyjny sys-
tem sterowania umozliwiajacy efektywna separacje odpadow.
Technologie przetwarzania odpadéw pogérniczych, opraco-
wane w ramach projektu pozwolg na likwidacje hald, co jest
spojne z wizja gospodarki o obiegu zamknietym, w ktdrej
odpady powstale na etapie produkcji moga zosta¢ poddane
recyklingowi i stac si¢ zasobem. Na rys.8 pokazano mobilny
system wzbogacania odpaddéw, ktéry zostanie zbudowany
w ramach projektu.
Sktadowiska odpadéw kopalnianych, powstale gtéwnie
w wyniku mechanicznej przerébki wegla kamiennego, degra-
dujg $rodowisko i stwarzajg wiele zagrozen, do ktérych nalezy
zaliczy¢ pozary i zwiazane z nimi wydzielanie gazéw zanie-
czyszczajacych atmosfere, a takze zanieczyszczanie wod po-
wierzchniowych i gruntowych poprzez wymywanie ze skta-
dowisk chlorkdéw i siarczanéw. Sktadowiska zajmujg znaczne
powierzchnie gruntu, ktory staje si¢ nieuzytkiem. Wykorzy-
stanie odpaddéw, zalegajacych na skladowiskach, wpisuje si¢
w polityke zréwnowazonego rozwoju, gdyz przyczynia sie do
zmniejszenia iloéci skladowanych odpadéw oraz uzyskania
oszczednosci w nieodnawialnych zasobach surowcédw natu-
ralnych. Po odpowiedniej przerdbce odpady kopalniane moz-
na wykorzystac jako:
o mieszanki kruszyw wzbogacanych innymi mrozood-
pornymi kruszywami,
o materialy do budownictwa hydrotechnicznego,
o skfadnik do produkecji materiatéw budowlanych,
o skiadnik do podbudéw zasadniczych i pomocni-
czych,
o material podsadzkowy do podsadzania wyrobisk
podziemnych,
o material podsypkowy do zimowego utrzymania drég
oraz stabilizacji i wypelniania gruntéw.

Z analizy literatury wynika, ze zawarto$¢ wegla w odpa-
dach wydobywczych moze sigga¢ nawet 30%. Frakcje mine-
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Rys. 11. Separator magnetyczny — zasada dziatania
Fig. 11. Magnetic separator — principle of operation

Rys. 12. Separator magnetyczny — podajnik wibracyjny materiatu
Fig. 12. Magnetic separator — material vibrating feeder

ralne i energetyczne, odzyskane w wyniku procesu wzboga-
cania w osadzarkach, moga stanowi¢ surowiec do dalszego
przetwarzania z wykorzystaniem innych materiatéw odpa-
dowych. Jednym z kierunkéw jest mozliwo$¢ wytworzenia
geopolimerow, ktére znalazty szerokie zastosowanie w trans-
porcie, metalurgii, materialach filtracyjnych i utylizacji od-
padéw jadrowych. Na rys. 9 pokazano kostki wykonane z ge-
opolimerdw.

Do zalet geopolimerow nalezy zaliczy¢ doskonate wiasci-
wosci mechaniczne oraz odpornoé¢ na dziatanie wysokich
temperatur i kwasow, natomiast ich wada jest wyzsza tem-
peratura utwardzania, gdyz temperatura otoczenia nie jest
wystarczajaca, krotki czas wigzania oraz stosunkowo wysoka
cena. W przypadku utwardzania w temperaturze otoczenia
geopolimery maja nizsza wytrzymato$¢ i twardos¢. Na rys. 10
przedstawiono przykladowe zastosowanie geopolimeréw.

Nalezy podkresli¢ fakt, ze w ramach projektu zostanie
przeprowadzona inwentaryzacja czynnych i rekultywowa-
nych skladowisk odpadéw kopalnianych w wybranych kra-
jach Europy, beda przeprowadzone badania fizykochemicz-
nych i mechanicznych wlasciwosci odpadéw wydobywczych
oraz zostanie opracowana baza danych. Realizacja projektu
przyczyni si¢ do osiggniecia nastepujacych celow:

- $rodowiskowe: lepsza efektywno$¢ wykorzystania zaso-

boéw i zredukowany wplyw na srodowisko, zmniejszenie

ilo$ci odpadéw zalegajacych na hatdach kopalnianych,
ekonomiczne: pozyskanie inwestycji, wdrozenie inno-
wacyjnych rozwiazan i stworzenie nowych miejsc pracy,
odzysk i recykling materialéw z odpadéw kopalnianych,

- spoleczne: opracowanie modelu przeksztalcenia tere-

néw pogorniczych, utworzenie nowych miejsc pracy,

Rys. 13 Separator magnetyczny — odbior materiatu diamagnetycznego
Fig. 13 Magnetic separator — collection of diamagnetic material

- techniczne/ technologiczne: wdrozenie nowych pro-
duktow i ustug,

- naukowe: wzmocnienie Europejskiej Przestrzeni Ba-
dawczej i promocja europejskiego przywddztwa w dzie-
dzinie innowacji srodowiskowych.

Podsumowujac mozna stwierdzi¢, ze projekt wprowadzi
nowe praktyki w zakresie przetwarzania odpaddw gorniczych
ze skladowisk. Zostanie stworzona baza danych zwatowisk
odpadéw gorniczych w wybranych krajach europejskich,
bedzie okreélona charakterystyka zdeponowanych odpadow
i opracowany system wzbogacania odpadéw kopalnianych
oraz zostanie okres$lona mozliwo$¢ wykorzystania odpadéw
mineralnych do produkcji kompozytéw geopolimerowych.
Dla opracowanego systemu zostang wykonane analizy ekono-
miczne, srodowiskowe, spoteczne i prawne.

» Wzbogacanie odpadow oraz kruszyw naturalnych zawiera-
jgcych pierwiastki ziem rzadkich [18].

Prezentacja dotyczyla ilo§ciowej analizy zawartosci
pierwiastkéw ziem rzadkich (REE) w nastepujacych mate-
riatach: muly weglowe, odpady energetyczne, kruszywo ba-
zaltowe oraz kruszywa naturalne. Wykorzystano technike
spektrometrii mas plazmowych dla materiatu, ktéry pod-
dano klasyfikacji granulometrycznej oraz separacji magne-
tycznej. Pierwiastki ziem rzadkich dzielg si¢ na dwie grupy:
lantanowce i skandowce. Do potencjalnych zrédet pierwiast-
kow ziem rzadkich naleza: wegiel kamienny, popidt wegla
kamiennego, odpad energetyczny, zfoza piaskow i zwirdw,
zuzyty sprzet elektroniczny, a takze odpad fosfogipsowo-a-
partytowy.
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Tab. 1. Zestawienie produktéw rozkladu masowego separacji magnetycznej

Tab. 1. List of mass decomposition products of magnetic separation

Oznaczenie
rébki. masa Oznaczenie
P ! probki, masa
Masa produktu ram
Lp. Identyfikacja probki Natezenie pola mag. [V] probki | paramagnety P Gznzgety
[al cznego slabszego
mocniejszeq (gl
olal
189/21/P1
1 Kruszywo 2-0 25 90 1,06 -
173i21/P10 17321P1
2 | Muly weglowe 25 %0 0,46 1,41
180/21/P16 189/21/P11
3 Kruszywo bazallowe 25 90 284 504
4 Kruszywo bazaltowe 25 %0 180/21/P13 180/21/P14
0,125-0 3,05 291
5 Kruszywo bazaltowe 25 % 180/21/P9 180/21/P10
0,5-0,125 2,06 419
Odpad energetyczny 189/21/P3 189/21/P6
b | keakow % 9 24,06 79
7 Odpad energetyczny 25 %0 189/21/P2 189/21/P5
Krakow 0,125-0 40 182
8 Odpad energetyczny 25 %0 189/21/P7 189/21/P4
Krakéw 0,5-0,125 4,04 825

Tab. 2. Total content of rare earth elements in magnetic separation products

Tab. 2. Sumaryczne zawartosci pierwiastkéw ziem rzadkich w produktach separacji magnetycznej

Produkt paramagnetyczny Produkt paramagnetyczny

Surowy materiat mocniejszy

Lp Identyfikacja probki e Zawartost Zawartosé

pierwiastkow ziem | Numer probii f'm:‘m Numer probki mm

rzadkich [ppm] {ppm]

1 Kruszywo 2-0 252,85 189/21/P1 96,06 brak produktu

2 Muly weglowe 263,8 173/21/P10 40,45 173/21/P11 36,29

3 Kruszywo bazaltowe 190,0 180/21/P16 26,35 185/21/P11 212,87

4 Kruszywo bazaltowe 0,125-0 mm 190,0 180/21/P13 151,54 180/21/P14 1505

5 Kruszywo bazaltowe 0,5-0,125 mm 190,0 180/21/P3 250,22 180/21/P10 229,54

6 Odpad energetyczny Krakow 261,5 189/21/P3 177,44 189/21/P6 66,16

7 | Odpad energetyczny Krakow 0,125-0 261,5 189/21/P2 206,14 189/21/PS 179,12

8 | Odpad energetyczny Krakdw 0,5-0,125 261,5 189/21/P7 200,06 183/21/p4 109,56

Badaniom poddano muly weglowe pochodzenia gorni-
czego pozyskane ze skladowiska w okolicach Nowej Rudy, od-
pad energetyczny byl mieszaning zuzli oraz popiotéw lotnych
pozyskanych ze skladowiska zlokalizowanego w Krakowie,
kruszywo bazaltowe pochodzilo z kopalni bazaltu znajduja-
cej sie w potudniowo-zachodniej Polsce, a kruszywo 2-0 mm
bylo odpadem uzyskanym z wzbogacalnikow strumieniowo-
-zwojowych pracujacych w jednej z gornoslaskich kopaln we-
gla kamiennego. Na rys.11-13 przedstawiono realizacje badan
intensyfikacji REE w klasach ziarnowych 0-0,125 oraz 0,125
- 0,5 mm z wykorzystaniem separatora magnetycznego.

Zestawienie produktéw rozkladu masowego separacji
magnetycznej przedstawia Tabela 1.

Badania zawarto$ci pierwiastkow ziem rzadkich w prob-
kach materialéw przeprowadzono w Laboratorium Inzynie-
rii Materiatowej i Srodowiska ITG KOMAG. Wykorzystano
metody spektrometrii mas z jonizacjg w plazmie indukcyjnie

sprzezonej (ICP-MS). Metoda polega na pomiarze intensyw-
noéci jonéw powstalych w strumieniu plazmy. Rys.14 przed-
stawia spektrometr ICP-MS wykorzystany w badaniach ze
wzgledu na drobne uziarnienie materiatu oraz zréznicowany
sktad chemiczny probek.

W Tabeli 2 przedstawiono sumaryczne zawarto$ci pier-
wiastkow ziem rzadkich w produktach separacji magnetyczne;.

Brak wzrostu lub niewielki wzrost zawartoéci pierwiast-
kéw ziem rzadkich w produktach poddanych procesowi sepa-
racji magnetycznej moze wskazywad na zbyt niskie natezenie
zastosowanego pola magnetycznego. Dalszy etap prac badaw-
czych powinien uwzglednia¢ wielowariantowe badania na-
tezenia pola magnetycznego lub zastosowanie innej metody
wzbogacania np. separacja magnetyczna w osrodku wodnym.

* Recykling odpadow zawierajgcych lit z rejonu Krusné Hory
w Czechach [19]
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Rys. 14. Spektrometr ICP-MS
Fig. 14. ICP-MS spectrometer
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Rys. 15. Lokalizacja kopalni Cinovec

Fig. 15. Location of the Cinovec mine

(=% Leipzig
o j\\‘\.\} 8 ®  Dresden Wroglaw
e s < = Srmany = Cagstochowa !
(\/’oh‘mi . P 3
? Slavkov Pm‘guc atowice?  Krakéw
X 3 )
- v i ’r'/ Muremberg Czechia
\\ L e 9 o]
N n
S Slovakia
Location in the Czech Republic Munich

Coordinates: (g 50°8"19"N 12°47'59"E

L Sdigourg

Rys. 16. Lokalizacja kopalni Horni Slavkov

Fig. 16. Location of the Horni Slavkov mine

Rys. 17. Ziarna zinnwaldytu

Fig. 17. Zinnwaldite grains

Zasoby litu na $wiecie wynosza okofo 22 mln ton, nato-
miast produkcja $wiatowa dochodzi do 82tys. ton/rok. Biorac
pod uwage fakt, ze w 2022 roku cena LiCO3 wynosita 81 130
USD/tong, to warto$¢ rocznej produkcji dochodzi do okolo
6 mld 653 mln USD. Polska jest piatym na $wiecie dostaw-
cg litowo-jonowych akumulatoréw samochodowych lub ich
komponentéw, natomiast w Europie jest na pierwszym miej-
scu. W 2021 r. nasz kraj zaspokajal okolo 60% europejskiego
popytu na akumulatory do pojazdéw elektrycznych. Na rys.15
pokazano lokalizacj¢ kopalni Cinovec w Czechach, gdzie pro-
wadzono badania.

Kopalnia Cinovec posiada 3,5 mln ton odpadéw, w kto-
rych zawartos$¢ litu wynosi 0,2%. Stosuje si¢ wzbogacanie
grawitacyjne magnetyczne oraz flotacje. Rys.16 przedstawia
lokalizacje kopalni Horni Slavkov w Czechach.

Do wzbogacania zaproponowano separacje magnetyczna
na makro o duzym natezeniu pola (WHIMS) celem oddzie-

lenia miki zawierajacej lit (zinnwaldyt) i uzyskania produktu
magnetycznego - koncentratu miki. Separacja magnetyczna
jest wlasciwa w tym przypadku, poniewaz zinnwaldyt zawiera
w sieci zelazo i jest paramagnetyczny. Na rys.17 przedstawio-
no ziarna zinnwaldytu.

Schemat procesu wzbogacania przedstawiono na rys.18

Lit znajduje obecnie szerokie zastosowanie w napedach
elektrycznych samochodéw, samolotéw, pociagdw, auto-
busow, e-rowerdw, ciezaréwek oraz hulajnég. W 2010 roku
w USA lit wykorzystywano do produkeji szkla i ceramiki
(29%), baterii i akumulatorow (27%), smaréw (12%), odle-
wania ciaglego (5%), oczyszczania powietrza (4%), produkgji
polimeréw (3%), produkgji aluminium (2%), produke;ji far-
maceutykow (2%) oraz innych wyrobéw (16%).

« Innowacyjne i nowoczesne rozwigzania wspoélczesnej przerobki
mechanicznej wegla na przykladzie LW “Bogdanka” S.A. [20]
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Mieszanie

Stezony H2S04

Rys. 18. Schemat procesu wzbogacania
Fig. 18. Scheme of the enrichment process

BLOKOWY SCHEMAT TECHNOLOGICZNY

ZAKLADU PRZEROBKI MECHANICZNEJ WEGLA
LUBELSKIEGO WEGLA "BOGDANKA™ S.A.

oV
Ji obiegowej
3 Klasyfikacja
Klasyfikacja wstepna pluczka | fanwe produl koficowa
220 mm 20020 iesi ﬂ” laow @ 30 mm
Kruszenie p.p.
2 20 mm
200
Klasyfikacja na Odwadnianie
sitach strunowych produktdw
A W13
; .
I
= E|E
g L
: Sl e
Filracia \ [ o6 5 b
mutéw h ] | popluczkowych @ £l E
£
0,04-0 ] I
Giwadnianie na H 2|2
10-0.04

Rys. 19. Blokowy schemat technologiczny Zaktadu Przerobki w LW “Bogdanka” (ZPMW)
Fig. 19. Block diagram of the Processing Plant at LW “Bogdanka” (ZPMW)

Historia Zakfadu Przerébki Mechanicznej Wegla w LW
“Bogdanka” S.A. siega 1987 roku, gdy oddano do eksplo-
atacji pierwsze obiekty budowlane, maszyny i urzadzenia
zwigzane z placem skladowania wegla, klasyfikacja gru-
bych sortymentéw i zaladunkiem surowego miatlu do wa-
gonéw. W 1992 roku zakonczono budowe zakladu, oddajac
do ruchu pluczke miatowa. W 2009 roku przystgpiono do
rozbudowy celem zwiekszenia wydajnoséci z 1200 Mg/h do
2400Mg/h. Rozbudowe zakonczono w 2014 roku. Tech-
nologia Zakladu Przerdbczego sklada sie z nastepujacych
elementow:

o Przygotowanie i klasyfikacja wegla surowego.

o Wzbogacanie wegla surowego 200 - 20 mm w sepa-

ratorach cieczy ciezkiej.

o Wzbogacanie wegla surowego 20 - 1,5 (0) mm w osa-

dzarkach wodnych.

o Klasyfikacja i filtracja mutéw.

o Odstawa, zaladunek i magazynowanie produktéw
wzbogacania.

Blokowy schemat technologiczny Zakladu Przerébki Me-
chanicznej Lubelskiego Wegla “Bogdanka” przedstawiono na
rys. 19.

