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Abstract

Decreasing pollution and increasing oil fields edfility are key
goals of the proper extraction of hydrocarbons froifrassociated
gas (OAG). Despite the potential of a proper OAdization, oil
companies often struggle with an increase in therall gas cost
‘and possible unprofitability of its treatment thbugonventional
methods (Igitkhanyan et al., 2014). These costedléssues have
been mentioned before by authors like Braginskii @hernavskiito
(2011) and Arutyunov et al. (2017). This paperaddtices a novel
method for OAG separation and the subsequent obteof the
Broad Fraction of Light Hydrocarbons (BFLH) thatlies on
compression followed by the cooling. The proposahiplemented
on a mobile laboratory unit developed to define poexpenditures
and optimize the modes of obtaining broad fractioo
hydrocarbons from OAG at oil fields with low gasctiar and
caloricity due to high nitrogen content. The expmmts of the
paper contributed validating the proposed methadi the mobile
unit, and this, among others, by determining opttimedes for the
obtention of the BFLH from AOG with different irgi
compositions of hydrocarbons components and haradfodixtures,
and also by determining concrete values for theeddence of the
°bAG compression pressure on temperature.
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Oil-associated gas, compression, broad
hydrocarbons, mobile laboratory unit, oil fields
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Introduction and Background Information

During the process of extraction, delivery and pssing of oil, the OAG is produced. The OAG is turad
hydrocarbon gas diluted in oil or being in the “sapf oil and gas-condensate fields. The amourDAf in
one ton of oil can vary from one, two up to sevénalusand cubic meters (Semenova et al., 2016pixzaat al.,
2018). In contrast to natural gas, OAG containgstaipom methane and ethane, a large share of pegjaitane
and heavier hydrocarbons (RIA Novosti). One ofrtien and subsequent procedures of OAG utilizaiesdn
its splitting into separate components. This treathprocess allows obtaining dry stripped gas armtoad
fraction of light hydrocarbons (BFLH). This BFLH rtabe further used as raw material for petrochemical
productions, as ecologically pure fuel for heatinged in the same oil preparation process chain &gthe oil
filed, and there are even recent studies analyizintheoretical use for power generation in gasspi€ngines
thus significantly decreasing its flaring (Arutyunet al., 2020).

World volumes of OAG extracted together with oikamather significant (Baranov et al., 2017). Half a
century ago OAG was just burnt at flare facilitidgys doing significant harm to ecology and thisgaese when
burning OAG, carbon dioxide and active soot areastd into the atmosphere. Today, however, evenewhe
there are still other pollution problems associatedil and gas production, see Atoufi and Lamp2eR0), this
associated product of oil extraction, i.e. OAGpisre frequently caught and used, among othershdating
technical premises and producing electrical powhrs is an approach that allows industrial entegsito solve
their own power problems without needing power $yifom outside what in many cases leads to coshga
if the gas is obtained efficiently and properly y&iekova et al., 2019). Besides, OAG is also aaldtiraw
material for the chemical industry. This altogeth#ows, not only to qualitatively utilize OAG prawing the
ecology but also to obtain profit from it in pethaenistry.

Over the last years, the main problem of OAG hasnbeidely discussed all over the globe, including
Russia. In Russia, especially after the governnhedgarees on increasing the payment for limit-esoes
burning of OAG came into effect and after the aatiimn of investment programs of oil-and-gas comgsynihe
qualitative changes in this sphere have start@at¢ar. Thus, the recent and expected productiowthrof light
hydrocarbon raw material in Russia for further usthe petrochemical industry is directly connectéth OAG
processing growth (Kiryushin et al., 2013).

Oil-associated gas can be both a valuable and daungassociated component during oil extractiomalg,
there is no constant ratio of OAG components, &nd there can be a completely different proportib@AG
components at different oil fields. The OAG congithe following components: methan€H4), ethane
(C2H6), propane 3H8), butane (4H10), pentane((5H12), hexane({6H14), carbon dioxide(f02), nitrogen
(N2), oxygen 02) and hydrogen sulfidedS) (GOST R 55598), Kuppusamy et al. (2020). Theseponents
can be conventionally divided infoamy — hydrocarbons (methane, ethane, propane, bytengane, hexane),
inert (hydrogen, carbon dioxide), amérmful or dangerous — hydrogen sulfide, carbon dioxide. The content
of hydrocarbons at different oil fields varies irvery broad range. Thus, at some oil fields OAG cantain
over 80% of hydrocarbons, while at others, usualifiyones, the content of hydrocarbons does notegix6eor 7
% (Speight, 2012; Kayukova et al., 2009).

Generally, OAG extracted from wells is unstableitsycomponent composition and volume. As mentioned,
at different oil fields usually OAG with differemompositions will be extracted. Even in fields lezhclose to
each other, the OAG composition can significanilfed Besides, the gas composition also changél thie
field depletion. In this particular case, inert quments, such as, first of all, nitrogen, prevailthe OAG
composition. Similarly, the volume of extracted OA€pends on the good recovery given that withnheehse
in the oil field operation time, both the oil andAG volume extraction usually goes down. In turn, @A
hydrocarbons can be divided as follows:

- gas — components of grodii, C2 (methane, ethane) being only in a gaseous stalter the conditions

close to atmospheric ones (pressure and tempexailmey are slightly diluted in liquids;

- unstable components of groaB, C4 (propane, butane) — gases, become liquids atdowerature or

under elevated pressure (1.6 MPa);

- and stableC5, C6 (pentane, hexane).

Gas components are distinguished by the fact they fre converted into the liquid state at very low
temperatures or under very high pressures. Unsthptirocarbons can be in a gaseous state at normal
temperature, and in a liquid state under the pressti0.16 MPa. On the other hand, stable hydrazwlare
liquids.

As for the use of the gases, these can be useckithér at the extraction site or transported Igas pipeline
transport which has been preliminarily preparesl, dried and purified. On the other hand, in ligsidte OAG
components can be used either on-site or trangpbsteautomobile transport. Components in a liquédescan
be used as:

- solvents when repairing wells;
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- fuels at oil fields and with insufficient amount@ivn OAG;
- to return pentane-hexane group into marketable oil.

At the oil fields in the operation of the Russiadraurt Republic, the extracted oil is characterigdhe low
gas factor ranging from 4.5 to 35/m Besides, OAG here contains a lot of nitrogeinom 30 up to 90%, and
consequently, it has low caloricity — from 1200topB600 kcal/m Also, at the majority of oil fields in the area
OAG contains a significant amount of hydrogen siélfD.2 — 0.5% (up to 2%) by volume, and, consedyent
OAG is practically useless for domestic purposes.

The OAG complexity lies on more careful preparatiancontrast to the natural gas. The preparation
comprises its separation from heavier hydrocarlzons water. During the phases of transportation ws@lin
pipelines, these components can be condensed emdifuid plugs, and also clogs that leads to dariaghe
gas equipment (Rafa et al., 2014). The OAG canmdmesported only by pipeline transport or by its poassion.

In both cases, it is a quite expensive processreftre, while working with small volumes of OAG, ig
advisable to use it only for technological purposkesil fields for oil preparation, namely, for heating.

One of the main tasks and ways for decreasing @mviental pollution and increasing the profitabilityoil
fields is precisely the extraction of unstable atable hydrocarbons from OAG. In this case, theididraction
can be obtained, which can be transported by matidlens of transportation.

All the existing methods of OAG processing can pkt snto three main groups: physic-energy; thermal
chemical and chemical-catalytic. In this regarde¢hmain technologies have been developed basdlesa
methods: cryogenic technologies (low-temperaturgaiion, condensation, rectification); membrane
technology and adsorption technology (Vorobiev ket 2018). Despite the existence of these well-kmow
methods, in the actual practice of oil fields, osyne methods of OAG processing are applied. The ara
most used method is usually OAG utilization byséparation into components. This process allowaiibg
dry stripped gas which, by its essence, is the saateral gas and also the BFLH. The BFLH can béhéur
used, for example, as raw material for petrochelnpicaductions.

It is well-known in the states of the art and piagtsee for example Igitkhanyan et al. (2014) thatmost
suitable and effective approach of OAG utilizatisnits treatment at the same gas processing pl&his.is
explained by the fact that for faraway oil fiel@AG transportation to such utilization plants isyeostly, and,
in some cases, is either complicated or even iniiplessom the technical side. In such cases, @dsisable to
realize the OAG processing at the same oll fieldsch is by far a more profitable option, espegidtir those
cases where the oil field operation time or its tif/cle are quite limited.

However, the real difficulties arise when impleniegtany possible utilization method for the latee WAG
for manufacturing or commercial purposes, which @maditioned by the features of this type of rawtemal,
and this, as it is necessary to perform the wheteo§ works for OAG preparation, i.e. removal ofahanical
admixtures and drying, and stripping, desulfurizatilaying gas pipelines to distant oil fields, $&&ch et al.
(2018), construction of gas collecting facilitiesjtist cite the most important ones.

In each particular case, the types and volume aksvdiffer, since they are defined by the same OAG
features, distances and conditions of transportaind ultimately by the requirements of the gassaorer. In
any case, the fulfilment of any volume of such prepory measures results in oil gas cost increadgassible
unprofitability of OAG treatment for oil companiéBako and BoZek, 2016), what at the end also leatlgther
negative impact for the environment and a lost chafor the involved companies in the generatiorsahe
extra profits.

In this regard and as mentioned above, from thepgetive of economic feasibility, it is preferaldetreat
OAG directly at the ail field obtaining the liqufdaction (BFLH), as liquid BFLH is more conveniearid cost-
effective to transport to chemical enterprises besides, it can be more effectively used for owrppses as
producing heat or electric power, and this becahseBFLH has higher caloric value than oil-assedagjas
(Mullakhmetova et al., 2015).

Based on all described background information, lemhtic issues and gaps in the states of the at an
practice, the present paper introduces a smalttsizebile laboratory unit “LURPNG” for obtaining tH&FLH
from OAG. The unit has been developed and prodbgddhevsk specialists from UdmFRC UrD RAS together
with teachers and students of Kalashnikov IzhevskteSTechnical University under the supervision of
Academician of RAS, Doctor of Science in EnginegriBrof. A.M. Lipanov. The main goals behind thsige
and development of this unit have been: 1) to dffier possibility of experimental determination bé tBFLH
obtention from OAG on certain oil fields and 2)pmvide a more flexible BFLH obtention by being el
transport the proposed unit by a wide scale of medrransportation, especially to those oil fieldsated far
from the main transport arteries. The solutionhaf problem set up addressed with the proposedanditvithin
the paper is topical for distant oil fields witHoav rate, which besides lack gas pipeline systdimss, the OAG
is utilized by burning.



Aleksei LIPANOV et al. / Acta Montanistica Slovad&glume 25 (2020), Number 1, 1-13

Material and Methods

A synthesized description of the proposed laboratgrunit for oil-associated gas separation “LURPNG”

The Laboratory unit “LURPNG” is intended for defig power losses and optimizing the modes for
obtaining the BFLH from OAG at oil fields with logas factor and low caloricity due to high nitrogemtent,
see Fig. 1.

Fig. 1. Laboratory unit for OAG separation “LURPNGource: Self-elaboration.

In the particular case of the proposed unit, themm@ssion method of gas mixture separation is tsed
obtain the BFLH from the OAG (Zaitsev et al., 201This laboratory unit is equipped with a refrigesa
machine, which allows significantly lowering thest® for the BFLH condensation, thus, making itaative
from the point of power costs. The small unit sa@bws effectively using it on smaller distant diglds,
specifically the ones with low rate. The technol@fyompression separation is based on differestieities of
saturated vapours and the difference in condemsptiessures of separate components of the mixtvinen the
temperature or pressure in a two-phase system (vapdiquid) change, its equilibrium is disruptedida
immediately renovated due to the change in the ma®sof the phases. For example, at a constamteeature,
the vapour phase compression results in the coatienf the part of vapours, and with the volumeréase,
the part of the liquid is evaporated. In both caghe vapour phase pressure, corresponding to ithen g
temperature, does not change (Lipanov et al., 2016)

However, with the compression method, the extraatiegree of heavy hydrocarbons is lower, as omlgra
of hydrocarbon vapours is condensed, the secont spays in the vapour phase to maintain the phase
equilibrium. The transition degree is defined by thitial composition, i.e. by the content of heavy
hydrocarbons and pressure elevation degree (Lesthady 2009).

The pressure of the gas mixture p is calculatethéyollowing Eq. 1:

N
p=y 1)
i=1
Where:

p, =%p— the partial pressure of i-gas in the mixture position;

N — number of gases in the mixture;

Xi — molar concentration of the i-gas in the migtur

The bond of the partial pressures, volume and e gas is defined by the following Eq. 2.

=M RT_ RT (2)

Pi L BF\{/— Hi v

Where:

m — mass of the i-gas of the mixture;

4 — the molar mass of the i-gas;

R — gas constant;

T — the temperature of the gas mixture;

V — the volume of the gas mixture.