Maszyny i urzadzenia w ZPMW pracujg w bardzo trud-
nych warunkach. Sg narazone na korozje i erozje. Do naj-
wazniejszych rozwigzan technologicznych nalezg polki
przesypowe, blachy napawane, kompozyty polimerowe, rury
polietylenowe oraz zdzieraki z weglikiem napawanym zabu-
dowane w miejscach transportu urobku z duzg predkoscia,
przy znacznej roznicy wysokoéci. Dzigki wdrozonym roz-
wigzaniom polek przesypowych wyeliminowano problem
zuzywajacych sie blach wkladkowych wigkszo$ci przesypow,
a takze uszkodzen tasm przeno$nikéw. Blachy napawane sg
stosowane w miejscach transportu urobku z duzg predkoscia,
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Rys. 20. System monitoringu ciaglego Zakladu Przerébki Mechanicznej Wegla

Fig. 20. Continuous monitoring system of the Mechanical Coal Processing Plant

Rys. 21. Instalacja zraszajaca przeciwpozarowa

Fig. 21. Fire sprinkler system

gdy nie ma mozliwosci stosowania potek przesypowych. Bla-
chy te maja duza twardo$¢ (ok. 63 HB) oraz wysoka odpor-
no$¢ na $cieranie. Kompozyty polimerowe sa wykorzystywa-
ne do napraw, regeneracji i zabezpieczen, do ktérych nalezy
zaliczy¢ wyklejanie magneséw na wale rekuperatora, naprawy
ubytkow pras filtrujacych i wykltadzin trudno$cieralnych wi-
réwek sedymentacyjno-sitowych. Dzigki zastosowanym roz-
wigzaniom wydluzono okresy migdzyremontowe eksploato-
wanych maszyn i urzadzen, zwigkszono trwaloé¢ i ulepszono
parametry pracy zespoléw pompowych. Natomiast rury po-
lietylenowe sa stosowane do transportu wszystkich mediow
(wody pluczkowe zawierajace ziarna ilaste, jak i cigzkie cie-
cze magnetytowe). Wykazuja duzg odpornos¢ na $cieranie,
nie koroduja i sg fatwe w montazu. Dzigki temu wdrozeniu
wyeliminowano problem eksploatacji rurociaggéw. Zdzieraki
z weglikiem spiekanym stuza do czyszczenia ta$m przeno$ni-
kowych podczas transportu materialéw lepkich, zabloconych
i trudnych do usuniecia. Zdzieraki skutecznie czyszcza tasmy
przenosnikowe. Najnowsze dzialania modernizacyjne w Za-
kladzie Przerébki Mechanicznej Wegla obejmuja instalacje
centralnego odkurzania, podglady na prace wezla hydrokla-
syfikacji, system wspomagajacy produkeje, dyspozytornie,
zwalowarki gasienicowo-obrotowo-tasmowe, instalacje zra-
szajaca przeciwpozarows, wykorzystanie sit strunowych do
“odmulania na sucho” oraz mobilne urzadzenie dzwigowe do
opuszczania i podnoszenia ludzi. Technologie usprawniajace
i modernizujace prace ZPMW wprowadzono w celu opty-
malizacji i unowoczesnienia procesu wzbogacania, szybsze-
go reagowania na usterki i awarie uktadu technologicznego,
wdrozenia programu Solaris Helios do systeméw predykceyj-

nych monitorujacych prace maszyn, szybszego przeplywu
informacji miedzy pracownikami wezla produkcyjnego oraz
zwigkszenia kontroli podczas etapéw wzbogacania. Na rys.20
przedstawiono system ciggtego monitoringu ZPMW zawiera-
jacy w systemie dyspozytorskim 50 kamer i w systemie stano-
wiskowym 42 kamery.

Do najnowszych modernizacji nalezy zaliczy¢ instalacje
zraszajaca przeciwpozarowa. Kurtyny wodne wyposazono
w tryskacze z ampulkami, ktére pekaja powyzej 57°C, po
czym nastepuje wyplyw wody. Jednoczesnie zostaje zatrzyma-
ny ruch przenosnika, co przedstawiono na rys.21.

Nalezy réwniez wspomnie¢ o wielu projektach racjona-
lizatorskich ukierunkowanych m.in. na zautomatyzowanie
pomiaru jakosci wegla podawanego do osadzarek, zasto-
sowanie automatycznych szufladowych préobobiernikéw
w przesypach z przeno$nikow tasmowych, zabudowe sitow-
nikow hydraulicznych do przestawiania klap przesypowych
na zwalowiskach odpadéw pogorniczych oraz zastosowanie
elastomer6w jako wyktadki zsuwni nadawczych do wzboga-
calnikéw DISA.

4. Podsumowanie

o Uczestnicy konferencji KOMEKO 2023 zwracali
uwage na aktualno$¢ jej tematyki, zwlaszcza w aspek-
cie Sprawiedliwej Transformacji Rejonéw Pogorni-
czych, wyzwan europejskiej gospodarki o obiegu za-
mknietym oraz Zielonego Ladu.

o Duzym zainteresowaniem cieszyla si¢ prezentacja,
dotyczaca zagospodarowania odpadéw wydobyw-
czych w kontekscie gospodarki o obiegu zamknie-
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tym, w ktorej okreSlono zasady postepowania
z odpadami wydobywczymi oraz wymagania w za-
kresie ochrony s$rodowiska i zdrowia czlowieka.
Istota dzialan polega na minimalizowaniu iloéci od-
padow, maksymalizowaniu odzysku surowcow oraz
zmniejszeniu emisji gazéw cieplarnianych i zanie-
czyszczen.

W Polsce zdefiniowano gospodarke o obiegu za-
mknietym w “Mapie drogowej transformacji w kie-
runku gospodarki o obiegu zamknigtym” w 2019.
W 2022 r. ilo§¢ odpadéw powstajacych przy wydo-
byciu wegla kamiennego, wyniosta 20,14 mln ton,
z czego 75% zostato gospodarczo wykorzystanych na
powierzchni.

Nowy paradygmat rozwoju spoleczno-gospodar-
czego, jakim jest zasobooszczedno$¢ i gospodarka
o obiegu zamkni¢tym uwzglednia fakt, ze odpady
gornicze i odpady przerdbcze, poza substancja we-
glowa, zawierajg wiele surowcow i pierwiastkow, kto-
re moga zosta¢ wykorzystane na skale przemystowa.
Sa to przede wszystkim piaskowce, mulowce, itowce
i tupki weglowe, ktére moga by¢ wykorzystane w bu-
downictwie.

Wrykorzystanie odpadéw, zalegajacych na sklado-
wiskach, wpisuje si¢ w polityke zréwnowazonego
rozwoju, gdyz przyczynia si¢ do zmniejszenia ilosci
sktadowanych odpadéw oraz uzyskania oszczednosci
w nieodnawialnych zasobach surowcéw naturalnych.
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Environmentally Friendly Processing of Mineral Resources - Review of Papers Presented during

the KOMEKO 2023 Scientific and Technical Conference

The article is an overview of selected papers presented during the KOMEKO 2023 conference, organized in Szczyrk by the KOMAG
Institute of Mining Technology from 27 to 29 March this year. Their topics included innovative technical and technological solutions
in the field of mechanical processing of mineral raw materials, rational waste management in accordance with the requirements of the
Green Deal, production of hydrogen and geopolymer composites from post-mining waste, enrichment of waste and aggregates conta-
ining rare earth elements or recycling of waste containing lithium. Participants of the KOMEKO 2023 conference were very interested
in the discussion panel devoted to the automated, zero-waste processing plant. Particular attention was paid to the management of mi-
ning waste in Poland in the light of the challenges of the European circular economy and the safety of operation of processing machines
and devices in the aspect of implementing innovative solutions. The KOMEKO 2023 scientific and technical conference was a forum
for an interesting exchange of knowledge and professional experience between scientists, manufacturers of machinery and processing
equipment, and their users representing the sector of mineral raw material producers. The success of the conference is evidenced by
lively and fruitful discussions between all stakeholders in the mineral processing process.

Keywords: processing of mineral resources, waste management, waste recycling, post-mining waste, machinery and processing equipment
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Abstract
The post-flotation tailings yard is one of the important elements in the copper production process. An inseparable element of the
operation of the landfill is closely related to it, systematically conducted research and control observations. These are mainly geodetic
measurements of the embankment deformation and the surface of the land in the foreground of the landfill, hydrological observations
of water levels in the embankment body and its close foreground. The article presents the methods and results of geodetic monitoring of
the now closed “Gilow” mining waste dump and the technologies used in monitoring the extent of the overlying floodplain.

Keywords: geodetic monitoring, measurements of the extent of the floodplain, facilities for the disposal of mining waste, mining waste

1. Introduction

Hydrotechnical objects are an interesting field of experi-
ments for surveyors. Predicting the influence of various fac-
tors on the behavior of dams, accompanying objects, ground
and near foreground helps to develop the necessary and eco-
nomic justification of the scope of geodetic observations [5].
Due to the variety of objects being the subject of research, it
is necessary to use various geodetic technologies. In addition
to careful and quick measurements of the deformation of the
object, care should be taken to prepare appropriate numerical
and graphic material that will suggestively show specialists
from other fields what is happening with objects observed
using geodetic methods. This material is also intended to in-
dicate the benefits of modern geodetic technologies as well as
the scope of their use in solving, for example, safety problems
of hydrotechnical facilities, especially those located in mining
areas [6].

2. Tailings and their disposal

Copper ore supplied from the mines of KGHM Polska
Miedz SA is enriched in the flotation process at the instal-
lations of the Ore Enrichment Plant Branch located in the
Lubin, Polkowice and Rudna regions. The level of mineraliza-
tion of Polish copper ores, which does not exceed 2%, means
that in the processes of their enrichment, about 94% of the
extracted mass is separated as waste. This means that with the
current extraction of approximately 32 million Mg/year, up to
30 million Mg of flotation waste is generated.

The tailings from the flotation process are finely ground
gangue containing trace amounts of ore-bearing minerals.
The basic components of the waste are quartz, dolomite, cal-
cite and kaolinite. The waste from the Polkowice mine is do-
minated by carbonate rocks (mainly dolomite), and the waste
from the Lubin and Rudna mines is dominated by sandstone.
Differences in the composition of flotation tailings from indi-
vidual enrichment plants result from different proportions of
these minerals in the processed ore. In addition to the basic

components, the waste contains small amounts of metal com-
pounds and organic carbon in the form of bituminous com-
pounds in mineralized shale rocks. Metals in flotation tailings
occur in the form of compounds that are sparingly soluble in
water, generally in the form of sulphides, sulphur salts, arseni-
des, and noble metals, partly also in native form.

A characteristic feature of the ores extracted and proces-
sed in the LGOM enrichment plants is the alkaline nature of
the gangue, resulting from the presence of dolomite and cal-
cite. The presence of carbonate minerals prevents the acidifi-
cation of the environment and the oxidation of sulfides, and
thus prevents the leaching of metals from waste both during
ore processing and during transport. The specific nature of
the LGOM deposit means that in the case of flotation tailings
produced here, there is no risk of generating acid effluents,
which are the main nuisance in the management of tailings
from the enrichment of sulphide ores from other deposits.
Due to the method of enrichment, the waste is in the form of
a passable sludge, in which the bulk of the mass is a fraction
with a grain diameter below 0.75 mm, and the size of the solid
particles generally does not exceed 2 mm. [1]

3. Description of the Gilow tailings storage facility

The "Giléw" landfill put into operation in 1968 was loca-
ted in the vicinity of the mining area of the Lubin Mine, on
the slope of flat hills. It is limited by an embankment with
a length of 6.76 km (Fig. 1). The body of the embankment
(Fig. 2), which reached the elevation of 179 m above sea level,
forms an arch line running from east to west, with its convexi-
ty facing south. The maximum height of the embankment is
22 m, the width in the crest is 4 m, and the maximum width
in the base is 97 m.

The internal slope has a slope of 1:2 and is covered with
concrete slabs 15 cm thick, and the external slope has a slope
of 1:2 to 1:2.25 and is covered with grass. The drainage sys-
tem of the embankment is a triangular gravel heap near the
escarpment.
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Fig. 1. A situational sketch of the "Giléw" landfill: 1. shaft PW; 2. shaft LZ; 3. boundary of the embankment of the protective pillar; 4. shaft LG; 5.
pipeline distributing waste along the embankment; 6. pipeline distributing waste along the flood axis; 7. overflow tower No. 2; 8. overflow tower No. 1; 9.
return water pipeline[2]

Rys. 1. Szkic sytuacyjny skladowiska ,,Gilow": 1. szyb PW; 2. szyb LZ; 3. granica obwatowania filara ochronnego; 4. szyb LG; 5. rurociag rozprowadzajacy odpad y
wzdluz obwatowania; 6. rurociag rozprowadzajacy odpad y wzdhuz osi zalewu; 7. wieza przelewowa nr 2; 8. wieza przelewowa nr 1; 9. rurociag wody zwrotnej[2]
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Fig. 2. Section of the embankment of the "Giléw" landfill: 1. mechanically compacted medium and fine sands; 2. partnership; 3. drainage; 4. concrete
pipes; 5. distribution pipelines; 6. beach; 7. concrete slabs 6 x 6 m x 15 cm on lean concrete [2]
Rys. 2. Przekrdj obwatowania skladowiska ,,Gilow": 1.piaski srednie i drobne zageszczone mechanicznie; 2. posp6tka; 3. drenaz; 4. rury betonowe; 5. rurociagi roz-
prowadzajace; 6. plaza; 7. plyty betonowe 6 x 6 m; gr. 15 cm na chudym betonie [2]

The body of the embankment was built of medium and
coarse sand transported from the deposit. Its total cubic ca-
pacity is approximately 3.7 million m?. The area of the flood-
plain assuming the height of waste depositing is 176 m above
sea level. was 5.4 km’. In this case, the target capacity of the
landfill was 51.7 million m®.

The bedrock of the landfill is made up of fluvioglacial
sediments in the form of sands, gravels and clays of varying
thickness from 30 to 50 m, resting on a layer of several do-
zen meters of Pliocene clays, which is the top of the Tertia-
ry. Generally, the thickness of the Quaternary and Tertiary
formations is about 300 m. Beneath it, there are Variegated
Sandstones and Zechstein formations. Groundwater of the
Quaternary level, fed by precipitation and infiltration from
the landfill, has a runoff direction perpendicular to the em-
bankment.

The reservoir is bounded by the ridge of the Trzebnica
Hills from the north, and by an earth dam from the other si-
des. An earth dam (crown elevation +179.0 m above sea level)
with a length of about 6.7 km and a maximum height of 22
m, it is shaped in the form of a strongly bent arch with its
convex side facing south. The dam consists of two wings, the
eastern one with the N-S course, approximately 2 km long and
the western one with the SE-NW course, approximately 5 km
long. The width of the crown, which also serves as a road to
service the tank, is 4 m, and the width of the shelf is 2 m (Fig.
1). The dam is equipped with a drainage system. Through this
system, water from the dam is discharged into the ring ditch.
The overflow tower, located in the central part of the reservoir,
rises to a height of +185m above sea level. The pipes that di-
scharge water from the spillway tower are protected by a chan-
nel called a gallery. This channel has a segmental structure.

In order to deliver the waste to the landfill and to drain the
supernatant water, the following devices were built (Fig. 1):

1. steel pipelines with a diameter of 500 mm, one run-
ning along the embankment crest and the other run-
ning along the flood line, for the discharge of waste,’

2. steel pipelines with a diameter of 1000 mm, running
from the overflow tower No. 1 and No. 2 to the pum-
ping station within the tunnel landfill, used for the
discharge of supernatant water,

3. reinforced concrete overflow towers, one of which is
located by the embankment in its southern part, and
the other is located in the central part of the landfill,
500 m from the embankment.

In the first phase of operation of the landfill, the discharge
of all waste produced in mining plants was carried out by the
method of horizontal spreading from special open channels,
arranged diagonally with an appropriate slope on the inner
slope of the embankment. The channels were equipped with
outlets that opened as the sediment level rose. A layer of water
was kept above the settlements, the maximum depth of which
was limited to 2.0 m.[2]

In the light of the consequences of the "Iwiny" landfill disa-
ster, it was decided to ensure greater safety of the "Giléw" land-
fill. For this purpose, the method of waste storage was changed,
consisting in moving the overlying water away from the em-
bankment. This effect was achieved by discharge of waste onto
the inner embankment with the use of terminals installed at 20
m intervals in the distribution pipeline running along the top of
the embankment. This way of distributing the waste led to the
deposition of coarser fractions at the embankment and finer
fractions as they moved away from the discharge points.
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Rys. 4. Calkowite odksztalcenia poziome wzdhtuz korony zapory zbiornika

The introduction of these changes was preceded by an at-
tempt at the so-called "Maly Giléw", an experimental landfill
built at that time in the eastern part of the "Giléw" landfill,
[3]. As a result of these studies, data were obtained on the
process of precipitation segregation depending on the diffe-
rent location of the overlying water discharge sites, as well as
data on the possibility of sealing the bottom of the landfill
with waste. It should be noted that the originally used waste
discharge system caused flooding of the areas on the outside
of the embankment, reaching the Lubin - Zielona Géra pro-
vincial road. This problem was eliminated after changing the
waste discharge system by sealing the bottom of the landfill.
Practically, the groundwater has decreased to its original state
before the construction of the landfill.

Due to the production of two types of waste, i.e. sand-
stone and carbonate, significantly different in grain size com-
position, the next step towards ensuring greater safety of the
landfill was their independent depositing. Sandstone waste,
characterized by a coarser grain size and a greater degree of
different grain size, was dumped from the embankment. On
the other hand, carbonate waste, characterized by a finer grain
size and a lower degree of heterogeneity, was discharged from
the landfill flooding line (Fig. 1). In this way, it was beneficial
from the point of view of maximum filling of the landfill and
its safety, closing in the so-called ring.