On the other hand, with the OAG compression, tlessure of all its components increases proportignal
and part of the gases, whose pressure exceededpbar pressure, is condensed. The Antoine equéiiQn3)
that appears next can be used to calculate thesyesf saturated vapours of gases in a pressoge rap
to 0,2 - 0,3 mPa (Khafizov et al., 2012).
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In(P,) = A-B
T+C ©)
Where:
A, B, C — empirical coefficients (Skaftymov, 20172)~- temperature in K, Ps — saturated vapour pressure
mm Hg.
The following Tab. 1 displays the pressure datsatfirated OAG vapour components depending on the
temperature (Blyablyas et al., 2017).

Tab. 1. Saturated OAG vapour components pressloes under different temperatures

Boiling temperature, The pressure of saturated vapour at different teatpees of OAG, [MPa]
Substance o

[°K] 253 [°K] 263 [°K] 273 [°K] 283 [°K] 293 [°K]
Propane 231.1 0.2397 0.3387 0.4653 0.6238 0.8180
Isobutane 261.3 0.0711 0.1063 0.1537 0.2158 0.2951
n-Butane 272.7 0.0443 0.0682 0.1013 0.1457 0.2037
n-Pentane 309.2 0.0088 0.0149 0.0240 0.0371 0.0555
n-Hexane 341.9 0.0018 0.0034 0.0059 0.0099 0.0159

Hydrogen sulfide 212.8 0.5350 0.7433 1.0057 1.3290 1.7200

From Tab. 1, it can be seen that heavier hydrocertase condensed under low pressure. It can also be
concluded that, in terms of the OAG condensatianthe temperature increases, the pressure of satura
vapours increases as well. Consequently, the eipeasl of OAG components condensation go up. In the
considered pressure and temperature ranges oflTd&lydrogen sulfide condensation takes place uhigrer
pressure and at a lower temperature. In this regaid also possible to come to the conclusiort taving
selected the optimal pressure and temperature nmuaisg OAG condensation, it is possible to exclude
minimize hydrogen sulfide penetration into the cemghte. The optimal selection of such modes isobribe
important elements the present paper highlightd,arthe same time, something that the proposetdauetnd
the mobile unit designed and developed take intoaat.

Based on these facts and with the aim of pracyicadtify them, the mobile laboratory unit “LURPNGas
been designed, produced and tested at oil fieldseoldmurt Republic and Samara region to solveptbelem
of optimal mode selection of OAG condensation atipalar places of oil extraction with different exmical
compositions. The following Fig. 2 shows the blai&gram of the developed laboratory unit.

! ’ ° ! ° Gas output
OAG input >\ X\ without BFLH
| .
\/I I | K_/
BFLH l

Fig. 2. Block Diagram of the proposed unit. 1 #d¥, 2 — Compressor, 3 — Air heat exchanger, 4agbrator of the refrigeration
machine, 5 — Separator. Source: Self-elaboration.

On the other hand, Tab. 2 displays technical chariatics and parameters of the mobile laborataiy for
OAG separation “LURPNG".

Tab. 2. Key technical characteristics and paramseté the unit “LURPNG”

Designation Parameter value
Rated capacity of the unit for OAG, {fhr] 20-3.0
Input power, [kW] 0.5-1.50
Control volume of BFLH filling, [ml/nd] 100/0.0001
Supply voltage, [V] 220
Input gas consumption

The unit is equipped with sensors Output gas consumption

Electrical power consumption
Maximum weight of the unit, [kg] 60
Overall dimensions (WxH), [m] 0.81x0.51x0.54
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As can be seen in Fig. 2, in brief, the generatfioning of the laboratory unit for OAG separatistarts
with its connection to the gas pipe using a highspure hose. Inside the unit, the gas gets intdiltae (1)
where it is cleaned from water and oil drops, theyets into the gas counter and compressor (%).hgated gas
is cooled down to the ambient temperature by thén@at exchanger (3) and then to 40 °C by the arbhat
exchanger. The heat exchanger is in the refrigerativaporator chamber (4), where the freon gas filzan
refrigeration machine is supplied. A controllersséte condensation cooling temperature of the gadupts.
Subsequently, from the tubular heat exchangergéseflows into the separator (5) upper part. Theum body
is the centre of the condensate drop formation;cthredensate is collected in the same separatomn |paue.
When the ball valves are open, the condensatelliscted in a transparent measured sampler for theHB
connected to same separator 5. The sampler is-mlLG@asuring glass bottle.

On the other hand, the pressure in the separagatisy a membrane valve consisting of two caviti¢ke
lower one connected to the separator, and the uppeconnected to the LNG container (Leschev eR@09).
The liquefied gas in the container is in the equilim state, i.e. depending on the temperatuneillibe under
certain pressure, which defines the condensatioligbf hydrocarbon vapours, which are in it, andoathe
heavier ones. In the case of the container bellegl fivith propane, all the gases, including it, eoedensed in
the separator. All lighter gases, for instancemfrbydrocarbons — methane, ethane, from the inestga
nitrogen, inert gases, carbon dioxide, etc. flovatigh a membrane valve to the atmosphere via thergder.
The elastic membrane divides two-valve cavitieBe-upper one, which is a reference with the fijad, and the
lower one which is the working one. When the gassgure in the working cavity exceeds the pressutbe
reference one (condensation pressure, vapour pegssiie membrane bends and the gas flows throotgs h
being subsequently discharged into the atmosphéhen the pressure in the valve working cavity goean,
the membrane closes the holes, and the dischargs. Sthe pressure in the separator (condensatessyme of
the BFLH vapours) is controlled by the manometdnaly, when the reference volume of the transparen
measured vessel is filled, the unit is switched thf¢ data of the meters are recorded, the balkegadre closed,
and the sampler with the BFLH is disconnected ftbenunit.

The laboratory unit proposed by the authors in paiger has been successfully tested at some ldi fi¢ the
Udmurt Republic and Samar region as it will be diedafurther in the experimental part of this papEie main
aims have been, among others, to evaluate thehildgsof extracting the BFLH from OAG at differenil
fields, and to assess the operational efficiencthefmobile laboratory unit “LURPNG” at differentl dields
and under different conditions, see Fig. 3. Whestets the laboratory unit has demonstrated itselfiarkable
and simple in operation.

Fig. 3. Testing of the mobile laboratory unit “LBPRIG” at an oil filed in the Udmurt Republic. Sour&elf-elaboration.

Results and Discussion

Analysis of the experiment results for obtaining te BFLH from OAG with different chemical
compositions.

The experiment presented here is mainly aimed faidg the optimal condensation temperature, atcivhi
the electrical power consumption to obtain the BRIddid phase will be minimal. This experiment &alized
using the designed and developed mobile laboratoity“LURPNG based on the compression method. @urin
the experiment, the amounts of input and outputwgai® measured. The parameters of the input gasGjOA
used to obtain the BFLH are given in Tab. 3.
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The obtained BFLH was discharged into the transpameasured 100 ml vessel (0.0003);nthe vessel
filling time was measured with a stopwatch. Whea ttansparent vessel was filled up to 100 ml, thié was
switched off, and the recordings of the inlet gatume meters, outlet gas volume meters and elegtieer
meter were taken. The recordings of the gas volweters were related to normal conditions. Forphidicular
experiment, the normal conditions were assumeti@etof a pressure of 101, 325 Pa (1 atm., 760 m)rakd
a temperature of 293.15 K, i.e. the so-called “rotamperature of 20C (Physical encyclopedia).

Tab. 3. Chemical composition of the input gas (PAG
Test results, measureme Extended uncertainty of the test

No Index designation

units [%] results P=0.95) [%]

1. Helium molar fraction 0.088 +0.008
2. Helium volumetric fraction 0.088 +0.009
3. Hydrogen molar fraction 0.0262 +0.0025
4. Hydrogen volumetric fraction 0.0264 +0.0027
5. Oxygen molar fraction 0.033 +0.004
6. Oxygen volumetric fraction 0.034 +0.004
7. Nitrogen molar fraction 54.8 +11
8. Nitrogen volumetric fraction 55.2 +14
9. Carbon dioxide molar fraction 1.36 +0.11
10. Carbon dioxide volumetric fraction 1.36 +0.12
11. Methane molar fraction 12.4 +0.6
12. Methane volumetric fraction 12.5 +0.7
13. Ethane molar fraction 6.2 +0.6
14. Ethane volumetric fraction 6.2 +0.6
15. Propane molar fraction 14.4 +0.6
16. Propane volumetric fraction 14.3 +0.7
17. i-Butane molar fraction 2.56 +0.15
18. i-Butane volumetric fraction 251 +0.16
19. n-Butane molar fraction 55 +0.3
20. n-Butane volumetric fraction 53 +0,3
21. i-Pentane molar fraction 1.26 +0.13
22. i-Pentane volumetric fraction 121 +0.13
23. n-Pentane molar fraction 1.01 +0.10
24. n-Pentane volumetric fraction 0.96 +0.10
25. Hexane molar fraction 0.43 +0.04
26. Hexane volumetric fraction 0.40 +0.04
27. Hydrogen sulfide molar fraction under 0.01 -

28. Hydrogen sulfide volumetric fraction under 0.01 -

On the other hand, in the previous Tab. 3, it carsden that OAG contains over 50% of inert gasgtn,
this means that the work for condensing this nérogs useless, since after the OAG treatment ratrog
released into the atmosphere. Consequently, thesyme elevation for OAG components condensation is
unfeasible.

The unit was tested at the ambient temperature26f@; and two test samples were taken at different
conditions of condensation temperature. The tesplal was obtained at the condensation temperatute
separator of +4°, while the test sample 2 was obtained at the temtpe= of +20€C. The selection of the
condensation temperature (€4and +20€) was conditioned by the fact that at a condensationperature
below +4T ice crystals can be formed in the condensate #gl tbe pipeline, while at high condensation
temperature the process proceeds under high peesgsulting in increased power expenditures (Skadt/,
2012). The liquefied gas container, setting thedemsation pressure in the separator with the memabralve,
was also at the ambient temperature of €2@Hhen taking test samples 1 and 2. As a resulheftésts, the
BFLH liquids with the diluted gases were obtainggk Tab. 4.
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Tab. 4. Component composition and volumetric coimagon of the BFLH gas phase
Component concentration of test sample 1

Molar [%)]

Component concentration of test sample 2
Name

Volume [%)] Mass [%] Name Molar [%)] Volume [%)] Mass [%]
Helium 0.005483 0.005545 0.0006828 Helium 0.01075 .01@86 0.001368
Hydrogen 0.02613 0.02643 0.00168 Hydrogen 0.02908 .02937 0.00182
Oxygen 0.1388 0.1402 0.1382 Oxygen 1.799 1.815 91.82
;g;ﬁ’gg 8.938 8.986 12.23 gi;?gg 8.392 8.427 11.73
Nitrogen 2.618 2.645 2.281 Nitrogen 8.982 9.065 93.9
Methane 44.11 44.50 22.01 Methane 41.72 42.04 21.26
Ethane 11.76 11.79 11.00 Ethane 10.57 10.59 10.10
Propane 19.31 19.19 26.48 Propane 16.98 16.86 23.78
i-Butane 3.052 2.995 5.517 i-Butane 2.665 2.612 2@1.9
n-Butane 6.098 5.968 11.02 n-Butane 5.328 5.208 389.8
i-Pentane 1.661 1.600 3.728 i-Pentane 1.452 1.397 .3283
n-Pentane 1.224 1.170 2.748 n-Pentane 1.055 1.007 4192
Hexane 1.060 0.9847 2.841 Hexane 1.020 0.9463 2.792

Once the dissolved gases were removed from the BFL&b. 4), a stable BFLH with the following
percentage of components was obtained:

propane-butane part — 46.0 %
pentane-hexane part — 51.8 %
diluted gases — 2.2%

Based on the results of the obtained BFLH that appe Tab. 4, it is also possible to see that wtien
temperature goes down to €4°a lot of diluted gases such as methane, ethaopape, butane are observed in
the BFLH. This way, the gas is easily condensetliabthe same time, the BFLH becomes less stabiteerivthe
condensation temperature is elevated up to @2fen heavier fractions are liquefied (pentangahe).

The results of the test also demonstrated thaptiveer losses for obtaining fixed volume (100 ml)tioé
BFLH are similar for both cases, and the deviat@amswithin the measurement error.

Influence of the hydrogen sulfide and carbon dioxid in the OAG on the chemical composition of the
BFLH obtained by the compression method.

It is well-known that hydrocarbon gases contairigmniicant amount of acid gas components — hydrogen
sulfide and carbon dioxideCQ2 andH2S), also water vapours. In the presence of acidpooents, water
vapours cause the emergence of active corrosiocepses. The availability of hydrogen sulfide anthea
dioxide in the gas composition also increases timent of such water vapours.

The OAG contains this hydrogen sulfide and carbimxide, which according to the standards (GOST R
52087-2018) are inadmissible admixtures in combuasgas, and therefore, it becomes necessary tstigate
their removal from the BFLH. For these purposeg, @AG is usually purified to extract these acidegas
(CO2 andH2S) from it, and as a result, the output gas ntbetsequirements of GOST.