The overlying water was continuously brought to the ore
enrichment plants, and its periodic excess was temporarily
discharged into the Oder River. Both overflow towers and pi-
pelines, which ran in tunnels within the landfill, were used
for this purpose. Tower No. 1 was operated only in the period

when the discharge of waste was carried out from open chan-
nels, i.e. when water retention occurred at the embankment.
When the method of discharge was changed, which resulted
in the removal of the overlying basin, the collection of water
was carried out with tower no. 2.

Another operational condition was the introduction of
the principle of permanent maintenance of the sediment be-
ach at the embankment with a width equal to or greater than
100 m [5].

4. Mining exploitation in the protection pillar of the Gilow
tailings storage facility

The condition of maintaining the appropriate width of the
sediment beach was related to the permit issued in 1975 for
the mining of copper ore with roof caving directly under the
landfill and in the embankment protective pillar, which has
been carried out until now. It should be emphasized that this
was possible thanks to the changes introduced in the method
of depositing waste.

Despite the continuous exploitation of the deposit in the
protective pillar, the height of depositing waste in the "Gilow"
landfill was increased twice, up to the height of the embank-
ment crown with the permissible ordinate of damming up the
supernatant water at 177.5 m above sea level. As a result, ap-
proximately 68 million m* of waste was eventually deposited
in the landfill on an area of 5.7 km”.

The "Gilow" landfill, after reaching the permissible water
damming level in June 1980, served only as an emergency re-
tention reservoir for the discharge of excess water from the ne-
ighboring, active "Zelazny Most" landfill and water intake for
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Rys. 5. Mapa lokalizacji terenow zalewowych nad osadami poflotacyjnymi

mechanical processing of the ore. The water level has been sys-
tematically lowered since 1980. The depth and size of the basin
made it possible to keep the overflow tower in continuous ope-
rational efficiency. The observed phenomenon of meandering
of the overlying basin was mainly related to surface depressions
as a result of the exploitation of the protective pillar. The width
of the beach along the entire embankment was always greater
than the minimum allowable width of 100 m.

Due to the significant reduction of the basin, from mid-
1989, overflow tower no. 2 ceased to operate automatically. If
the basin periodically came closer than 100 m to the embank-
ment, water was pumped out to the overflow tower, draining
the water outside the landfill by gravity by means of a return
water pipeline.

5. Geodetic monitoring of the Gilow tailings storage facility.

An inseparable element of the operation of the landfill
was closely related to it, systematically conducted research
and control observations. These were mainly geodetic measu-
rements of the deformation of the embankment and the surfa-
ce of the land in the foreground of the landfill, hydrogeologi-
cal observations of water levels in the embankment body and
its close foreground, and water flows in the ditch, as well as
groundwater chemistry. Photogrammetric measurements of
the landfill and meteorological observations were also carried
out. Field geotechnical laboratory tests of sediments within
the beach area were carried out on an ad hoc basis.

Geodetic stability studies of the over 6 km long dam li-
miting the reservoir from the south and east, as well as its
close foreground and engineering facilities in its vicinity,
were based on a geodetic monitoring project developed in the
1970s, consisting of the following control measurements: [4]

o the basic horizontal control network (currently de-
termined by the GNNS satellite technology) consi-
sting of 9 points (of which 6 are located on the dam
crest),

o detailed control network in the form of polygon
sequences developed between the points of the basic
control network on the crown,

o  high-altitude network, including benchmarks lo-
cated on the dam crest, on the ledge, at the foot of
the dam and in the close foreground, as well as ben-
chmarks located on the "Giléw" supernatant water
pumping station,

o deformations on selected sections along the crown and
in cross-sections extending to its close foreground,

o aline of technical leveling with increased accuracy
between benchmarks stabilized in the gallery to the
overflow tower.

The lowering of the dam of the “Giléw” sedimentary pond
in LGOM is an example of the overlapping of various factors
influencing the lowering of the mining area [6]. These are:

o compression of the dam body due to compaction of

the fill material, from which the dam is built;

o subsidence of the dam base due to the weight of the

dam body;

o subsidence of the pond base together with the dam

due to the pressure of deposited exploitation waste;

o large-area depressions caused by dehydration of the

rock mass caused by underground exploitation;

o direct impact of the deposit exploitation on the dam

and the pond.

On this object, in order to obtain parameters describing
the deformations of the dam, observations are made all the
time in annual intervals, including: GPS measurements, field
measurements with the use of high-precision electronic total
stations, leveling measurements of the crown, shelves and foot
of the dam, and deformation measurements.

On the basis of the test results and control observations,
periodic assessments of the embankment condition and as-
sessment of the safety margin from the point of view of slip
stability of external slopes are made. This procedure became
necessary when the exploitation of the copper ore deposit in
the embankment's protective pillar was introduced. Additio-
nally, the so-called periodical confrontation of space-time
forecasts of embankment deformations with the results of ob-
servations of actual deformations [2]. The forecast of defor-
mations is updated each time, as the directions and locations
of the current exploitation of the copper ore deposit change.

The surface of the landfill sediment beach was recultiva-
ted by afforestation of a large area. At the same time, all de-
vices related to the hydrotransport of waste were liquidated.

The measurements from June 2023 show that the crown of
the embankment has been lowered, reaching ordinates from
178.0 to 175.3 m above sea level. compared to the original
elevation of 179 m a.s.l. (Fig.3)
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Fig. 6. Photo of the disused overflow tower No. 2

Rys. 6. Zdjecie nieczynnej wiezy przelewowej nr 2

Fig. 7. Photo of the floodplain in the sediments of the Giléw mining waste disposal facility

Rys. 7. Zdjecie powierzchni zalewowej w osadach obiektu unieszkodliwiania odpadéw wydobywczych Gilow

Fig. 8. Photo of the shoreline of the floodplain in the settlements of the Giléw mining waste disposal facility

Rys. 8. Zdjecie linii brzegowej zalewiska osadnika w obiekcie unieszkodliwiania odpadéw wydobywczych Gilow

The horizontal deformations of the control sections,
which are located on the section of the dam from 2500 m to
its end, have been determined since 1973. They range between
-2.25 mm/m in the vicinity of 2500 m (and this is the highest
value of compressive deformations along the dam crest, sli-
ghtly higher than the value found in previous observation pe-
riods) and +1.59 mm/m on the section of 3800 m (Fig.4) and
do not pose any threat to this type of engineering structure
what is an earth dam.

6. Studies of the extent of surface waters

Indirect impacts of mining exploitation are a wide group
of often very complex geomechanical and hydrological phe-
nomena occurring both in the rock mass and on the surface
of the terrain. They can occur under the influence of: dewate-
ring of the rock mass, transformations of the relief resulting
from direct influences, mining seismic tremors [7]. Among
the more important indirect effects of underground mining,
the following should be mentioned:

1. Disturbance of water balance and loss of groundwa-
ter resources and degradation of drinking water qu-
ality.

2. Deformations of the land surface as a result of mi-
ning drainage. Among them, there are continuous
deformations, resulting from the consolidation of

the drained soil, and discontinuous deformations,
related to the development of the suffosion process
(suffosion funnels).

3. Degradation of agricultural and forest land as a result
of lowering the groundwater table.

4. Flooding and swamps of the area and the formation
of permanent or temporary floodplains.

They may form within the subsidence basin as a result of
the relative lifting of the groundwater table, as a result of the
formation of cesspools and a change in the direction of surfa-
ce runoff, or as a result of deformation of watercourses, which
prevents the gravitational discharge of their waters. In this
way, agricultural and forest land is lost or the conditions for
plant vegetation deteriorate. In addition, the geological and
engineering properties of construction soils undergo negative
changes [8].

In the case of post-flotation tanks, there is an additional
concern that under the influence of mining activities, sedi-
ments may liquefy within the beach area.

Land flooding and the formation of permanent or tempo-
rary floodplains can also be caused by precipitation, especially
in the situation of impermeable ground and lack of outflow.

Monitoring of the range of floodplains can be carried out
using classic geodetic techniques, such as tacheometric me-
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Fig. 9. Measurement of the floodplain boundary at the "Gilow" tailings storage facility

Rys. 9. Pomiar granicy powierzchni zalewowej na terenie sktadowiska odpadéw wydobywczych ,,Giléw”

asurements (determination of coordinates of selected points
based on the measurement of the angle and length) or satel-
lite RTN (Real Time Network). The RTN method is one of
the real-time satellite measurement methods. It uses surface
corrections calculated on the basis of a network of physical
reference stations (Continuously Operating Reference Sta-
tions - CORS) and virtual reference stations (VRS) generated
by the computational algorithm.[12] It is also possible to use
photogrammetric or remote sensing methods for monitoring
floodplains using UAS - Unmanned Aircraft Systems. These
are modern technologies effectively used in the preparation
of maps, research of engineering structures or land surfaces,
[13]. Unmanned ships serve as carriers for scanning devices,
cameras and video cameras. They are an important element
of aerial photogrammetry - methods of data acquisition
using photographic equipment to generate orthophotos, to-
pographic maps or 3D terrain models [14]. The effectiveness
of the use of unmanned systems has significantly increased
by equipping them with navigation technologies — a global
navigation satellite system (GNSS) or an inertial navigation
system (INS).

One of the elements of the deformation study of the Gilow
tailings storage facility are site and height measurements to
determine the extent of the floodplain around the inactive to-
wer No. 2 (Fig. 5 and Fig. 6). From the methods of measuring
the floodplain presented above, the RTN satellite technology
was selected using the Topcon Hiper V receiver. Photos of
the floodplain were also taken using a camera placed on an
unmanned aerial vehicle - a multirotor (fig. 6, 7, 8) for docu-
mentation purposes.

Based on the measurements, the range of the floodplain
and the average height of the water table were determined.

Figure 9 summarizes the results from June 2020 to June 2023
(Fig. 9).

The average height of the water table reached its highest
height in June 2021 and amounted to 173.25 m. In June 2023
it slightly decreased to 173.23 m (Fig.9). The lowest value was
recorded during measurements in June 2020 and it was 172.90
m. Along with the increase in the height of the water table, the
area of the floodplain increases from 78 thousand. m? in 2020
t0 199,000 m? in 2021. In June 2023, the area of the floodplain
is approximately 189,000 m®. Analyzing changes in the area
of the floodplain in comparison with the data of the Polish
Institute of Meteorology and Water Management — National
Research Institute, one can see correlations between the an-
nual sums of precipitation in the vicinity of Lubin and the size
of the floodplain. In 2019, the sum of precipitation was about
500 mm and in the following year, 2020, it was over 600 mm.
The greatest rainfall was recorded in 2021, about 750 mm,
which in the following year, 2022, amounted to 650 mm. In
the vicinity of the Gilow. Reservoir, the highest rainfall occurs
in June-July and on average it is about 80 mm/month.

7. Summary

During the entire period of mining exploitation, no thre-
at to the embankment stability was observed in the embank-
ment protective pillar, both in the phase of waste depositing,
retention of mine water and landfill reclamation, despite the
recorded lowering of the embankment crown of 3.58 m and
the continuous movement of stretching zones in the embank-
ment body along with the change of deposit exploitation
fronts [3]. Moreover, the locally increasing intensity of para-
seismic vibrations did not cause any traces of sediment liqu-
efaction within the beach.
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The currently used technology of testing the deformation
of the dam and its foreground, based on the use of the most
modern equipment, guarantees proper accuracy and unambi-
guous interpretation of the results. The basic network is still
made up of points determined by GPS technology, although
access to locations with a horizon suitable for satellite measu-
rement is becoming more and more difficult.

The influence of the impacts caused by the drainage of the
tertiary strata of the orogen by the Lubin O/ZG on the dam
and its foreground remains at the level of the previous ob-
servation periods. Currently, periodic depressions caused by
this phenomenon for the dam area are in the range of 4 to 6
millimeters. Changes caused by seasonality and, in particular,
different amounts of precipitation in the pre-measurement

period should be added to the picture of changes found an-
nually.

The changes (total values of deformation indexes) found
so far, which the dam has experienced against the backgro-
und of the mining exploitation in its protective pillar, should
be assessed as correct, and their course so far as regular and
consistent with the results of the preliminary forecasts that
have been carried out (within the accuracy limits of these fo-
recasts).

Monitoring the extent of the floodplain and its impact on
sediment liquefaction requires correlation of the measure-
ments made with meteorological data for this region, which
allows for rationally conducting safety analyzes of the sedi-
ment liquefaction status.
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Monitoring zasiegu wod powierzchniowych nieczynnego zbiornika poflotacyjnego jako element

oceny jego bezpieczeristwa
Sktadowisko odpadow poflotacyjnych stanowi jeden z waznych elementéw w procesie produkcji miedzi. Nieodlgcznym elementem
eksploatacji sktadowiska jest Scisle z nig zwigzane, prowadzone systematycznie badania i obserwacje kontrolne. Gtownie sq to geo-
dezyjne pomiary deformacji obwalowari i powierzchni terenu na przedpolu sktadowiska, hydrologiczne obserwacje stanéw wod w
korpusie obwatowania i bliskim jego przedpolu. W artykule przedstawiono metody i wyniki monitoringu geodezyjnego nieczynnego
juz sktadowiska odpadow wydobywczych Gilow oraz technologie stosowane w monitorowaniu zasiegu zalewiska nadosadowego.

Stowa kluczowe: monitoring geodezyjny, pomiary zasiegu zalewiska, obiekty unieszkodliwiania odpadéow wydobywczych, odpady
wydobywcze
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Abstract
The article aims to study the possibilities and benefits of using the stochastic modeling and simulation method in the optimization
of production processes. The article presents general characteristics of modelling and simulation and presents examples of stochastic
models of selected production processes implemented in hard coal mines in Poland. The presented analysis led to the conclusion that
the method of stochastic modelling and simulation is one of the methods worth using as a tool supporting process optimization. Its
most important feature is enabling process analysis, which, regardless of the time range, can be verified within a few minutes. As a
consequence, many variants of action can be analysed before their actual implementation in real conditions.

Keywords: stochastic modelling and simulation, production process, mining process, optimization

1. Introduction

There is no need to convince anyone about the need to op-
timize production processes. Over the years, we have learned
alot as scientists and practitioners about process optimization
methods. We use methods and tools aimed at improving the
functioning of enterprises of all types, improving processes
to the optimal level, i.e. the one that is most beneficial for us
given certain operating criteria.

There are many modeling and simulation methods that
are implemented in various computer programs, which were
mentioned in Chapter 2. However, this article is devoted to
stochastic modeling and simulation, which, according to the
authors, are useful in optimizing production processes, in-
cluding mining processes. In addition to general information
characterizing stochastic modeling and simulation, examples
of their use are presented.

2. General characteristics of modeling and simulation

Modeling means “the act of matching the original with an
acceptable substitute called a model, i.e. it is an approximate
reproduction of the most important properties of the origi-
nal” (Gos$cinski 1982). In other words, it is building a model
that ,,is a representation of the most important features of the
tested or designed object from the point of view of the task it
serves in a specific reality or abstraction” (Durlik 2000).

The literature talks about various models of the produc-
tion process (Zdanowicz 2007; Wieczorek 2008; Matuszek,
Kurczyk 2013). The most universal and used at all manage-
ment levels are schematic models (block diagrams, business
process maps in various notations, e.g. IDEE, BPMN, UML,
etc.). These are the methods of notation used primarily to pre-
pare process maps.

Their role is mainly to statically analyze the problem. They
reflect the production process, its structure, elements and re-
lationships between them and the way the production system
functions, but they do not allow to determine the effects of
the decisions made. Computer simulation models are used for

this purpose (Vasudevan, Devikar 2011; Burduk 2013). They
belong to the group of symbolic models in which reality is
reflected using symbols and mathematical relations.

The computer simulation model captures the logic of be-
havior and mutual relations between the individual elements
of the production process being tested, as well as the data that
represent the characteristics of these elements. The course of
the process can be presented graphically through animation,
and after a simulation experiment, results are obtained in the
form of charts, reports or a set of statistics describing specific
elements of the process, with both the content and the form
of presenting the results largely dependent on the approach
used simulation (Maciag in. 2013). The results of the exper-
iments can be the basis for making decisions regarding the
changes that should be made in the existing process (e.g. in
terms of the number of machines, assembly stations, type of
assortment, warehouse capacity, etc.) to achieve the assumed
goal (e.g. increase in production efficiency, reduction of pro-
duction costs or shortening the production cycle).

Modeling and simulation of the production process is
carried out according to the general procedure presented in
Figure 1.

Delving into this scheme, it can be said that the mode-
ling and simulation procedure begins with formulating the
problem and defining the research goal. Then, the simulation
model is created in two steps: (1) determining its structure
by deciding which elements and features of the process are
important in the context of the defined problem and research
goal; (2) collecting the data needed to determine the parame-
ters of the model. The next step is to program the model using
the selected simulation approach and an IT tool. The results
obtained after the implementation of the initial simulation
experiments on the software model are used to validate and
approve the model. Validation consists in checking whether
the model reflects the real production process with appropri-
ate convergence and whether it can be used, with full confi-
dence, to support decisions regarding the real process. The ap-
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Program of changes

Simulation results

What do the obtained results mean?

Fig. 1. Modeling and simulation of production processes. Source: (Maciag i in. 2013)

Rys. 1. Modelowanie i symulacja proceséw produkeyjnych. Zrédo: (Maciag i in. 2013)

proval of the model is usually carried out by people from the
enterprise where the project is carried out. This stage forces
many times to revise the previous assumptions and repeat the
previous activities. The next phases of the discussed proce-
dure consist in designing experiment scenarios that meet the
research objective, conducting experiments and interpreting
their results. The analysis of the results can be the basis for
defining a program of changes to improve the examined pro-
cess. This procedure can be continuous (Gordon 1974; Gregor
iin. 1998; Burduk 2013). The main problem areas in which
modeling and simulation of the production process are used
are: (Latuszynska, 2015):
«  forecasting the financial result,
o  forecasting and planning material needs,
«  planning the execution of production orders,
o designing production systems,
o comparing alternative manufacturing processes,
o production scheduling,
o analysis and comparison of different manufacturing
strategies,
«  analysis of the use of production resources (e.g. iden-
tification of bottlenecks),
«  improving production systems and eliminating waste,
o visualization of the effects of activities related to pro-
duction management,
o  conducting presentations and trainings for staff.

3. Stochastic simulation

The stochastic simulation method is used for computer
modeling of any processes (physical, economic, technological,
etc.) or their fragments, the characteristic feature of which is
the presence of at least one random variable in their descrip-
tion. The method was first used during the Manhattan Project
research to build the American atomic bomb. The stochastic
model developed at that time concerned the analysis of neu-
tron propagation in a nuclear reactor. It was developed jointly
by John von Neumann and the Polish mathematician Adam
Ulman. The stochastic simulation method is also successful-
ly used nowadays. The ability to create complex stochastic
models, their recording in the form of a computer program
in a language focused on solving such problems, as well as
ever-faster computers - all this determines the frequent choice
of stochastic simulation as a method of solving problems de-
scribed by indeterminate models (Snopkowski 2005). Taking
into account the nature of mining processes, as well as the
participation of many undetermined factors in their course, it
is justified to use this method also in mining.

The basis of stochastic simulation is the concept of a ran-
dom number. According to what Knuth writes about it: “In

a sense, there is no such thing as a random number; for ex-
ample, is 2 a random number? On the other hand, we can
talk about a sequence of independent random variables with
a definite distribution, which means, roughly speaking, that
each of the numbers was chosen completely randomly, with
no connection to the selection of the other numbers in the se-
quence, and that each number falls into any fixed range. range
of values with a certain probability” (Knuth 2002; Rolski
2013). Thus, a numerical value resulting from an experiment
(e.g. the number of dice rolled) can vary from case to case,
hence it is a variable. Since the outcome is decided by chance,
so this variable is random.

The optimization methodology is based on a detailed
analysis of the process (e.g. procurement, manufacturing,
order fulfillment, etc.), or the production system (e.g. sta-
tions, cells, or production line) and visualization using one
of the selected (depending on the needs and expected results)
methods/tools, such as: Gantt chart (schedule), network of
activities, modeling and simulation, virtualization - 3D scan-
ning, process mapping, etc.

The next step is to optimize the analyzed process and eval-
uate the proposed solutions to improve its implementation.

From a practical point of view, the following facts speak
for the use of stochastic simulation: it is a simple way to study
random phenomena; closely related to stochastic simula-
tions are computational methods called "Monte Carlo" (MC),
which rely on the use of "artificially generated" randomness to
solve deterministic tasks; moreover, it is available to everyone,
in particular, the R "environment", which is a really powerful
tool, is distributed for free.

4. Application examples

This chapter presents two methods, the construction of
which is based on stochastic modeling and simulation. Pos-
sibilities of their application in mining practice were also in-
dicated.

4.1 The method of probabilistic modeling of the duration of
the production cycle activities carried out in longwall faces
of hard coal mines

The production process carried out in longwall faces of
hard coal mines is characterized by the influence of many fac-
tors that do not occur in other production processes. These
factors are related to technical and organizational as well as
geological and mining conditions. The production cycle per-
formed in the longwall face of a hard coal mine is defined as a
set of operations repeated in a specific order and time, neces-
sary to advance the face of the longwall face to the distance of
one (Kozdroéj M., Kozdroj-Weigel M. 1993). After completing
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the cycle, the crew repeats the set of operations, i.e. performs
the next cycle.

The implementation of the production cycle includes the
performance of a number of activities directly related to the
mining of the coal body, as well as the development of the face
space, with the proper maintenance of intersections of the
longwall with the longwall gallery and the longwall gallery,
etc. All works are necessary due to the implemented technol-
ogy, but not all of them affect the directly for the duration of
the production cycle. In the discussed methodology, first, the
selection of those activities that have a direct impact on the
duration of the production cycle was made, the factors affect-
ing the instability of the duration of the activities were de-
fined, and a set of density functions was established that will
best describe the selected activities of the production cycle.

Scheme of modeling and stochastic simulation of the
duration of the production cycle activities carried out in the
longwall face consists of the following stages:

1. Defining the density function of the duration of the
production cycle activities in the conditions of a giv-
en longwall face

2. Generation of production cycle activity durations
based on defined probability density functions

3. Determining the duration of the production cycle
based on the generated values

. Determination of shift mining from the longwall face

5. Checking the fulfillment of the probabilistic mod-
eling termination condition (if the condition is not
met, return to step 2)

6.  Analysis of the results from the stochastic simulation
of the duration of the production cycle activities.

A detailed description of the procedure is presented in
(Napieraj, Snopkowski 2012). The practical benefit of the dis-
cussed model is the possibility to determine shift extraction,
and to be precise, determination:

o the probability that production from a selected long-
wall will exceed a predetermined level W during a
work shift,

o the probability that the output from the selected
longwall will vary fromW, to W,,

»  thelevel of shift extraction W,, which is equally likely
to be exceeded and not exceeded and amounts to 0.5.

4.2 The method of longwall face crew selection with respect to
stochastic character of the production process

Organizing work in a hard coal mine is a difficult task due
to the high unpredictability of mining conditions. Geological
studies of the deposit allow for estimation of production pa-
rameters, but these approximations may not always be the basis
for precise calculations at the stage of production organization.
The occurrence of inhomogeneities in the geological structure
of the deposit, natural hazards or machine failures are just
some of the factors that may cause the stochastic nature of the
production process carried out in mines. One of the most im-
portant aspects of organizing work is staffing. The efficiency of
production and its effectiveness depend to a large extent on the
rational allocation of employees to positions. Very high costs of
purchase of machinery and equipment installed in the mining
face, as well as energy and labor, mean that any downtime gen-

erates significant economic losses. There may be downtimes re-
sulting from random events, such as machine failures, and only
preventive measures related to their repairs and maintenance
can be applied here. However, downtime resulting from poor
work organization should be definitely eliminated. One of the
main reasons for this type of downtime can be the wrong selec-
tion of the number of employees for the activities performed.
The use of an appropriate mathematical apparatus, combined
with data obtained as a result of repeated observations of ac-
tual times of performing activities, allows for identifying the
nature of random phenomena and determining the staffing of
positions, taking into account the stochastic nature of the pro-
duction process. The methodology for determining the long-
wall face stock in hard coal mines, which takes into account the
stochastic nature of the analyzed production process, consists
of the following stages:

1. Identification of key activities in the production
process

2. Division of the production process into characteris-
tic modules, due to the simultaneity of the activities

3. Identification of the density function of activity du-
rations in separate modules,

4. Adoption of initial cast variants for individual
modules,

5. Optimization of staffing in modules by taking into
account the probabilities of performing activities
with the assumed staffing, taking into account the
characteristics of the modules.

A detailed description of the procedure is included in the
following works (Snopkowski, Sukiennik 2012; Snopkowski,
Sukiennik 2013)

5. Discussion

The production process, carried out in the longwall face
of hard coal mines, takes place underground, in specific ge-
ological and mining as well as technical and organizational
conditions, which determine its specificity. The analysis of
this process, in order to, for example, determine the level of
achievable shift mining, can be carried out using determinate
or stochastic models. The beginnings of the creation of deter-
minate models date back to the 1960s and have been constant-
ly developed since then. The disadvantage of these models is
determinism, understood in such a way that for a specific set
of data, the desired characteristic (e.g. extraction) is obtained
in the form of points. However, the practice of longwall fac-
es operation shows that the obtained extraction is not always
constant - it may be subject to certain fluctuations. Therefore,
it is worth using stochastic models in this case.

A similar situation accompanies the determination of the
longwall face staffing, which is to ensure the continuity of the
production process in this longwall face with the smallest
number of employees needed. Each of the activities included
in the production process is assigned an optimal staffing, and
the staffing of the entire production process is determined by
assigning specific employees to individual activities, taking
into account the fact that some activities can be performed by
the same employees. It can also be assumed that some mod-
ules can be implemented by the same staff, if there is no time
conflict between these modules.
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6. Conclusions

The considerations that accompanied the development of

the method of probabilistic modeling of the duration of the

production cycle activities and the method of longwall face

crew selection make it possible to formulate the following

conclusions:

modeling the duration of the production cycle ac-
tivities in the form of a probability density function
makes it possible to take into account the influence
of many factors on the course of these activities, and
this influence results in variable time of their imple-
mentation in the conditions of a specific longwall
face,

analysis of the production cycle using the probability
density function of the duration of activities allows
to obtain the value of the duration of the production
cycle in the modeling in the functional form,

each production process can be divided into a finite
number of modules differing in the simultaneity of
the activities, which simplifies the analysis of the
production process and, as a result, facilitates the se-
lection of crew,

the use of stochastic modeling and simulation in the
described examples leads to the formulation of an
objective assessment of the longwall face's produc-
tion capacity level and the size of longwall face crew.
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ktore bez wzgledu na zakres czasowy trwania, mogg by¢ weryfikowane w ciggu kilku minut. W konsekwencji mozna przeanalizowac

Wykorzystanie modelowania i symulacji stochastycznej do optymalizacji procesow
wydobywczych

wiele wariantow dziatania przed wlasciwym wprowadzeniem ich do realizacji w warunkach rzeczywistych.

Stowa kluczowe: modelowanie i symulacja stochastyczna, proces produkcyjny, proces wydobywczy, optymalizacja
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Abstrakt
Artykut stanowi oméwienie zmieniajgcego sig znaczenia kulturowo-gospodarczego bursztynu battyckiego oraz opracowanie ilosciowej
oceny wykazéw zasobow zt6z bursztynonosnych za lata 2012-2023 w oparciu rozpoznanie geologiczne i opracowania naukowe.
Autorka przedstawia wybrane aktualne aspekty formalno-prawne w odniesieniu do zloza strategicznego jakim stac si¢ bursztyn.

Stowa kluczowe: bursztyn, ztoza bursztynu, surowiec, Morze Baltyckie

Wprowadzenie historyczne

Ladowy szlak handlowy, nazwany bursztynowym, roz-
poczynajacy sie u ujscia Wisly a kierujacy sie w kierunku jej
goérnego biegu, nastepnie poprzez Warte, Prosne i Odre i la-
dem od Kotliny Ktodzkiej przez Wrota Morawskie, przelecze
alpejskie oraz karpackie az do Grecji i Wloch potaczyt przed
wiekami rejony $rodziemnomorskie z polskimi terenami nad
Baltykiem (Bien, 2018). Jak wskazujg zrédta historyczne juz
w okresie miedzy 2500-1800 r. p.n. e. Niektérzy mieszkancy
rejonéw nad Zatoka Pucka oraz Gdanska podejmowali handel
wymienny zboza, miedzi czy przedmiotéw uzytku domowego
w zamian za polski bursztyn (zloto Baltyku). Rzemieélnicy
oraz ludno$¢ zamieszkujaca dwczesne tereny Zulaw oraz delty
Wisty zajmowala si¢ obrobka bursztynu okreslanego réwniez
jako tzw. zloto Baltyku. Rozwdj handlu bursztynem miedzy
datuje sie na okoto 400 r. p.n.e. kiedy to prawdopodobnie ce-
sarz Neron zorganizowal pierwsza wyprawe po baltycki bursz-
tyn, co zapoczatkowalo rozkwit wymiany handlowej trwajacej
do III w.n.e. Woéwczas z powodu ostabienia Italii znaczenie
szlaku uleglo istotnemu zmniejszeniu. Z pelna historig rozwo-
ju bursztyniarstwa nad Baltykiem mozna zapoznac sie odwie-
dzajac na przyklad Muzeum Bursztyn zlokalizowane w Sta-
rym Mlynie w Gdansku, gdzie znajduje si¢ niebywaly okaz,
czyli najwieksza na $wiecie bryfa bursztyny sumatrzanskiego
sprzed okoto. 23 mln. lat (okres neogenu) i wazaca 68,20 kg.

Swoiste odrodzenie bursztynowego szlaku nastapilo
w 1997 roku, kiedy to na Konferencji Baltyckiej Komisji Tu-
rystyki w Gdansku, postawiono wniosek o wpisanie Szlaku
Bursztynowego na liste tzw. Europejskich Szlakéw Kulturo-
wych, co w 2008 roku po podpisano listu intencyjnego opisu-
jacego promocyjne dzialania turystyczne doprowadzito osta-
tecznie do pozyskania stosownego certyfikatu oraz wpisania
Szlaku na liste Europejskich Szlakéw Kulturowych. Kolejnym
krokiem byto powstanie autostrady Amber One (autostrada
bursztynowa), laczaca droga ladowg tereny nad Morzem Bal-
tyckim oraz Morzem Adriatyckim (Palkiewicz, 2017; Sucho-
dolska & Studzieniecki, 2013).

Formy wystepowania bursztynu w Polsce
Uwaza si¢ powszechnie, ze zloza bursztynu powstaly
wskutek zastygniecia zywicy drzew iglastych tworzacych lasy

bursztynowe, ktore porastaly wspolczesna Skandynawie (
wowczas byl to jednolity lad nazwany Fenno-samacja) i Mo-
rze Baltyckie. Istnieja dwie hipotezy majace wyjasni¢ masowa
produkcji zywicy przez roéliny iglaste ponad 40 mln temu.
Pierwsza to, pojawienie si¢ nowego, nieznanego szkodnika
przed ktérym drzewa usitowaly si¢ broni¢. Druga za$ przyj-
muje zalozenie pojawienia si¢ w bezposrednim sgsiedztwie
laséw silnej aktywnosci wulkanicznej powodujgc intensywny
opad pyly pokrywajacy licie i doprowadzajacy do ogranicze-
nia wymiany gazowej powodujac produkcje zywicy. W eoce-
nie (56-34 mln lat temu), Europe stanowily liczne wyspy two-
rzace archipelag od poludnia otoczony Morzem Tetydy, a od
pétnocy Morzem Eocenskim. Fenno-samacje¢ przecinata rzeka
Eridan o silnie rozbudowanej zlewni z licznymi doptywami,
ktdra ptynac z poinocy na potudnie znajdowala ujscie na ob-
szarze dzisiejszej Zatoki Gdanskiej. Delta Eridanu stanowila
w okresie wysokich temperatur otoczenia idealne srodowisko
do generowania si¢ zywic splywajacych do éwczesnego Morza
Eocenskiego. Stad tez nagromadzenie bursztynéw wystepuja-
cych in situ, w Polsce zwigzane jest z utworami paleogenskimi
kenozoiku zlokalizowanych na obszarach przybrzeznych wia-
$nie tego prehistorycznego morza Pierwotne formy burszty-
nu zostaly zachowane w okolicach Chlapowa , w tzw. delcie
chtapowsko-sambijskiej osady bursztynono$ne wystepuja na
glebokosci miedzy 60-130 m. oraz w okolicach Jantarnego
(stad inna nazwa bursztynu-jantar) na poétwyspie Sambijskim
w Rosji. Koncentracje wtérne do dzi§ ujawniane na plazach
wzdluz wybrzeza Baltyku, poczawszy od Kolobrzegu az do
Mierzei Wislanej, pochodza z okresu czwartorzedu. Sa to
nagromadzenia bardzo drobnych bursztynéw przyniesio-
nych przez lodowiec i rzeki polodowcowe z plejstocenskich
utworéw trzeciorzgdowych (2,6 mln-11,7 tys. lat temu). We-
drujacy ladoléd bowiem znaczaco zniszczyl pierwotne zloza
bursztynu u ujscia Eridanu, a rozdrobnione zywice rozproszyt
na obecnych obszarach ich wystepowania. Na przykiad zlo-
ze udokumentowane w Katach Rybackich posiada bursztyn
wystepujacy tam w formie gniazd lub wydluzonych soczew
w holocenskich, plytkowodnych, morskich osadach piaszczy-
sto-multkowych na glebokosci okolo 8-37 m. Podobnie jak
ztoze Rybakéwka na Wyspie Sobieszewskiej (granice Gdan-
ska), ktdre sklada si¢ z nagromadzen gniazdowo-soczewko-
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Rys. 1. Wykaz zmian zl6z bursztynu w Polsce za lata 2012-2022 (opracowano na podstawie raportow bilansu zt6z PIG-PIB)

Fig. 1. List of changes in amber deposits in Poland for the years 2012-2022 (prepared on the basis of PGI-NRI deposit balance reports)
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Rys. 2. Zestawienie struktury wydobycia z bilansem geologicznym zt6z bursztynu w Polsce za lata 2012-2022 (opracowano na podstawie raportow
bilansu ztéz PIG-PIB)
Fig. 2. Comparison of the mining structure with the geological balance of amber deposits in Poland for the years 2012-2022 (prepared on the basis of
PGI-NRI deposit balance reports)

we typu przybrzezno-morskiego, a czysty bursztyn wystepuje
w piaszczystych utworach plazowych lub dennych z roztarty
martwg materig roélinng, do glebokoséci 7-8 m przy migzszo-
$ci 30 centymetrow.