Based upon these facts, several investigations alecerealized using the proposed mobile laboratmiy
“LURPNG” for determining and analyzing the amouiithydrogen sulfide and carbon dioxide in the BFLH
obtained by compression, and this as a consequérhbeir presence and concentrations in the vatiirDAG
the BFLH was to be obtained from. The experimergsawconducted at two oil fields where the OAG ciore@d
a lot of hydrogen sulfide and carbon dioxide saoalse able to draw more robust conclusions on tfieaey of

the unit and its working principle and method. Themical compositions of the inlet gas (OAG) antdatwgas
(after processing) are given in Tab. 5.
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Tab. 5. Chemical composition of the inlet gas (PA outlet gas after the BFLH separation

Component composition, molar fractio Oil field 1, test sample 1 Oil field 2, test sample 2
[%]: inlet gas outlet gas inlet gas outlet gas

Oxygen Under 0.0100 Under 0.0100 Under 0.0100 Under 0.0100
Nitrogen 41.4927 47.5814 44,1051 47.2568
Helium 0.0633 0.0775 0.0678 0.0746
Hydrogen 0.0157 0.0195 0.019 0.0173
Hydrogen dioxide 10.8218 12.0546 11.5929 12.221
Methane 11.4837 13.8878 11.8629 13.1098
Ethane 5.4244 5.7081 6.2227 6.3293
Propane 8.0524 7.6568 8.6778 7.939
i-Butane 2.6805 1.7967 2.4952 1.9645
n-Butane 6.4392 3.1647 5.0647 3.6696
neo-Pentane 0.0124 0.004 0.008 0.0054
i-Pentane 5.3228 1.2818 2.6507 1.3978
n-Pentane 3.0656 0.7835 1.6108 0.7057
Hexane 1.9801 0.7188 2.347 0.4491
Benzene 0.0326 0.0121 0.0686 0.0096
Heptane 0.1174 0.0505 0.3938 0.0536
Toluene 0.0091 0.0035 0.0016 0.0053
Octane 0.0087 0.0097 0.0353 0.0088
Hydrogen sulfide 2.9575 5.1732 2.7581 4.7661
Carbonyl sulfide 0.0057 0.0057 0.0056 0.0056
Methyl mercamptan 0.0044 0.0051 0.0049 0.006
Ethyl mercamptan 0.003 0.0018 0.0025 0.0021
Carbon disulfide 0.0002 Under 0.0001 0.0002 0.0002
Propyl mercamptan-2 0.0045 0.0019 0.0027 0.0015
2-Methylpropyl mercamptan-1 0.0007 0.0005 0.0006 0.0005
Propyl mercamptan-1 0.0004 0.0003 0.0003 0.0002
Methylethylsulfide 0.0002 Under 0.0001 0.0002 0.0002
Butyl mercamptan-2 0.0005 0.0003 0.0005 0.0003
Methylpropylsulfide 0.0001 Under 0.0001 0.0001 Under 0.0001
Dimethylsulfide 0.0004 0.0002 0.0003 0.0002

Similarly, Tab. 6 presents the chemical compos#iofthe BFLH obtained from the OAG (Tab. 5) after

being processed at the laboratory unit “LURPNG”eTénalysis of the results obtained indicates that t
presence of hydrogen sulfide in the outlet gaseiases after separation (Tab. 5), and the presdrggmgen
sulfide becomes minimal at its solubility leveltimee BFLH (Tab. 6). The authors also come to theclusion
that the stable liquid fraction of the BFLH is obtd ecologically clean, i.e. purified from hydrogsulfide and
carbon dioxide admixtures, ad this using the desigand developed unit and the proposed compresstimod.

Tab. 6. BFLH composition (test sample 1, test $a2p

Oil field 1, test sample 1

Designation of indexes

Oil field 2, test sample 2
Test result Designation of indexes Test result

1. Mass fraction of hydrocarbon
components, [%)]:

Methane
Ethane
Propane
i-Butane
n-Butane

2.2-dimethylpropane

1. Mass fraction of hydrocarbon
components, [%]:

0.0585 Methane 0.0233
1.2272 Ethane 0.4491
11.4468 Propane 4.2402
7.9451 i-Butane 3.7227
20.2540 n-Butane 11.0980
0.0297 2.2-dimethylpropane 0.0246
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Dimethylcyclopropane
i-Pentane
n-Pentane

IsomersCs
Naphtene€’s
n-Hexane

Benzene
IsomersCs;
NaphtenesC;
n-Heptane
Toluene
Isomers Cg

NaphtenesCs

n-Octane
Aromatic hydrocarbon€s

IsomersCq
NaphtenesCq

n-Nonane
Aromatic hydrocarbon€,

IsomersCig
NaphtenesCio

Aromatic hydrocarbon€c
n-Decane

IsomersCyy
NaphtenesCi;
n-Undecane
n-Dodecane

Indanes

2. Mass fraction of carbon
dioxide

3. Mass fraction of hydrogen
sulfide

4. Mass fraction of sulfur
containing components:

Mercamptans:
Methyl mercamptan

Ethyl mercamptan

Propyl mercamptan-2

2-Methylpropyl mercamptan-2
Propyl mercamptan-1

Butyl mercamptan-2
2-Methylpropyl mercamptan-1
Butyl mercamptan-1

Sulfides:

Dimethylsulfide
Methylethylsulfide

Methylisopropylsulfide
Diethylsulfide
Methylpropylsulfide
Disulfides:

Methylpropylsulfide
Methylisopropylsulfide

Diethylsulfide

0.0090
16.0666

10.5830

12.8021
2.0781
5.1581

0.0569
3.4676
2.0124
1.7317
0.0571
1.1619

0.8221

0.3992
0.0556

0.3521
0.1142

0.0105
0.0190

0.0424
0.0168

0.0039
0.0105

0.0052

0.0012

0.0038
0.0016

0.0003
0.7661

1.1799

0.0050

0.0076

0.0161
0.0009

0.0012

0.0044
0.0003
0.0003

0.0007
0.0007

Less tha
0.0001
0.0001

0.0007

0.0001

Less thal
0.0001

Less thar
0.0001

=

Dimethylcyclopropane
i-Pentane
n-Pentane
Isomers Cg
Naphtene€s
Hexenes
n-Hexane
Benzene
IsomersC;
NaphtenesC;
n-Heptane
Toluene
Isomer<Cs
NaphtenesCsg
n-Octane
Aromatic hydrocarboig
Isomer€y
Naphtene€y
n-Nonane

Aromatic hydrocarboiig
Isomer€g

Naphtene€;c
Aromatic hydrocarbon€o

n-Decane

Isomerg;
NaphtenesCi;
Aromatic hydrocarbon€1,

n-Undecane
IsomersCi,

NaphtenesC,

Aromatic hydrocarbon€;,

n-Dodecane
Indanes

Total 6f3+

2. Mass fraction of carbon dioxide, %

3. Mass fraction of hydrogen sulfide ,

%

4. Mass fraction of sulfur containing

components, %:
Mercamptans:

Methyl mercampta

Ethyl mercamptan
Propyl mercamptan-2
2-Methylpropyl mercamptan-2

Propyl mercamptan-1
Butyl mercamptan-2
2-Methylpropyl mercamptan-1
Butyl mercamptan-1
Sulfides:

Dimethylsulfide
Methylethylsulfide

Methylisopropylsulfide

10

0080
14.1624

9.8088

18.5359
3.4136
0.0006

7.5244
0.0600
7.8591
4.0051
4.4016
0.0893

3.5402

2.2649
1.4203

0.2189
1.2427

0.5460
0.2841

0.0717
0.1968

0.0557
0.0137

0.0303
0.0181
0.0046
0.0012

0.0093
0.0005

0.0005

0.0004
0.0084
0.0054
0.0064

0.2899
0.2862

0.0035
0.0077
0.0206
0.0009
0.0019

0.0085

0.0003
0.800

0.0008
0.0005

0.0003
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Methylpropylsulfide Less than| Diethylsulfide 0.0001
0.0001

Carbonyl sulfide 0.0057 Methylpropylsulfide 0.0011

Carbon disulfide 0.0050 Disulfides:

Not identified sulfur containing 0.0009 Methylpropylsulfide 0.0001

compounds
Methylisopropylsulfide 0.0001
Diethylsulfide 0.0001
Methylpropylsulfide 0.0001
Carbonyl sulfide 0.0032
Carbon disulfide 0.0080
Not identified sulfur containing 0.0020
compounds

On the other hand, the experiment results obtaaret appearing in Tab. 5 and 6 confirm the caloutati
values of the parameters given in Tab. 1 and thditdgen sulfide is not condensed within the conreideange
of temperatures and pressures. Thus, the liquefgedpurified from harmful admixtures (BFLH) is oibid
directly on small-rate oil fields with minimum powésses. The method proposed within this papertter
OAG compression separation using a refrigeratiorchime is new for the units of such type. The method
working capacity and efficacy is also proved by ¢xperiments carried out. Both the proposed metfiddAG
compression separation and the mobile laboratorly “UbRPNG” based on it are recommended for use on
distant oil fields with a low rate, for which théppline installation is economically impracticaldannfeasible.
The results of the experiments show that an ecoddigi clean stable liquid fraction of BFLH purifieftlom
hydrogen sulfide and carbon dioxide admixtureshiaimed using the proposed method and unit. Thatieg
product can be further delivered for further treaminto produce petrochemical products, to be punipedthe
wells as a solvent for repairs or even to be usddel at the oil fields with insufficient amourt@vn OAG.

Conclusions and Further research

The present paper presented a mobile laboratotynamied “LURPNG” that allows obtaining the BFLH
directly at small-rate faraway oil fields where rtneare poor or non-existing piping systems andrer aavay
from major transport infrastructure. These oildielare characterized by having a low gas factorcataticity
due to high nitrogen content. The presented malrileis mainly characterized by its ability to oibtéhe BFLH
using a compression approach or method, whichssakontribution and added value of this paper.

A series of experiments were realized using th@@sed mobile unit where it was possible to defiptnaal
modes for the obtention of the BFLH from AOG witiffetent initial compositions of hydrocarbons compats
and harmful admixtures, such as hydrogen sulfidecanbon dioxide. The study also experimentallyficored
concrete values for the dependence of the OAG cessn pressure on the temperature. In this regands
possible to conclude that when the condensatiopeesture goes up, the liquid fraction of the BFL&tbmes
more stable, since it contains fewer volatile fiaté and does not contain the admixtures of hydragéfide
and carbon dioxide. On the other hand, it was deoonstrated that at low condensation temperatheegas
solubility increases, subsequently the caloricityhe BFLH liquid fraction goes up, and thus it daa used as
fuel for technological purposes at oil fields otieat technical premises.

The BFLH obtained in the experiments proved to bealaable power product without hydrogen sulfide
admixtures, despite the fact that this was obtaineeth OAG with high hydrogen sulfide content. Bessidthe
compression method of OAG separation proposed @wtithors allows flexibly obtaining the liquid ftan of
the BFLH depending on its further application, fa.pumping it into wells as a solvent during ntaimance, for
the transportation by mobile transport as an edcddly pure fuel. The experiments also allowed oty
important results related to the quantitative andlitptive composition of the BFLH for certain strate oil
fields. Future research aims at experimentallyrérang low oil fields in specific regions in order determine
the presence of wells for which the utilizationtiké LURPNG mobile laboratory facility is conveniemtd cost-
effective in term of OAG utilization. The small siand mobility of the proposed unit will allow tleesorks to
be performed for all fields, regardless of themoteness.
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Abstract
The article discusses the process of obtaining@iBmaterial from
a thermoplastic by blowing methods, and also prewiad method for
calculating the average diametdr and lengthl; of elementary
fibers. According to the presented calculationse thverage
elementary fibers' diameter valde depends on the airflow speed
from the blow head in the fiber formation zone. Treater the air
velocity V,, the smaller the diameter of the elementary fib@ére
elementary fibers' length If depends on their di@me; and
variable angley of the blowing head diffuser. The smaller the
diameter of the elementary fibedsand the larger the variable angle
y, the smaller the length of the elementary fibétsy = 0 degrees,
the fiber is obtained, with an increase in the apgthe fiber length
becomes fixed. The average elementary fibers' d&mak varies
depending on the speed of the airflow flowing fréime blowing
head in the fiber formation zone. The greater theeocity V,, the
smaller the diameter of the elementary fibers. Tgcrepancy
abetween the calculating results of the averager fih@meter with
their real values does not exceed 13%, which, daogrto the
process complexity, can be considered satisfacidrg. elementary
fibers' length If depends on the elementary fibéi@meterd; and a
variable angle.. The smaller the diameter of the elementary fibers
dr and the larger the variable anglethe smaller the length of the
elementary fibers. At = 0 deg, the infinite length fiber is obtained,
aand with an increase in the anglehe fiber length becomes fixed.

Keywords

recycled thermoplastic raw materials; vertical ahdrizontal
method of blowing a melting jet; fiber formationethodology for
calculating the average diameter and length of eteary fibers.
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Introduction and Basic Information

Among the promising technologies for the productiof the fibrous materials from secondary
thermoplastics, one can attribute the blowing meithloe essence of which is to inflate the thermstdastream
jet flowing from the melting unit with a stream cdmpressed air. In this case, the melting unitlwaf any
type, for example, hydrostatic or extrusion (SWatst al., 2015; Sviatskii et al., 2018).

The technological process for producing fibrous eriats by the blowing method from recycled
thermoplastics consists of stages (Fig. 1).