Natomiast w tzw. delcie Parczewskiej, czyli strefie potu-
dniowej (rejonie Parczewa) dominuja trzeciorzedowe osa-
dy bursztynono$ne znajduja si¢ na gltebokosci do 20-30 m.
Przyktadem takiego ztoza jest Gorka Lubartowska (delta Par-
czewa), ktora tworza bursztynonosne mulkowo-piaszczyste
osady deltowe gornego eocenu, gdzie bursztyn jest kopalina
towarzyszacg. Koncentracje bursztynu wystepuja akcesorycz-
nie w eocenskiej serii glaukonitowej o barwie szarozielonej,
tzw. formacji z Siemienia (Palasz, 2017), natomiast burszty-
nono$na warstwa zlokalizowana jest ponizej zloza piaskow
budowlanych o $redniej migzszo$ci okoto 4-12 m na gleboko-
$ciach okoto 8-22 metréw. Pozyskany surowiec ze zloza Gor-
ka Lubartowska IX z uwagi na swoja jakos¢, w okolo 81% wag.
moze mie¢ zastosowanie w jubilerstwie, a pozostate 19% wag.
- w medycynie, przemysle kosmetycznym lub chemicznym.
Pozyskany surowiec moze mie¢ zastosowanie w przemysle
jubilerskim (jako kamien ozdobny), chemicznym, farma-
ceutycznym i kosmetycznym. Nalezy znaczy¢, ze najwigk-
sze i jednoczesnie pierwsze w pelni udokumentowane zloze
eocenskich piaskéw kwarcowo-glaukonitowych w Polsce
znajduje sie¢ w rejonie Niedzwiada Kolonia I, IT zalegajacych
bezposrednio na zwietrzelinie weglanowych utworéw kredy
gornej oraz Brzeznicy Le$nej w wojewodztwie lubelskim. Jest
ono eksploatowane metoda odkrywkowsa.

Jako osady trzeciorzedowy bursztyny wystepuja réwniez
w rejonie Mozdzanowa w piaskach i zwirkach gérno-eocen-
skich, tworzacych kuliste (gniazdowe) nagromadzenia wsrod

osadow czwartorzedowych. Seria bursztynono$na wystepuje
na glebokosci ok. 11 m.

Udokumentowane zasoby bursztynu

Na $wiecie bursztyn jest zdeponowany w dnie Morza Bal-
tyckiego i linii wzdluz brzegéw w krajach baltyckich, Polsce,
Niemczech, Danii, Szwecji i na Bialorusi. Do niedawna naj-
wigksze bylo zloze Prymorskie w obwodzie kaliningradzkim
(Rosja) Wedltug sprawdzonych zasobéw bursztynu, Ukraina
zajmuje trzecie miejsce na $wiecie po Polsce (700 000 ton)
i Rosji (160 000 ton).

Informacje o bilansie zasobéw z16z kopalin, a w tym kon-
kretnym przypadku bursztynéw zaklasyfikowanych do grupy
innych surowcoéw i lokalizowanych poczatkowo gtéwnie jako
kopaliny pomorskie, sa publikowane jako coroczne raporty
zasobow, udokumentowanych zléz i wysokosci eksploatacji
przez Panstwowy Instytut Geologiczny — Panistwowy Instytu-
ty Badawczy (PIG-PIB) i ogélnodostepne od roku 2012. Dla
potrzeb tego opracowania, bardziej szczegoélowe informacje
zostaly zawezone do okresu 2018-2023 ze stanem wiedzy na
dzien 31 grudnia 2022 roku. Wczesniejszy okres zostal ujety
bilansowo w celu wskazania zmian w tym obszarze gornic-
twa i przerobki omawianego surowca. Rysunek 1 przedsta-
wia zmiany wykazu z16z bursztynu w Polsce od roku 2012
z uwzglednieniem podzialu na zasoby bilansowe geologiczne
i przemyslowe oraz wydobycie realizowane najczesciej pod-
czas robot rozpoznawczych. Rysunek 2 przedstawia zestawie-
nia zmian struktury bilansowych z16z wzgledem wydobycia
za lata 2012-2022. Wynika z nich w sposéb wyrazny, ze na
znaczeniu w kontekscie prowadzonej juz eksploatacji badz
pelnego rozpoznania zléz, zyskuja zasoby zlokalizowane
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Rys. 3. Mapa wystepowania na dnie Baltyku z16z i obszaréw perspektywicznych kopalin na tle wybranych element6w infrastruktury (Szamatek i inni, 2020)

Fig. 3. Map of the deposits occurrence and prospective areas of minerals on the bottom of the Baltic against the background of selected infrastructure
elements (Szamatek et all., 2020)

w wojewddztwie lubelskim, gdzie bursztyn jest gléwnie kopa-
ling towarzyszaca zasadniczym zasobom piaskow, zwiréw czy
mineraléw ilastych.

W ciagu dziesieciu lat nastapito zwiekszenie rozpozna-
nych geologicznie zasobéw o 2373,58 ton, natomiast zaso-
boéw przemystowych o 2057,32 ton. Przetomowym wydaje sie
by¢ rok 2014 i 2015 kiedy to catkowite wydobycie burszty-
nu w trakcie wykonywania prac poszukiwawczych wyniosto
1033.3 kg, a liczba zléz kategorii D (rozpoznanie wstepne)
i C1 (rozpoznanie szczegélowe) z poczatkowej liczby trzech
w wojewddztwie pomorskim (Mozdzanowo, Przerdébka SL
i Wislinka I), zwigkszyla sie do siedmiu (Smotdzino, Stegne
I Sztutowo I i II). Podczas gdy w wojewodztwie lubelskim
(Gorka Lubartowska) eksploatowane byto w tym czasie jedno
z167. Takie zmiany niewatpliwie byly nastepstwem silnego za-
interesowania inwestoréw albowiem zatwierdzono 32 projek-
ty robot geologicznych poszukiwawczo- rozpoznawczych (28
woj. pomorskie, 4 woj. Lubelskie). Ponadto zostaly zatwier-
dzone dwa projekty robét geologicznych dla w rejonu Rawina
i Stawna (woj. zachodniopomorskie) i sze$¢ dla wojewodztwa
lubelskiego (rejon Leszkowic, Niedzwiad, Brzeznicy Le$nej
i Brzeznicy Ksigzecej a w wojewoddztwie lubelskim).Nato-
miast w 2017 roku zatwierdzono 5 nowych projektow dla woj.
zachodniopomorskiego, rejonéw Babigoszczy, Budzieszewic,
Rarwina, Szumigcej oraz 20 w woj. pomorskim dla okolic: Bo-
gatki, Gdanska, Golebiewski, Lublewa, Lebienia, Mozdzano-
wa, Przejazdowa, Roszczyc, Skowarcz, Stegny, Sztutowa (do-
tychczas eksploatacja okresowa), Trzcinisk, Widlinki (gdzie
nie prowadzono eksploatacji) oraz Wytowna.

W kolejnych latach udokumentowano ztoza bursztynu
jako kopaliny towarzyszacej eocenskim pokladom szarozie-
lonych piaskéw kwarcowo-glaukonitowym dla znajdujacych
si¢ w powiecie lubartowskim: Gorki Lubartowska-Niedzwia-
da (98.00 ton) i Leszkowic 1 (4.40 ton), ktorych miazszoéé
wynosi okolo 5-7 m i glebokosci okolo 11-21 m. Jednak od-
krywkowa eksploatacja zloza objela koncesja kopaling gtow-
ng, czyli kruszywo naturalne (piasek) oraz piaski szklarskie
dla zloza Leszkowice 1.

Kolejny przelom w bilansie zasobow bursztynu zare-
jestrowano w roku 2020 (rys.l i 2), kiedy to odnotowano
przyrost ilosci z16z o 131.5% wzgledem roku poprzedniego.

Bylo to efektem udokumentowania nowych zasobéw bursz-
tynu w zlozu Niedzwiada II (zwigkszenie o 2 032.80 ton) oraz
poszerzeniem granic zloza Goérka Lubartowska-Leszkowice
(zwigkszenie o 14.32 ton). Oprdcz osadéw glaukonitonosne,
zidentyfikowano jako kopaliny towarzyszace, bursztyn, kon-
krecje fosforytowe i surowce szklarskie w postaci piaskow
i pytow kwarcowych oraz itami polimineralnymi. Przecigtna
zawarto$¢ bursztynu w ztozu wynosi 1 062.5 g/m?, a zasob-
no$¢ ztoza szacowana jest na 7 850.7 g/m* ( Natkaniec-Nowak
iinni, 2019).

Rozpoznawane sukcesywnie przez firme Stallarium
Sp.zo.o. z Niedzwiada-Kolonii, jak dotychczas najwigksze
zloza eocenskich piaskow kwarcowo-glaukonitowych zostaly
eksploatacyjnie udostgpnione w czerwca 2020 roku ( www.
stellariu.com.pl) i zwigkszyly sie o kolejne bilansowe 5.68 ton
bursztynu oraz pozabilansowe - 1.16 tony w zlozu Niedzwiada
III. Tutaj bursztyn wystepuje na gtebokosci od 11.9 do 19.2 m
p-p-t. przy sredniej jego zawartoéci wynoszacej 9.24 g/m* i sza-
cowanej zasobnos$ci na 38.3 g/m’. Nalezy doda¢, iz w zlozu
Niedzwiada Kolonia II (zasoby 3. 33 tony) przecig¢tna zawar-
to$¢ bursztynu oszacowana jest na 0.02%, przy $redniej zasob-
nosci na poziomie 82.25 g/m?* (Natkaniec-Nowak i inni, 2019).

Wspodlne wydobycie bursztynu wraz ze ztozem kruszywa
dotyczylo takze obszaru Zatoki Koszalinskiej w omawianym
okresie i pozyskania okolo 200 kg zywicy.

Opisane aktywnosci eksploracyjne inwestoréw potwier-
dzaja potencjal z16z bursztynono$nych w Polsce, co za skut-
kowato réwniez zwigkszeniem ogélnej liczby udokumentowa-
nych z16z do szesciu na Lubelszczyznie i kolejnych dwoch na
wybrzezu w katach Rybackich i Rybakéwce (razem 9), dajac
taczng liczbe 15 ztoz bursztynu w roku 2018. Zainteresowa-
nia tego nie zmniejszyt nawet ujemny bilans rozliczenia zlo-
za Przerdbka - SL, uszczuplajacy ogoélne zasoby bursztynu
(125.68 ton) spowodowany zaprzestaniem eksploatacji z po-
wodéw ekonomicznych.

Jak podaje raport bilansu perspektywicznego PIG-PIB
(Szamalek i inni, 2020) surowcow ze stanem wiedzy na koniec
roku 2018, zasoby bursztynu na Pomorzu sukcesywnie od lat
90-tych XX wieku byly rozpoznawane i dokumentowane,
chociaz znaczne trudnosci w realizacji robét geologicznych
nastreczajg warunki techniczne panujace szczegélnie w strefie
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Tab. 1. Stan rozpoznania i zagospodarowania polskich z16z bursztynonosnych w tonach (Szuflicki i inni, 2023)

Tab. 1. State of recognition and development of Polish amber-bearing deposits in tonnes (Szuflicki et al., 2023)

» Zasoby geologiczne Zasoby
Wyszczegdlnienie [zlﬁ_f: bilansowe pozabi- | przemy-
Razem A+B+C, C+D lansowe stowe
ZASOBY OGOLEM 20 | 349158 213091 | 1 360.67 25.84 | 2057.32
w tym - zasoby zloi I owanych
Z1oza eksploatowane okresowo | 2] 12362 | 4583 | 7779 357 [ 3940
w tym - by zléz niezagospodarowanych
Razem - 16 3 348.21 206533 | 1 282.88 22.27 | 2017.92
1. ZloZa rozpoznane szczegolowo 5 2065.33 2065.33 - 0.57 | 1982.27
2. Zloza rozpoznane wstepnie 11 1 282.88 0.00 ] 1 282.88 21.70 35.65
w tvm - zloza, ktorych eksploatacji zaniechano
Eksploatacja zaniechana | 2| 19.75 | 19.75 | -1 -] -

morskiej siggajacej nawet do 2,5 km od linii brzegowej. Ma to
miejsce w przypadku z{6z na dnie Zatoki Gdanskiej w pasie
przybrzeznym od Gdanska-Brzezna do Katéw Rybackich. Po-
twierdzono réwniez wystepowanie nagromadzenia okruchéw
bursztynu pomiedzy zachodnim kraricem Wyspy Sobieszew-
skiej a wschodnig strong ujscia Wisty Przekop oraz na Mierzei
Wislanej (obszar eksploracji: 3-8m glebokoséci i 100 m w gtab
wod morskich (Kramarska, 2002; Szamatek, 2003, Jurys i in.,
2008, za Szamalek i inni, 2020).

Dokladng lokalizacje obszaréw perspektywicznych dla
wystepowania bursztynu przedstawia Rys. 3. ze wskazaniem
na Zatoke Gdanska, eksploatowalna cze$¢ delty Wisly oraz
Mierzeje Wislana na wysoko$ci Gdanska-Stegny opracowany
wg Kramarskiej i Szarafina (Szamalek i inni,2020) na pod-
stawie Mapy geosrodowiskowej polskich obszaréw morskich
(Kramarska i in., 2019)

Tabela 1 przedstawia stan rozpoznania zasobow burszty-
nu i stopien ich zagospodarowania z{6z bursztynu z uwzgled-
nienie zasobow bilansowych geologicznie i przemystowo
oraz iloéci kopalin pozabilansowych wedtug stanu na dzien
31 grudnia 2022 roku. Z zawartym tam danych wynika, ze
obecnie udokumentowanych w Polsce jest 20 zt6z, w tym 5
szczegbtowo, 11 wstepnie, 2 zloza sg eksploatowane okreso-
wo a w dwoch zaniechano wydobycia. Ztoza o zasobach roz-
poznanych wstepnie (w kat. C2+D) opiewaja na 1360.67 ton,
za$ zasoby z16zZ rozpoznanych szczegétowo (w kat. A+B+Cl1)
sg oceniane na 2131.91 ton. Wzgledem roku poprzednie-
go zwiegkszyla si¢ liczba udokumentowanych zt6z w woje-
wddztwie lubelskim o jeden obszar — Niedzwiada Kolonia
II z zasobami geologicznie bilansowymi surowcéw w ilosci
3.33 tony.

Bursztyn jako surowiec o znaczeniu strategicznym

Bursztyn jest nie tylko cennym surowcem jubilerskim, bo
z tego zastosowania jest najbardziej znany. Wybrane okazy,
szczegolnie te nietypowe, np. zawierajace zatopione w zywicy
owady czy drobne kregowce, sa niezwykle cennym nabytkiem
kolekcjonerskim. Ponadto ilo$ci pozyskiwanego bursztynu na
drodze zbieractwa na plazach wynosi rok do roku kilka ton.
Jak podaja raporty surowcowe PiG-PIB , skarb panstwa traci
w ten sposob $rednio rocznie 5-6 ton bursztynu, co w okresie
ostatniej dekady daje 50-60 ton. Oczywiscie jest do gtéwnie
drobny materiat wyrzucony przez morskie fale z gtebin Morza
Baltyckiego, ktére moga pochodzi¢ nie tylko z polskich za-
sobow tego surowca. Dokladne obliczenie ilosci tak traconej
kopaliny jest niezwykle trudne o ile w obecnym stanie praw-
nym, w ogdle mozliwe.

Doktadniejsze informacje o ubytku z runku polskiego
bursztynu mozna pozyska¢ z Departamentu Cel Minister-
stwa Finansow od Stuzby Celno-Skarbowej, ktéra konfiskuje
bursztyn podczas préb przemytu na granicach zewnetrznych
Polski (przej$cia drogowe, morskie i lotnicze). Surowiec jest
nastepnie sprzedawany na licytacjach organizowanych przez
Izbe Administracji Skarbowej. Tabela 3 przedstawia zesta-
wienia ilo§ciowe zarekwirowanego i zlicytowanego bursztynu
w latach 2015-2022, ktére opracowano na postawie danych
udostepnionych w raportach bilansu surowcéw PIG-PIB.
Najwigkszy przemyt obserwowano w latach 2015-2017, na-
tomiast najnizszy w latach 2020-2021 co czego powodem
zapewne bylo ograniczenie podrézowania w wyniku pande-
mii Covid-19. Zaskakujaca jest sumaryczna ilos¢ zarekwiro-
wanego bursztynu (brak jest szczegétowych danych czy byt
on w postaci czystego surowca czy tez wyrobow jubilerskich),
ktéra wyniosta 19.5 tony przez siedem lat. Jednak gdy zesta-
wimy dan z tab.1, z warto$ciami szacowanych oraz juz udo-
kumentowanych zléz bursztynono$nych to wyraznie widac,
ze kazdego roku wlasciwie odzyskiwane jest jedno znaczaco
zasobne zloze czystego bursztynu. Cena bursztynu ro$nie
ostatnio w tempie 5-10 procent rocznie. Ceny bursztynu ko-
lekcjonerskiego zaleza od wagi okazu, np. brytki o ciezarze
2,5-5,0 g osiagaja ostatnio cene¢ 960 zl/kg; 5-10 g — 2200 zl/
kg; 10-20 g - 3900 zlt/kg; 20-50 g - 5900 zl/kg. Za najwiek-
sze okazy, ktore maja mase¢ 1-1,5 kg mozna otrzymac¢ nawet
100-150 tysiecy ztotych. Przyjmujac minimalng cene burszty-
nu na poziomie 100 z1/1g, to zbycie calego zarekwirowanego
przez polskie stuzby celne bursztynu daloby zysk w kwocie 1
mln 950 tys. 306 z1.

Natomiast jak podaje Smakowski i in. (2015), do jubiler-
skiego wykorzystania w Polsce w latach 2009-2013 wykorzy-
stywano 60-70 ton bursztynu rocznie

Majac zatem na uwadze przedstawione dotychczas infor-
macje ilo§ciowe oraz pamietajac rowniez o wielowiekowym
zwigzaniu polskiej kultury ale przede wszystkim niegdysiej-
szego szybkiego rozwoju gospodarczego w zakresie handlu
i unikatowego rzemiosla bursztynnikéw, Szamalek (2016)
podal za raportem Gléwnego Urzedu Statystycznego z 20015
roku, ze ogolng liczbe zwigzanych z przemystem bursztyn-
niczym w Polsce, poza klientami, mozna oszacowaé na po-
ziomie ok. 100-120 tys. co zatem jest poréwnywalne do ow-
czesnego poziomu zatrudnienia w sektorze gérnictwa innego
anizeli skalne. Jak wskazuje autor utrzymanie mozliwosci
wydobycia bursztynu musi by¢ strategicznym celem dziala-
nia dla instytucji rzadowych, podkreslajac iz niezwykle wazne
historycznie i kulturowo obiekty powstaly wtasnie w Polsce
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Tab. 2. Wykaz zt6z bursztynu w Polsce w tonach, na 31.XI1.2022 r. (Szuflicki i inni, 2023)
Tab. 2. Inventory of amber deposits in Poland in tonnes, 31.XI1.2022 (Szuflicki et al., 2023)

Stan Zasoby W
. . ydo-
Lp Nazwa zloza zag geologiczne | przemy- bycie Powiat
zloza bilansowe stowe
ZLOZA UDOKUMENTOWANE
Héi: 20: OGOLEM 349158 | 2057.32
waj. lubelskie 343270 | 2057.32
zhiz: 11

1 | Brze#nica Lesna P 298.02 - -_| lubanowski
2 | Gorka Lubartowska P §95.38 - lubarto

3 | Girka Lubartowska IX P 47.97 26.30 lubartows|

4 | Girka Lubartowska VIII R 7.54 7.27 lubanowski
5 | porka Lubartowska: T 4583 | 2583 lubartowski

szkowice
6 | Gorka Lubartowska- T 7779 | 1357 lubartowski
Niedzwiada
7 | Leszkowice 1 P 4.40 3.67 lubartowski
8 | Niedzwiada IT R 203280 | 1975.00 lubartowski
9 | Niedewiada ITI P 5.68 5.68 - | lubartowski
10 | Niediwiada Kolonia I R 13.96 - - | lubartowski
11 | Niediwiada Kolonia IT P 3.33 - - | lubartowski
woj. pomorskie
216359 58.88

1 | Katy Rybackie P 6.90 - - | nowodworski
2 | Mozdzanowo R 10.00 - - | stupski

3 | Przercbka - SL Z 17.05 - - | m.Gdansk

4 | Rybakdwka R 1.03 - - | m.Gdansk

5 | Smotdzino P 0.60 - - | stupski

6 | Stegna P 1.40 - - | nowodworski
7 | Sztutowo-p.l P 10.30 - - | nowodworski
8 | Sztutowo-p.II P .90 - - | nowodworski
9 | Wislinka I Z 2.70 - - | edanski

gdzie skroty literowe stanu zagospodarowania zasobow w wykazach zt6z oznaczajq:
B - dla kopalin statych - kopalnia w budowie, a dla ropy i gazu - przygotowane do wydobycia lub eksploatacja prébna

E - ztoze eksploatowane
G - podziemny magazyn gazu (PMG)

M - ztoze skreslone z bilansu zasobdw w roku sprawozdawczym
P - ztoze o zasobach rozpoznanych wstepnie (w kat. C2+D, a dla ropy i gazu - w kat. C)
R - ztoZe o zasobach rozpoznanych szczegdtowo (w kat. A+B+C1, a dla ropy i gazu - w kat. A+B)

Z - ztoze, z ktérego wydobycie zostato zaniechane

T - ztoze zagospodarowane, eksploatowane okresowo

K - zmiana rodzaju kopaliny w ztozu

(m.in., bursztynowa komnata, przedmioty liturgiczne, oltarz
w Kosciele $w, Brygidy w Gdansku, unikatowa bizuteria), za$
zawdd bursztynnika jest powszechnie dziedziczony w kolej-
nych pokoleniach. Autor wskazuje réwniez, ze ochrong zaso-
boéw bursztynu przemawia nielegalna eksploatacja (zwlaszcza
w rejonie pomorskim) majaca swoja historie réwnie dluga jak
historia przeciwdziatania takiemu procederowi. Nieoficjal-
ne pozyskiwanie bursztynu moze mie¢ miejsce przy okazji
na przyktad budowy stawéw rybnych, oczek wodnych, wy-
konywania studni kopanych czy glebinowych oraz podczas
wydobywania kruszyw na wlasne potrzeby. Szamalek w tym
opracowaniu postuluje: efektywniejsze dzialanie stuzb geo-
logicznych, gérniczych i porzadkowych dazac do wyelimino-
wania nielegalnego wydobycia bursztynu; rozwoju metodyk
dokumentowania zt6z bursztynu, dziatan administracyjnych
w zakresie legislacji z jednej strony chronigcej zasoby burszty-
nu nie ograniczajac mozliwosci rozwoj jego wydobycia.

Odpowiedzig na powyzsze postulaty jest uchwalenie
planéw zagospodarowania obszaréw morskich poprzez
Rozporzadzenie Rady Ministrow z dnia 14 kwietnia 2021 r.
w sprawie przyjecia planu zagospodarowania przestrzenne-
go morskich wéd wewnetrznych, morza terytorialnego i wy-
tacznej strefy ekonomicznej w skali 1:200 000 (Dz.U. z 2021,
poz.935), ktdre zaczelo obowigzywac od 22 maja 2021 roku.
Ten akt prawny zawiera ustalenia ogdlnych zasad rozstrzy-
gania w zakresie rozmieszczania inwestycji celu publicznego,
kierunkéw rozwoju transportu i infrastruktury technicznej
dla obszaréw nadbrzeznych oraz ,, rozstrzygnieé dotycza-
cych poszczegélnych akwenéw lub ich wydzielonych czedci
oraz informacji o szczegélnie istotnych uwarunkowaniach
majacych wplyw na przyszle uzytkowanie poszczegélnych
akwenow”.

Podobnie, zmianie w roku 2022 ulegly przepisy w zakre-
sie kar za nielegalne korzystanie ze §rodowiska czy niszcze-
nie $rodowiska (Dz.U. 2022 poz. 1576). Natomiast aktualnie
w obiegu legislacyjnym jest projekt ustawy o zmianie usta-
wy — Prawo geologiczne i gornicze oraz niektérych innych
ustaw ( skierowany do Sejmu 5 maja 2023 r). Kontrowersje
wzbudzaja zapisy projektu dotyczace inwestycji strategicz-
nych , ktére wedle przepisow beda mogly by¢ realizowane
nawet wbrew przepisom ochrony §rodowiska, czy protestom
spoleczny czy w bez konsultacyjnym w trybie pozwolen dla
inwestycji “strategicznych” albo wbrew woli gminy i wbrew
istniejacym miejscowym planom zagospodarowania prze-
strzennego. Analitycy prawni specjalizujacy si¢ w przepisach
ochrony §rodowiska wskazuja zagrozenia jakie moze wywota¢
przyjecie wzmiankowanych przepiséw w postaci m.in.:

o realno$ci wywlaszczania obywateli bez odszkodowan,

o radykalnego dzialania w postaci objecia znaczacych
obszaréw Polski strategiczna ochrong zasobow su-
rowcowych i zablokowanie na czas nieokreslony na
ich terenie wszelkich inwestycji zaréwno prywatnych
jak i inwestorskich,

« umozliwienia globalnym podmiotom na eksploata-
cje strategicznych zasoboéw wody pitnej znajduja-
cych si¢ pod ziemia czynigc ja tym samy kosztow-
nym dobrem,

o pozbawienia samorzaddw prawa rozwoju terendw
wlasnych wskutek mozliwosci wprowadzenia catko-
witego zakazu zabudowy nad zlozami strategicznymi,

o wylaczenia samorzadéw z procesu wydawania kon-
cesji na wydobycie,

o dopuszczalnosci kar dla wladz samorzadowych za nie-
ujawnienie zt6z w studiach i planach miejscowych,
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Tab. 3. Zestawienie iloéci bursztynu konfiskowanego i sprzedawanego przez stuzby celne w Polsce w latach 2015-2022

Tab. 3. Summary of the amount of amber confiscated and sold by customs services in Poland in 2015-2022

ROK ZAREKWIROWANY | ZLICYTOWANY
BURSZTYNU, KG BURSZTYN, KG
2015 1664.9 373.2
2016 7484.9 73.2
2017 6245.9 689.1
2018 1236.0 808.0
2019 1049.0 548.0
2020 249.0 11.7
2021 140.0 711.0
2022 1433.4 166.0
razem 19503.1 3380.1

o obawy, ze koncesja stanie si¢ ostatecznym aktem
prawnym niepodlegajacym zaskarzeniu, np. przez
wlascicieli nieruchomosci lub wladze samorzadowe.

Wnioski

Rozpatrujac definicje surowca strategicznego czy kry-
tycznego, w pierwszej kolejnosci taczy sie to pojecie z bez-
pieczenstwem militarnym kraju, Europy, swiata. Nalezy tutaj
wskaza¢ jednak na bezpieczenstwo surowcowe stanowigce
jeden z priorytetow polityki Unii Europejskiej (UE), co na-
bralo jeszcze wigkszego znaczenia po kltopotach wywotanych
zerwaniem tancuchéw dostaw surowcow w okresie pande-
mii Covid-19. Zdaniem Szalambka, (2016), za kazdy surowiec
niezwykle wazny, okreslany kluczowym dla wybranej branzy,
ktéry rownoczesnie cechuje si¢ unikalnymi wlasciwosciami,

przez co nie moze zostac zastagpiony przez inny materiat (sub-
stytut), nalezy nazwaé surowcem strategicznym. Zdaniem
autora, wlasnie bursztyn z polskich zl6z wypelnia wszystkie
wymienione kryteria/warunki. Autorka tego opracowania
podziela zacytowane opinie, wskazujac jednak na koniecz-
no$¢ rozwaznego ksztaltowania uwarunkowan formalno-
-prawnych w zakresie ochrony ztéz na terenie Polski, majac
szczegdlnie na uwadze bezpieczenstwo surowcowe kraju przy
réwnoczesnym nie zaniedbaniu zasad zréwnowazonego go-
spodarowania zasobami.

Finansowanie
Praca zrealizowana w ramach programu badan Akademii
Goérniczo-Hutniczej w Krakowie, Nr No.16.16.100.215
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Amber from Poland - a Resin Treasure and Mineral of the Future — a Review of Knowledge

about the Resources of this Raw Material
The article is a discussion of the changing cultural and economic importance of Baltic amber and the development of a quantitative
assessment of amber-bearing deposits for the years 2012-2023 based on geological exploration and scientific studies. The author pre-
sents selected current formal and legal aspects in relation to the strategic deposit of amber.

Keywords: mber, amber deposits, raw material, Batlic Sea
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Abstrakt
Dziatania podejmowane przez obecnie dzialajgce przedsigbiorstwa w ramach marketingu cyfrowego stajg sie coraz bardziej ich
codziennoscig. Od czasu pandemii stanowig gtowng forme kontaktu z klientem, dlatego sq tak niezmiernie wazne w dzialalnosci
kazdego przedsiebiorstwa. Niniejszy artykutl przedstawia przeprowadzong analize dziatan marketingowych prowadzonych przez
wybrane piec przedsigbiorstw surowcowych w zakresie marketingu cyfrowego. Badania objely strony internetowe oraz aktywnosci
analizowanych przedsiebiorstw w mediach spotecznosciowych. Pokazaly jakie dzialania sq podejmowane przez przedsigbiorstwa, czy
osiggajg one wysoki poziom zaangazowania odbiorcow na portalach, na ktorych istniejg oraz co nalezatoby zrobi¢, aby wykorzystanie

marketingu cyfrowego bylo skuteczniejsze.

Stowa kluczowe: rynek surowcowy, marketing cyfrowy, media spotecznosciowe, komunikacja marketingowa

1. Wstep

Dziatania marketingowe sa w obecnych czasach nie-
zmiernie wazne w dzialalnosci kazdego przedsigbiorstwa,
gdyz stanowia gtéwna forme kontaktu z klientem. Taki ro-
dzaj komunikacji, komunikacji cyfrowej, zyskat na znacze-
niu w ostatnich latach. Szczegélnie okres pojawienia si¢ CO-
VID-19 pokazal jak wazny dla spoleczenstwa jest dostep do
internetu i rozwoj cyfryzacji. Bezpo$redni kontakt z klientem
zamienil si¢ na kontakt w formie online. Ze wzgledu na fakt,
iz dostep do Internetu ma az 61.8% spoleczenstwa na $wie-
cie [1] dziatania marketingowe w sieci docieraja do szerokiej
publicznosci, a firmy maja szanse na zdobycie wielu klientow
z roznych krajow. Ostatnie dwa, trzy lata spowodowaly zmia-
ne¢ na rynku surowcoéw mineralnych. Okres pandemii i kolej-
ne lockdowny zaklécily tancuchy dostaw, ograniczyl sie tez
popyt na surowce, a jedyng formg kontaktu czy komunikacji
przez pewien okres byl internet. Dodatkowo dzialania wo-
jenne na Ukrainie przyczynily sie do kryzysu energetycznego
oraz $§wiatowego kryzysu gospodarczego [2, 3, 4], ktdry spo-
wodowal wzrost zapotrzebowania UE na surowce mineralne
(glownie surowce krytyczne).

W kontekscie obecnej sytuacji globalnej Polska posiada
zrdznicowang baze zasobowg surowcéw mineralnych [2, 5,
6], a wszystkie kluczowe kopaliny uzyskaly status o duzym
znaczeniu gospodarczym [7]. Powoduje to, ze Polska staje si¢
waznym dostawcg wielu surowcéw mineralnych do krajow
UE [8]. A przy obecnie posiadanych zasobach utrzymanie
produkcji surowcéw mineralnych na znaczgcym poziomie
bedzie mozliwe najmniej przez 30 lat [9]. Dokumentami,
ktdry reguluja funkcjonowanie branzy surowcowej w Polsce
jest ,Prawo geologiczne i goérnicze” z 9 czerwca 2011 roku
okreslajace ,zasady i warunki podejmowania, wykonywania
oraz zakonczenia dziatalnosci w zakresie wydobywania ko-
palin ze z162” [10] oraz ,,Polityka Surowcowa Panstwa” (na-
zywana rowniez PSP2050), ktora zostala przyjeta przez Rade
Ministréw 1 marca 2022 r. PSP2050 ma by¢ ,filarem bezpie-
czenstwa i efektywnego gospodarowania zasobami wszyst-

kich dostgpnych w Polsce kopalin i surowcéw mineralnych
fanicucha warto$ci” [11]. Jednym z jej celow szczegdtowych
jest ,zapewnienie sprzyjajacych warunkéw prawnych dla
obecnych i przyszlych inwestoréow oraz rozwdj i unowocze-
$nienie branzy geologiczno-gorniczej” [12]. Realizacja tych
celéw moglaby by¢ tatwiejsza przy wykorzystaniu marketin-
gu cyfrowego i prowadzeniu szeroko pojetych dziatan mar-
ketingowych.

Celem niniejszej publikacji jest analiza dzialan w zakresie
marketingu cyfrowego pigciu przedsi¢biorstw dziatajacych
na rynku surowcowym i poréwnanie uzyskiwanych wynikéw
zaangazowania ich odbiorcéw na poszczegoélnych portalach
spoleczno$ciowych.