At the first stage, the preparation of feedstockamied out. Primary or secondary granular PETenst as
well as flexes (flakes) obtained after the crustohgsed plastic containers, can be used as thenaerial for
the production of the fibrous materials (Sentyaleival., 2014; Sentyakov et al., 2016). Judging by t
experience of obtaining such products by vertidaing method, the use of flexes as a feedstochkifsgntly
reduces the production cost. The preparation offéleestock is following: - it is careful sortingedause it
should exclude the presence of metal or otheratefra objects that could lead to an equipment nmalfion; -
raw materials drying in order to remove moistuafrit, which can lead to a noticeable decreaskarfihished
product quality.

Worldwide growth in polymer waste ranges from 51 annually. In 2018, according to the European
Statistical Agency (Eurostat), polymer waste amedrib almost 30 million tons. In the structure ofypneric
wastes, 34% are polyethylene wastes; 30% PET; 1BR; 8% - Polystyrene and other materials. Of tital t
amount of polymer waste, up to 50% is plastic pgti@g containers made of PET materials [2].

Processing of polymer waste into secondary raw maddéewhich can be used as a new resource basageis
of the most dynamically developing areas.

Obtaining thermally-bonded products from polymeric
fibrous materials of fibrous sorbent products

g

Preparation of feedstock in a
drying chamber

< L

Raw material meltingina —
melting unit

4 -

The implementation of the fiber formation process - obtaining
molten polymer jet and blowing it with an airstream, the fibers
deposition on the conveyor

J L J L

—> Dry granules ¢
fleks PE

Molten material jet

Adjusting the distance Heating fibers by
between the blowing head and airflow before the
the conveyor conveyor

Calendering canvas
on the conveyor

L

Finished thermobonded product made of polymer fibrous
material in the continuous canvasform on a moving conveyor

Fig. 1. Thetechnological scheme of obtaining thermally-bonded products from polymeric fibrous materials

15



Vladislav SVIATSKII et al. / Acta Montanistica Slaga, Volume 25 (2020), Number 1, 14-23

Literature review

The nomenclature of manufactured structural anttlimgi materials is currently quite extensive. A aege
place in it is occupied by fibrous materials fromnaral and synthetic raw, which are widely used in
engineering, construction, heat power, and lighustry (Baranov et al., 2017). The use of such rizd$eas
various composite materials production basis andabents for environment purification from oil and
products pollution is promising (Yim et al., 2018).

Of dual interest to the national economy are filsrmaterials products based on recycled synthetic The
point of such dual interest is that the use of ¢ty raw materials can significantly reduce thet afsthe
finished products, and the extraction of such raatemals from the environment can solve one of the
environmental problems — to prevent environmentéllion with synthetic household and industrialstea

Processing of polymer wastes into fibrous mateiigldifficult due to the lack of an appropriate déwf
wastes sorting and treatment that are not homogesnio chemical composition and contain inclusiolms.
addition, as a rule, the waste has a lower molecutaght compared to standard primary thermoplastie
materials. As a result, secondary thermoplastie® lzalower melt viscosity and melting point, as Ives low
mechanical characteristics that do not allow the afsclassical (spunbond) technologies for the petidn of
the fibrous materials.

Methodology

In the second stage, it is necessary to meet #dsfeck and get a molten material stream with fkeng
parameters: the primary diametrical size and thaiflow rate.

To implement this stage, equipment for processiugous plastic materials is used - a screw extrotdex
melting unit with the molten material outflow undéive influence of hydrostatic pressure in the fayfna
cylinder with external electric heating elements.

The screw extruder has a complicated shape (Bermd.,e2013; Buransky et al., 2013). At presentsit
possible to use modern production technologies agchaxis machining (Kovac and Peterka, 2014; fgket
al., 2012), CAD/CAM/CNC and IT technology (Nemethat., 2019), and modern cutting tools (Peterka and
Pokorny, 2014), mostly coated (Chaus et al., 20ttBproduce a screw extruder. These technologisarera
high match of complex shape (Vopat et al., 2014) dimensional accuracy (Peterka et al.,, 2008) and
satisfactory roughness of the machined surface(lRet2004; Vopat et al., 2015).

In the third stage, it is necessary to implemest fiber formation process, acting on the moltenemat
stream with a compressed air stream, to obtainexiéamy staple fibers with an average diameter of..1050
microns and a length of 50 to 500 mm.

At the fourth stage, it is necessary to performghaliminary formation of a given geometric shagehe
product. Regardless of what geometric shape tlighfd product will have (flat napkins, pillows dregts), the
primary product for their further formation is anvas. Such a canvas is a non-woven fibrous praduehich
elementary staple fibers intertwined with each othee held together by natural cohesion forcescrbss-
section, the canvas can be made with a thickne26 td 100 mm and a width of 500 to 1200 mm. Thevaa is
formed during the deposition of elementary stajilers emerging from the blowing head on the conwéogit,
so its length is not fixed (Smirnov et al., 201&ke€ticova et al., 2017).

The fifth, final stage of the technological schefoe producing thermally-bonded products involves th
thermal treatment of the primary canvas formed f@lementary polymer fibers, and as shown in Fifpag
three embodiments.

The first option of the final stage is to reduce tistance from the fiberizing device to the reirejv
conveyor when the elementary fibers moving togettién the airflow have not yet entered the solichgh In
this case, the fibers' thermal bonding occurs duthéir adhesion to each other. The number of suctded
fibers, the strength, and the conditional densftthe resulting product is inversely proportionalthe distance
indicated above. To ensure the stability of thasfiad product properties across the conveyor wiiths
necessary that the blowing head of the fiberiziagick oscillates in the horizontal plane. When enpénting
this option, it will be necessary to stabilize tgrounding space temperature (Bako and Bozek,)2016

The second option of the final stage is heatindfithers, for example, with an electric hairdryermaintain
the temperature of the elementary fibers at théninétg of their deposition process on a conveyoselto the
melting temperature. When using PET fiber to obtharmally-bonded products, the airflow temperatrtng
on the primary canvas should be in the range 22850 °C. In this case, it is necessary to ensuitonm
temperature distribution across the canvas width,eikample, using several hairdryers placed atstmae
distance along the nozzle width or one hair drijat performs transverse vibrations using a specgdhanism
with an amplitude equal to the width of the canvas.

The third version of the final stage is the caleidpprocess implementation. In this case, the arim
canvas is passed between two cylindrical rolleratdte to a temperature close to the polymer melting
temperature. In this case, on the canvas surfaiepossible to obtain a thin layer of elementiivgrs that are
soldered together, increasing the strength of sudiermally bonded product. It is possible to makeh an
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option with one calendering roller - in this casges thermal bonding of the fibers will occur only one surface
of the canvas deposited on the conveyor. Naturedigyvas strength is reduced. However, it becomssilgle to
use it, for example, for oil products sorption frtime surface of the water. Then its conditionalsitgrshould be
less.