2. Digital marketing

Digital marketing okreslany jest ,najszybciej rozwijaja-
cym si¢ obszarem marketingu w historii tej dziedziny” [13].
Okreslany jest jako e-marketing lub marketing cyfrowy. To
jeden z elementow stosowanego w pozyskiwaniu klientow
marketingu 4.0, gdzie ,klienci majg bardziej bezpo$redni
wplyw na kierunek marki, dzieki bardziej intymnej relacji
za posrednictwem technologii cyfrowej” [14]. W literaturze
przedmiotu znalez¢ mozna rézniace si¢ definicje e-marketin-
gu, przedstawiajace go jako:

o  dzialania przedsigbiorstwa prowadzone za posred-
nictwem Internetu zmierzajace do promowania oraz
sprzedawania produktéw i ustug, a takze do budowa-
nia relacji z klientem [15],

o calo$ciowy proces planowania i organizowania, a tak-
ze realizacji dzialan marketingowych w Internecie
ukierunkowanych réwnocze$nie na zaspokajanie po-
trzeb klientéw oraz osiaganiu celéw organizacji [16],

o centrum cyfrowego biznesu, polegajacego na zbliza-
niu sie do klientéw w celu ich lepszego zrozumienia,
a takze poszerzanie kanatow dystrybucji i zwigkszanie
sprzedazy poprzez prowadzenie kampanii marketingu
cyfrowego z wykorzystaniem jego kanaléw [17],
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Rys. 1. Schemat przeprowadzonych badan. Source: own study

Fig. 1. Research scheme. Zrédlo: opracowanie wlasne

o metoda promocji wykorzystujaca cyfrowe $rodki
przekazu jako jej kanaly komunikacji z potencjal-
nym nabywca danych dobr [18].

Reasumujac marketing cyfrowy to zbiér dziatan w celach
promocyjnych, ktérych zadaniem jest dotarcie do potencjalnych
klientéw, szukajacych produktéw lub ustug danej firmy [19].

Istnieje wiele rodzajow oraz kanaléw marketingu cyfro-
wego [20]. Do gtéwnych dzialan marketingowych zalicza si¢:

o Influencer Marketing - to dzialania skierowane na oso-
by znane i wptywowe w obrebie grupy docelowej [16],

o  Content Marketing - tzw. marketing tresci, opiera
si¢ na przygotowaniu istotnych i warto$ciowych dla
klienta materiatéw w odpowiedniej formie graficznej
i tekstowej [16],

o Search Engine Marketing (SEM) - tzw. marketing
w wyszukiwarkach, obejmuje dzialania promocyjne
w celu podniesienia pozycji danego serwisu w wyni-
kach wyszukiwania (gléwnie poprzez odpowiednie
frazy lub stowa kluczowe) [21],

«  Video Marketing — tworzenie i publikowanie mate-
riatéw wideo oraz zarzadzanie nimi po udostepnie-
niu [22, 23],

o Social Media Marketing - dzialania skierowane na
wzrost rozpoznawalnoéci marki, budowanie pozy-
tywnego wizerunku, nawigzywanie relacji z klien-
tami majace na celu osiagniecie wyzszych wynikow
sprzedazowych [24, 25],

o E-mail Marketing - tzw. marketing bezpoéredni, na-
rzedzie komunikacji wykorzystujace poczte elektro-
niczng [16, 26],

«  Display Marketing - graficzna reklama internetowa prze-
kierowujaca do docelowej strony internetowej [20, 27].

Zadaniem kazdego kanalu jest przyciagniecie jak naj-
wiekszej liczby klientéw, a takze zapewnienie skutecznej re-
klamy dla firmy. W marketingu cyfrowym wykorzystywane
sa narzedzia umozliwiajace analize stosowanych przez firme
dzialan, jak i tworzenie wszelakich tresci. Do najpopularniej-
szych nalezg m.in: Brand24, Google Analytics, Google Ads,
BuzzSumo, Senuto i inne [szerzej w: 28].

3. Metodologia badan

Celem przeprowadzonych badan byla analiza dzialan
przedsiebiorstw surowcowych w zakresie marketingu cyfro-
wego. Wybrano pie¢ przedsigbiorstw z branzy surowcowej,
w tym: KGHM Polska Miedz, Grupa LOTOS, PKN ORLEN,
Lubelski Wegiel ,Bogdanka” SA oraz PGNiG SA. Wszystkie
przedsigbiorstwa posiadaja strony internetowe i sa aktyw-
ne w mediach spofecznosciowych. Jedynie Lubelski Wegiel
»Bogdanka” S.A. nie miata Twittera i Instagrama.

Badania przeprowadzono wedlug schematu przedstawio-
nego na rysunku 1.

Po wyborze przedsiebiorstw surowcowych przeprowa-
dzono desk research ich stron internetowych, a nastepnie do-
konano poréwnania dziatan tych przedsigbiorstw pod katem
wykorzystywanych przez nie kanaléw oraz sposobow ich uzy-
cia wraz z osiggnietymi efektami.

W szczegélnosci badania polegaly na sprawdzeniu stron
internetowych oraz mediéw spoteczno$ciowych analizowanych
pieciu przedsiebiorstw. Analiza poréwnawcza obejmowata:

o wykorzystywane kanaly marketingu cyfrowego,

e pozycjonowanie stron internetowych przedsie-

biorstw (wykorzystano SEO oraz aplikacje Senuto),
o obliczenie wskaznika zaangazowania odbiorcéw na

profilach we wszystkich uzywanych przez przedsie-

biorstwa mediach spolecznosciowych (Engagement

Rate, ER, wzér 1) [29].

wszystkie interakcje

ER = x 100%

liczba obserwujacych (wzor 1)

Przy czym interakcje obejmowaly liczbe polubien, ko-
mentarzy oraz ilo§ci udostepnien stworzonych przez firme
tresci w serwisie.

4. Analiza stron internetowych i mediow spolecznoscio-
wych - wyniki
4.1 Kanatly marketingu cyfrowego

Wstepna analiza stron internetowych oraz mediéw spo-
tecznosciowych kazdego z analizowanych przedsigbiorstw
z branzy surowcowej pokazala, ze Grupa LOTOS, PKN OR-
LEN i PGNiG SA wykorzystujg wszystkie kanaly marketingu
cyfrowego jakie zostaly przedstawione w rozdziale 2. KGHM
Polska MiedZ nie wykorzystuje takich kanaléw jak: Influencer
Marketing oraz Display Marketing. Natomiast Lubelski We-
giel ,Bogdanka” SA - Influencer Marketing, E-mail Marke-
ting oraz Display Marketing.

4.2 Pozycjonowanie stron internetowych w wyszukiwarkach

W aplikacji Senuto utworzono analize widocznoéci dla
stron internetowych wybranych wczeéniej przedsiebiorstw
poprzez wpisanie adreséw kazdej z domen. Otrzymane wy-
niki pokazaly, ze:

o najwigkszg liczbe stéw na jakich domena wyswie-
tla sie w wynikach TOP3 w wyszukiwarce posiada
przedsigbiorstwo PGNiG SA,

o najmniejszg warto$¢ stéw kluczowych dla wynikéw
firmy w TOP 3 ma LW ,,Bogdanka” SA, jest on ponad
dziesigciokrotnie nizszy niz w przypadku PGNiG SA,

o przedsiebiorstwa zajmujg stale miejsca w ,,rankingu”
tworzonym podczas analizy,

o najwyzsze wartoéci zarébwno dla szacowanego ru-
chu, jak i reszty danych wystepuja dla PGNiG SA,
ktdre zajmuje 78. miejsce w rankingu kategorii biz-
nes. Kolejny jest ORLEN (149. miejsce w rankingu
o tej samej tematyce, co PGNiG). Trzecie w kolej-
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Rys. 2. Warto$ci wskaznika zaangazowania odbiorcéw (ER) analizowanych przedsigbiorstw na poszczegdlnych portalach. Source: own study

Fig. 2. Values of Engagement Rate of the analyzed enterprises on individual portals. Zrédto: opracowanie wlasne

noéci jest przedsigbiorstwo LOTOS zajmujace 405.
miejsce w rankingu. Nastepny jest KGHM, a za nim
»Bogdanka”.

4.3 Wskaznik zaangazowania odbiorcow na profilach

W celu obliczenia skuteczno$ci zarzadzania profilami
w mediach spoteczno$ciowych przez poddane analizie przed-
siebiorstwa, obliczono (wg wzoru 1) wskaznik zaangazowania
odbiorcéw tzw. Engagement Rate (ER) dla kazdego z nich na
poszczegdlnych portalach. Wskaznik ten pokazuje aktyw-
no$¢ obserwatoréw pod udostepnianymi tre§ciami. Analiza
dotyczyla pieciu najnowszych wpiséw, postow oraz filmow
udostepnionych przez przedsigbiorstwa w poszczegélnych
mediach spolecznosciowych. Wartoéci wskaznika zaangazo-
wania odbiorcéw ER dla poszczegdlnych portali analizowa-
nych przedsigbiorstw przedstawiono na rysunku 2.

Wyniki przedstawione na rysunku 2a) pokazuja, Ze naj-
wieksza warto$¢ wskaznika ER na portalu Facebook ma profil
przedsiebiorstwa LW ,,Bogdanka” SA, ktory nie posiada tak
pokaznej liczby obserwatoréw (776 obserwatoréw), jak wigk-
sz0$¢ firm poddanych analizie. Jak wida¢ liczba obserwato-
réw nie koniecznie idzie w parze z zaangazowaniem odbior-
cow. Druga co do wielko$ci warto$¢ wskaznika ER przypadta
PGNIiG SA z liczba obserwatoréw wynoszaca 20079. Obser-
wacje tych przedsiebiorstw sa nizsze od pozostalych (KGHM
Polska Miedz - 20457, Grupa LOTOS - 24839, PKN ORLEN
- 59256). Przedsigbiorstwo Lubelski Wegiel ,,Bogdanka” SA

moze réwniez pochwali¢ si¢ najwieksza liczba udostgpnien
stworzonych tresci wéréd pieciu analizowanych firm, bo az
66. Najnizszy wskaznik ER wystepuje w przedsigbiorstwie
ORLEN, gdzie liczba obserwatoréw, polubien oraz komenta-
rzy jest najwyzsza.

Najwyzszy wskaznik zaangazowania odbiorcéw na porta-
lu LinkedIn, podobnie jak w przypadku serwisu spoleczno-
$ciowego Facebook, posiada Lubelski Wegiel ,,Bogdanka” SA
i wynosi on 30,80%. Jest on ponad 80 razy wyzszy od naj-
mniejszego wskaznika zaangazowania wyst¢pujacego na pro-
filu firmy ORLEN. Powodem jest ogromna réznica w liczbie
obserwatoréw obydwu firm liczaca ponad 58 tysiecy. Mimo
niewielu, w poréwnaniu z reszta przedsigbiorstw, uzytkow-
nikéw obserwujacych konto ,,Bogdanki’”, bo jest ich zaledwie
776, ilos¢ interakcji jest bardzo duza, co $wiadczy o dobrej re-
lacji firmy z odbiorcami. Wyniki analizy wskaznikéw przed-
siebiorstw na portalu LinkedIn przedstawiono w formie gra-
ficznej na rysunku 2b).

Przy obliczaniu wskaznikéw zaangazowania odbiorcéw
na portalu Twitter (rys. 2¢), z wyjatkiem przedsiebiorstwa LW
»Bogdanka” S.A., ktore nie korzysta z niego wcale, wymagato
jedynie zamiany sumy komentarzy w liczniku na sume odpo-
wiedzi. W tym przypadku najwyzsza warto$¢ wskaznika ER,
ktory wyniost 2,16%, osiggnal PKN ORLEN. Wida¢, ze duza
liczba obserwatoréw (30001) na tym portalu przeklada si¢ na
wigkszy ruch na profilu przedsigbiorstwa. Zaréwno polubie-
nia (431), jak i odpowiedzi (65) oraz udostepnienia (152) sa
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znaczne wyzsze niz w pozostatych firmach. W zestawieniu
czterech firm, najgorzej wypadla Grupa LOTOS, ktéra majac
drugie miejsce pod wzgledem ilosci obserwatoréw (10709),
osiaga jedne z najnizszych wynikéw w zakresie interakcji od-
biorcéw na publikowane tresci, bo tylko 2 komentarze.

Poréwnanie graficzne wskaznikéw ER dla portalu Insta-
gram przedstawiono na rysunku 2d). W przypadku obliczen
wskaznikow zaangazowania dla tego portalu pod uwage bra-
no jedynie sume polubien oraz komentarzy do podsumowa-
nia interakeji, poniewaz serwis spoleczno$ciowy Instagram
w Polsce nie ma mozliwoéci bezposredniego udostepniania
tresci w formie postu na swdj profil. W przypadku tego por-
talu LW ,,Bogdanka” SA réwniez nie posiada konta. Najlepszy
wynik wskaznika wystapit na profilu KGHM Polska Miedz.
Wynidst on az 41,91%, co jest wartoscia powyzej $redniej.
Sumy polubient oraz komenatrzy w przypadku firmy KGHM
oraz Grupy LOTOS byly niemal identyczne (polubienia od-
powiednio 199 i 200; komentarze 3 i 4), jednakze liczba ob-
serwatorow profilu LOTOS jest ponad 6-krotnie wyzsza i wy-
nosi 3162, co przetozylo si¢ na nizszg warto$ciag wskaznika
ER wynoszaca 6,45%. Na drugim miejscu znalazto si¢ przed-
siebiorstwo PGNiG SA, ktére osiggneto wysoki wynik ER
wynoszacy 12,44% pomimo malej ilosci polubien (75) oraz
komentarzy (3).

Do obliczen wskazniki zaangazowania ER na kanatach
analizowanych przedsigbiorstw w serwisie YouTube wzie-
to pod uwage jedynie sume polubien oraz komentarzy, kto-
re podzielono przez liczbe subskrybentéw kanalu. Poziom
wskaznika na kanale PGNiG SA znacznie przewyzszyl wyniki
pozostalych przedsiebiorstw mimo niskiej liczby polubien
(28) oraz wylaczonej mozliwoéci komentowania pod swoimi
filmami. Na drugim miejscu, ze znacznie mniejsza wartoscia
wskaznika, znajduje si¢ LW ,Bogdanka” SA, ktora réwniez
wylaczyta mozliwos¢ komentowania filméw. Najnizszy wynik
osiagneto przedsigbiorstwo ORLEN, ktore posiada najwieksza
liczbe subskrybentéw, bo 10000 oraz sume¢ komentarzy pod
piecioma ostatnimi filmami (10). Zestawienie graficzne anali-
zy przedstawiono na rysunku 2e).

5. Whioski

Oceniajgc dziatania marketingowe analizowanych przed-

siebiorstw surowcowych nasuwaja sie nastepujace wnioski dla:

+  KGHM Polska Miedz - lepsze wyniki osigga w me-
diach spotecznosciowych niz na stronie internetowej
firmy; powinna zosta¢ podjeta wspdtpraca z influen-
cerem, ktéry wygeneruje ruch na stronie internetowej
firmy i sprawi, ze jej pozycja w rankingach wzrosnie
wraz z pozycja w wynikach wyszukiwania; potrzebna
jest analiza wyboru stéw kluczowych oraz dodanie
nowych, bardziej ogélnych, dzieki ktorym odbiorcy
znajda strone KGHM; w przypadku mediéw spotecz-
no$ciowych, przedsiebiorstwo powinno starannie
dobieral tresci, a takze zachecaé (odbiorcéw, pra-
cownikéw) do ich udostepniania, aby zaangazowanie
odbiorcéw pod postami bylo jak najwieksze;

o Grupa LOTOS - wiecej dzialan wymaga usprawnien;
strona internetowa powinna by¢ czesciej uaktualnia-
na oraz zosta przeprojektowana, aby byta tatwiejsza
w nawigacji, a jej zawarto$¢ lepiej widoczna; zbidr
stow kluczowych powinien zostaé poszerzony; po-

winien powsta¢ harmonogramu postow, aby tresci
byly regularnie publikowane, co zwigkszyloby ich
widoczno$é; odpowiednie dobranie treéci pod od-
biorcéw i przeprowadzenie badania rynku, ktére
umozliwi zwigkszenie interakeji pod postami;

o PKN ORLEN - osiaga dobre wyniki w przypadku
swojej strony internetowej, natomiast jej dziatania
w mediach spoleczno$ciowych wymagaja poprawy;
potrzeba regularnosci w dodawaniu treéci na profile,
a takze zachecenia odbiorcéw do interakcji; modyfi-
kacji wymaga réwniez video marketing, gdyz filmy
w serwisie YouTube publikowane sg zbyt rzadko;

o Lubelski Wegiel ,Bogdanka” SA - nie korzysta z wie-
lu dziatan w cyfrowego marketingu, co powinno ulec
zmianie; strona internetowa powinna zostac catko-
wicie zmodyfikowana; uruchomienie newslettera
dla klientéw; reklamy graficzne w formie baneréw
przekierowujacych do docelowej strony internetowe;j
pomoglyby zwiekszy¢ ruch na stronie internetowej;
stowa kluczowe wymagaja aktualizacji, aby jej po-
zycjonowanie w wynikach wyszukiwania sie¢ polep-
szyto; w mediach spoteczno$ciowych, na ktérych
dziala LW ,,Bogdanka” SA osiaga znakomite wyniki,
aczkolwiek nie korzysta wcale z dwdch kluczowych
serwisow spoteczno$ciowych, ktoérych uzywa konku-
rencja; zalozenie kont na portalu Twitter oraz Insta-
gram pomogloby w powiekszeniu grupy odbiorcow
i promowaniu swojej strony internetowej; wlaczenie
mozliwoéci komentowania pod filmami na portalu
YouTube;

o PGNiG SA - jej dzialania s3 na bardzo wysokim po-
ziomie, zwlaszcza jedli chodzi o strone internetowa,
wiec nie wymagaja usprawnien; jednak na profi-
lach w mediach spotecznos$ciowych odzew zwrotny
ze strony odbiorcow jest bardzo maly w przypadku
komentarzy - tre$ci powinny zosta¢ zmodyfikowane
tak, aby zachecaly do interakeji, co pozwoli zwiegk-
szy¢ zasiegi postow; regularno$¢ publikowania na
kazdym z portali spoteczno$ciowych (zwigkszenie
aktywnosci na koncie w serwisie LinkedIn); umozli-
wienie zostawiania komentarzy pod filmami na por-
talu YouTube.

6. Podsumowanie

Glowna rolg marketingu cyfrowego w dzialalnosci przed-
sigbiorstwa jest promocja oraz budowanie $wiadomosci
marki. Sprzyjaja temu wszystkie dostepne narzedzia mar-
ketingu cyfrowego. Przeprowadzona analiza poréwnawcza
pozycjonowania stron internetowych pokazala, ze wszystkie
przedsigbiorstwa korzystaja z tzw. content marketingu oraz
marketingu w mediach spolecznosciowych. W zakresie stron
internetowych firma, ktéra osiagneta najlepsze wyniki jest
PGNIiG SA ze wzgledu na najlepsze pozycjonowanie w wyni-
kach wyszukiwania. Z kolei najgorzej wypadta LW Bogdanka
SA, czego powodem byta najstabiej dopracowana strona in-
ternetowa. Dodatkowo obliczony wskaznik zaangazowania
odbiorcow ER na poszczegolnych profilach analizowanych
przedsigbiorstw we wszystkich uzywanych przez nie mediach
spoleczno$ciowych wskazal na braki efektow w dzialaniach
wiekszosci z nich.
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Mamy nadzieje, Ze niniejszy artykut przyczyni si¢ do pozy-

tywnych i skutecznych zmian w dziataniach marketingowych lepszy¢ swoj wizerunek.

przedsiebiorstw surowcowych, ktére znalazly si¢ w ostatnim

czasie w trudnej sytuacji. Poprzez publikacje tresci i umiejet-

ne zarzadzanie mediami spolecznosciowymi beda mogly one and Technology [No. 16.16.100.215]

zbudowac blizsze relacje z klientami, a przede wszystkim po-
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Abstract
Machine activity recognition is important for benchmarking and analysing the performance of individual machine, machine
maintenance needs and automated monitoring of work progress. Additionally, it can be the basis for optimizing manufacturing
processes. This article presents an attempt to use object clustering algorithms for recognizing the type of activity in the production
complex. For this purpose, data from the production process and the k-means algorithm were used. The most common object clustering
algorithms were also discussed. The results and the presented analysis approach demonstrate that this method can be successfully

Keywords: Machine Activity Recognition, clustering, process mining, performance of individual machines, operational efficiency

1. INTRODUCTION

In mining production, significant financial and human re-
sources are involved. How these resources are utilized in the
actual production process often determines the profitability
of production. Data from the production process, collected
through sensors installed in machines, allows for monitoring
the performance of production systems. This enables calcu-
lating the utilization of machines and tracking the progress in
line with the adopted schedule. Proper data analysis can also
lead to the optimization of the production process, which is
often far from the ideal model due to real-world conditions.

Such analyses are conducted within the framework of a
process known as Process Mining, whose aim is to identify
potential issues occurring in the production process and find
areas for improvement. In the current context of process au-
tomation, achieving this goal requires having an appropriate
set of data. In addition to data from automatic measurement
systems, information about the type of machine activity (e.g.,
transit, operation, downtime) is essential. Such information
is not measurable and is not part of the sensor data stream
recorded in the database. Comparing the actual sequence of
activities performed in the production process with the ad-
opted model process allows for identifying bottlenecks, iden-
tifying unnecessary repetitions of activities, and determining
the causes of downtime and failures. If you do not have the
appropriate event log, then the solution is MAR (Machine Ac-
tivity Recognition). Methods of this kind involve recognizing
the activities performed by machines based on the analysis of
multiple parameters of their operation recorded at the same
time. In the literature, there is a growing number of examples
of such approaches, mainly in the construction industry. It
most commonly concerns excavators [4, 10, 11, 12], loaders
[5, 12, 13], or compactors [8]. In the mining industry, such
analyses primarily pertain to the operation of loaders (open-
pit mining) or shearers [6, 16].

Most commonly, machine activity recognition is accom-
plished using supervised machine learning methods based

on labelling, where observed machine states are assigned to
recorded machine operation parameters. In the majority of
cases described in the literature, this involves observing vid-
eo recordings of machine activities along with timestamps of
their start and end times. For this purpose, supervised classi-
fication methods are employed, with neural networks being
the most commonly used. However, conditions suitable for
video camera operation are not always present, and the nature
of activities may not be identifiable through this approach. In
such situations, unsupervised classification methods become
the solution. In the following part of the study, an example
of activity recognition in a mining complex will be present-
ed, based on the recorded current intensities flowing through
motors driving its elements.

2. METODY GRUPOWANIA OBIEKTOW

Object clustering methods, often referred to as clustering
or cluster analysis, aim to identify groups/clusters of objects
that are similar to each other within the group but dissimilar
to objects in other groups. The most popular methods include:

K-means algorithm - is one of the simplest and most pop-
ular clustering algorithms. This algorithm involves dividing
the dataset into k clusters, where k is a predetermined num-
ber. Each cluster is represented by its mean values, called cen-
troids. In each step of the algorithm, each object is assigned
to the class whose centroid is the closest. Then, new centroids
for each class are calculated as the average value of all objects
in that class. This process is repeated iteratively until the ob-
jects achieve a stable assignment to the clusters or a stopping
condition is met. [3]

K-medoids algorithm - is similar to k-means, but instead
of using mean values as cluster representatives, it selects one
of the objects from the cluster, which is called a medoid. A
medoid is a point that is closest to the other objects in the
cluster. The main advantage of k-medoids is its greater ro-
bustness to outliers, as the medoid is not sensitive to extreme
values in the cluster. The k-medoids algorithm is iterative and
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Fig. 1. “Mikrus” longwall system [17]
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Fig. 2. A plot of the variation of recorded current intensities as a function of time. Source: own study
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Fig. 3. Elbow rule plot. Source: own study
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relies on assigning objects to the nearest medoid and updating
the medoids in each iteration. The iterative process is repeated
until the objects achieve a stable assignment to the clusters,
and the difference between the medoids in consecutive iter-
ations is small .[7]

Hierarchical Clustering - is a family of clustering methods
that create a hierarchical tree or dendrogram of objects, where
each level of the tree represents a different level of grouping.
It can be categorized into two main types: agglomerative
(starting with individual objects and merging the most sim-
ilar clusters) and divisive (starting with a single large cluster
and recursively dividing it into smaller ones). The hierarchical
clustering process continues until all objects are assigned to
their individual clusters or until a stopping criterion is met.
This method is useful for exploring the structure of the data
at different scales, as it provides a visual representation of the
nested relationships between clusters. [14]

DBSCAN - is a density-based clustering method that
groups together objects based on their spatial density. It clas-
sifies objects into three categories: core points, border points,
and noise points. Core points are densely surrounded by oth-

er points within a specified radius (epsilon) and are used as
seeds to form clusters. Border points are within the epsilon
neighborhood of a core point but are not core points them-
selves, and noise points have no core points within their ep-
silon neighborhood. DBSCAN efficiently discovers clusters of
arbitrary shapes and is robust to outliers, as they are treated
as noise points. The algorithm starts with an arbitrary point,
finds its epsilon neighborhood, and recursively expands
the cluster by adding reachable core and border points. The
process continues until all points are assigned to clusters or
marked as noise. [7]

The Expectation-Maximization (EM) algorithm - is a
probabilistic clustering method that assumes data are gen-
erated by an underlying statistical model with latent (unob-
served) variables. EM is an iterative process that alternates
between two steps: the E-step (Expectation step) and the
M-step (Maximization step). In the E-step, it estimates the
probabilities of the latent variables given the observed data
and the current model parameters. In the M-step, it updates
the model parameters by maximizing the expected log-likeli-
hood of the complete data. The EM algorithm converges to a
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local maximum of the likelihood function and is often used to
find maximum likelihood estimates for models with missing
data or unobserved variables. It has wide applications in var-
ious fields, including data clustering, image processing, and
statistical modeling. [1]

The Fuzzy C-Means (FCM) algorithm - is a variation of
the traditional k-means clustering method that allows objects
to be assigned to multiple clusters with different degrees of
membership. In FCM, each object is characterized by a set
of membership values, indicating the likelihood of belong-
ing to each cluster. Unlike k-means, where an object is rig-
idly assigned to the nearest cluster, FCM softens the assign-
ment by using fuzzy logic. The algorithm iteratively updates
the membership values and the cluster centers until a certain
convergence criterion is met. FCM is particularly useful when
an object can belong to more than one group simultaneous-
ly or when there is ambiguity in assigning objects to distinct
clusters. It has applications in various fields, including image
segmentation, pattern recognition, and decision-making sys-
tems. [2]

In the example presented below, the k-means algorithm
was used due to its fast convergence, scalability, simplicity,
and efficiency.

3. PRACTICAL EXAMPLE

The results presented below concern the "Mikrus" long-
wall complex, during the period when the complex was test-
ed under real conditions. The "Mikrus" longwall complex is
designed for extracting thin coal seams with a thickness of
1.1-1.5 meters. It is equipped with the GUL-500 cutting-load-
ing head, which is moved along the coal face by a longwall
conveyor. The movement of the head is carried out using a
traction system of cutting elements beneath mechanized

housing sections (Fig. 1). The exploitation of this complex is
associated with an innovative mining technology using per-
pendicular caving, enabling the completion of a full shearing
cycle in approximately 1 minute. [https://famur.com/urzadze-
nia-dla-gornictwa-podziemnego/kompleks-mikrus/]

The control of the complex is carried out by an operator
utilizing a central control panel located in the goaf. The traction
system of cutting elements is powered by electric motors sup-
plied from frequency converters placed in the drivages. [17].

The original data format contained information about
changes in current intensities, the time of their occurrence,
and the engine code to which the change pertained. The in-
vestigated dataset contained columns with the following pa-
rameters:
tsu — time of observation (unix timestamp),
ouf — current intensity of the cutting element motor [A],
ngf - current intensity of the main drive motor [A],
npf - current intensity of the auxiliary drive motor [A],
nuf — current intensity of the cable layer motor [A].

The decision to register changes in current intensity ef-
fectively reduced the amount of transmitted and stored data,
but for their analysis, it was necessary to reconstruct their
original arrangement. This was achieved by using appropriate
functions in the R programming language. This has been fur-
ther elaborated in the work [9].

The operation of the main drive and auxiliary motors did
not differ significantly. The values of the currents they con-
sumed varied within a small range. This is illustrated in Figure
2, which shows a section of the recorded data.

In Figure 2, both the working and idle periods of the har-
vester can be observed. The current intensity values of the
cutting element motor (ouf) are represented in the violet co-
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Fig. 6. Histogram of cutting head drive motor current with division into determined groups. Source: own study
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Fig. 7. Histogram of feed drive motor current with division into determined groups. Source: own study
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Fig. 8. Histogram of cable laying drive motor current with division into determined groups. Source: own study

Rys. 8. Histogramy natezen pradéw silnika ukladaka z podziatem na wyodrebnione grupy

lour. During the depicted time period, a peak reaching values
exceeding 400 [A] is visible, associated with the start-up of
this motor. This is confirmed by simultaneous increases in the
current values flowing through the other motors. This figure
well illustrates the mutual similarity of the current intensi-
ty values in both advancing drive motors and the relatively
constant current intensity values in the conveyor drive mo-
tor. Due to the similar values of both advancing drive motors,
which would result in repetitive information, the average of
their values was used in the further analysis.

In the next stage, outliers were removed from the dataset,
which, like the aforementioned peak, could disrupt the clus-
tering process. To determine the boundaries beyond which
outliers lie, a method based on the interquartile range was
adopted The IQR * 1.5 rule, also known as the Tukey rule
[15], is a statistical technique used for detecting and handling
outliers in data. It involves calculating the interquartile range
(IQR), which is the range between the 75th percentile (Q3)
and the 25th percentile (Q1) of the data. The IQR represents
the spread of the middle 50% of the data. According to the

rule, data points that fall below Q1 - (IQR * 1.5) or above Q3
+ (IQR * 1.5) are considered outliers and can be potentially
removed or treated separately. This rule is especially useful
in robust statistics, where it helps in identifying and dealing
with extreme values that could adversely affect the results of
statistical analysis.

The next step in the conducted analysis was to determine
the number of clusters to which the observations could be as-
signed. The elbow rule was used for this purpose.

The Elbow Rule is a heuristic method used to determine
the optimal number of clusters in a clustering algorithm, such
as k-means. It involves plotting the variance explained (or an-
other clustering performance metric) against the number of
clusters, and looking for an 'elbow point' in the graph. The
elbow point is the value of k at which the explained variance
starts to level off significantly. The idea is that the optimal
number of clusters is often located at this point, as adding
more clusters beyond the elbow may not lead to significant
improvement in the clustering quality. The Elbow Rule is a
useful visual aid for selecting an appropriate number of clus-
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Tab. 1. Activity identification. Source: own study

Tab. 1. Identyfikacja czynnosci

Group Activity Premise
. occasional high values of feeding motor current,
1 maneuvering . . .
occasional high values of cutting element motor current
5 engaain occasional high values of feeding motor current,
9aging high values of cutting element motor current
3 cuttin high values of feeding motor current,
9 the highest values of cutting element motor current
. zero values of feeding motors current,
4 idle )
zero values of cutting element motor current

ters when conducting clustering analysis. In this way, the
graph presented in Figure 3 was obtained.

Based on the graph in Figure 3, it was determined that the
optimal number of clusters is four. The clustering process was
carried out using the k-means function available in the R lan-
guage after loading the stats library. As a result, a list is gen-
erated, containing the cluster numbers to which the consecu-
tive observations in the analysed data were assigned. Figure 4
presents the observations assigned to clusters in a coordinate
system reduced to two principal components.

The clustering process conducted, however, does not pro-
vide answers to the fundamental question: what characteriz-
es the separated groups of observations, or in other words,
which machine operating states have been assigned to the re-
sulting clusters? The answer to this question can be obtained
by using a decision tree method, which generates decision
rules. Figure 5 presents the decision tree generated using the
rpart function available in R. It operates based on the CART
(Classification and Regression Trees) algorithm, which in-
volves recursively partitioning the dataset into subsets, based
on feature analysis aimed at minimizing the entropy in the
partition nodes.

The decision tree from Figure 5 displays the boundary
values of the parameters ouf and pos in its nodes, which are
used to assign measurements to the corresponding groups.
The decision rules generated based on the tree are presented
below:

cluster
1 when pos is 24 to 62 & ouf >= 63
when pos >= 62 & ouf >= 64
& ouf is 44 to 63
when pos is 24 to 62 & ouf < 44
when pos is 53 to 62 & ouf is 44 to 63
< 64

when pos is 24 to 53

when pos >= 62 & ouf

Bw w NN

when pos < 24

As can be observed, the parameter associated with the
conveyor drive does not have an impact on the assignment to
the resulting groups. Based on the generated decision rules,
the current operation of the harvester can be attributed to the
identified clusters. These groups correspond to specific ma-
chine activities, and the analysis of the obtained rules often
allows for the identification of these activities. Additional as-
sistance in this identification can be provided by histograms
of the analysed parameters with division into groups. They are
presented in figures 6, 7, and 8.

Simultaneous interpretation of decision rules and histo-
grams allows for the following group assignments:

The extracted activities and rules for assigning observa-
tions of machine operating parameters can be used to deter-
mine the current machine's activities, but they can also be
utilized for analyzing historical data stored in databases.

4. CONCLUSION

The presented method can be applied to a wide range of
machines and devices. The widespread use of various sensors
enables detailed control over the executed production pro-
cesses. The results presented in this article are of an indicative
nature, but conducting a similar analysis on a larger dataset
would significantly enhance their credibility. Utilizing a larger
amount of data would likely allow for the identification of a
greater number of machine activities/states.

A significant advantage of the presented approach is the
absence of the need for event logs, from which information
about the occurrence times of specific activities could be ob-
tained. However, if such event logs were available, neural net-
works could be successfully employed for activity recognition.
The conducted analysis allows for the assignment of activities
performed by the machine based on measured parameters of
its operation. Further work should be conducted to verify the
correctness of the recognized sequence of activities to detect
deviations from the model sequence of activities envisaged for
this production process.
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Rozpoznawanie czynnosci maszyn z uZyciem metody grupowania

Rozpoznawanie czynnosci realizowanych przez maszyny jest bardzo istotne dla poréwnywania i analizy wydajnosci poszczegolnych
maszyn, potrzeb konserwacji maszyn oraz automatycznego monitorowania postepu prac. Dodatkowo, moze by¢ ono podstawg do
optymalizacji realizowanych proceséw produkcyjnych. W niniejszym artykule przedstawiono probe wykorzystania algorytméw
grupowania obiektéw do rozpoznawania rodzaju aktywnosci kompleksu urabiajgcego. Do tego celu uzyto danych pochodzgcych z
procesu produkcyjnego oraz algorytmu k-means. Przyblizono takze najpowszechniejsze algorytmy grupowania obiektéw. Wyniki oraz
zaprezentowany sposéb przeprowazania analizy pokazujg, ze taki sposéb postepowania moze by¢ z powodzeniem wykorzystywany
w praktyce.

Stowa kluczowe: rozpoznawanie czynnosci maszyn, grupowanie, process mining, stopieti wykorzystania maszyn, wydajnos¢ operacyjna
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