Materials and methods

In the course of research and development worlketeldp a technology for manufacturing products from
fibrous materials based on secondary PET, a bléagram of the machines and assemblies interactiam w
developed (Fig. 2), which contains two technologmachines: M1 - a machine for the production &f fibrous
materials based on secondary raw materials witlydrolstatic melting unit type and M2 - a machine tioe
production of the fibrous materials based on seapnthw materials with an extrusion melting unjey

In the secondary raw materials preparation, moghefunits that make up the M1 and M2 machines are
universal - they can be used in other similar maehifor processing secondary synthetic raw maser&ich
universal aggregates are aggregates for the feddgteparation: A1l - aggregate for feedstock dngshA12 -
unit for drying the source and granular raw matgyiAl3 - unit for granulating raw materials; Al4init for the
dosed supply of source and granular raw materigthi® functioning of these units is accompanied by th
following processes: P11 - the process of secon@avymaterials crushing- in the considered techyploused
plastic bottles of polyethylene terephthalate vtita fleks formation no larger than 5 mm; P12 - skeondary
raw materials drying process before granulatioricivimay be preceded by the process of cleaninglt&ned
flexes from paper and other foreign inclusions; P1Be process of granulating raw materials, whgmot
elementary and includes the processes of meltegedl in an extruder, the formation and cooling eystem of
molten raw materials jets with their subsequensloing and the formation of the granules with a digenof 1.5
... 2mm and a length of 3 . 4 mm; P14 - the ravtenis (granules) drying process before meltingetmove
moisture, the presence of which significantly resfuthe quality of the finished products (Bozek Bidhrciova,
2013; Bozek and Pokorny, 2014). Note that the mesef the A13 aggregate for granulating the femdsts
not a prerequisite for the operability of the MIdavi2 machines - not granules, but flexes can be aseraw
materials. However, the quality of the products admange for the worse due to difficulties in theltme
homogenization process.

Synthetic fiber materials production based on recycled materials

A A

A12

EEE
EEB

M-1 i M-2
Machine with hydrostatic type Machine with an extrusion type
melting unit melting unit

I
!

A4l

A31 A32

4
\

A61

Fig. 2. The structural diagram of machinery and equipment interaction that implements the production of the fibrous materials by blowing
from thermoplastics, including secondary ones.
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In the production of the fibrous materials, notaadregates and the corresponding processes irimeadiil
and M2 are completely interchangeable (Yankov, 2006e main structural difference between the maehi
M1 and M2 is due to the fact that they use fundaaigndifferent melting units, respectively, in tfiest - the
hydrostatic type melting unit A21, and in the saterthe extrusion type melting unit A22. They atfitfer in
jet-forming units: in a machine M1 - a jet-formingit A31 of vertical design, and in a machine M2 jet-
forming unit A32 of horizontal design. Accordinglthe processes that determine the functioning ettef
these units are different: P21 - the process ofingetaw materials in a hydrostatic type meltingtuR22 - the
process of melting raw materials in an extrudeetypelting unit and P31 - the formation process oftem raw
materials jet during vertical flow, P32 - the foitioa process of molten raw materials jets during hbrizontal
flow.

The following three machines units under considenatealizing the production of products from fibeo
materials based on secondary thermoplastic rawrrakste@re also interchangeable and can be useihitas
machines not only developed by the authors M1 a@d bt also in other possible options, these adt and
P41 - aggregates and processes fiber formation.aksllP51 - aggregates and processes of canvastifimma
A61 and P61 - aggregates and processes of theondiry.

When designing industrial equipment for the fibronaterial production from thermoplastics by blowing
method, the task is to determine the geometricearetgy parameters of the technological processhatwihe
production of fibrous materials with specified qtyalndicators is provided (Domnina and Repko, 2014nd,
first of all, the production of fibrous materialstivthe required average diametkrand lengtH; of elementary
fibers.

In the vertical-blowing method (Fig. 3), the proeed converting a molten thermoplastic, flowing ofita
melting unit under hydrostatic pressure, into &fits based on the assumption that the airflow igeee in the
blowing head with an annular nozzle has a doulks siretching the melt jet due to surface frictfonces and
its separation. According to the first hypothestue to aerodynamic forces in turbulent flow, adowg to the
second hypothesis - due to the surface frictiomesr Downstream of the airflow, the further movemein
elementary fibers occurs under the influence diulent airflow, in which, as a result of coolingtfibers, the
temperature decreases below the melting pointeofrtaterial, and the fiber formation process stops.

In the extrusion-blowing method (Fig. 4), the prexef obtaining elementary fibers from thermopéasti
during horizontal blowing involves the melting atndnsportation of the feedstock by extrusion. s ttase, the
melting stream from the die extends horizontallyeRo gravity, the melting stream assumes a shaped in
the vertical plane and also increases by 15 ... #b%he transverse direction due to a decreaséanflow
velocity, and then, due to the viscous flowing estaf the melt, the jet diameter gradually decreadasair
stream flowing out of the blowing head slotted rezaffects the melting stream in the plastic stzdee,
deforming it, as a result of which it bends, sthe; and bursts into elementary fibers due to thiace friction
forces. Further movement of elementary fibers accomder the influence of turbulent airflow, as suteof their
cooling, the process of fiber formation stops.

Fig.3. The design scheme for determining the average diameter d; Fig.4. The design scheme for determining the average diameter d
and length |; of elementary fibersfor the vertical -blowing method and length I; of elementary fibersfor the extrusion-blowing method

A theoretical study of the melt flow process showrFigures 3 and 4 showed that the nature of the
melting flow depends on many factors that affeetdbality of the resulting fiber, and is a function

dely = (V. V, V) 1)
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whereVy is the melt flow speed through the die, 'ﬁn.‘s!p — the airflow speed at the blowing head outles-m.
LV — the fiber moving speed at the moment of separath.§'.

The design scheme for producing fibrous materialthmy vertical blowing of a molten thermoplastic jet
flowing out under hydrostatic pressure is showrFig. 3. A stream of molten thermoplastic flows oditthe
melting unit, then this stream enters into intaoactvith a stream of compressed air flowing outha blowing
head. The diameter of a single filament, whichderfed by the interaction of an airstream with a temol
material stream, can be determined using the aahtiequation:

Q=Q

We determine the volumetric flow rate of the mettip sectiond andll, whereQ, is the flow rate at the die
section, and Qis the flow rate in the stretch zone until theljetaks off by shear.

n.dZ

Q =V, 4“ , )
ﬂd2

QII :Vf 4f ) 3)

whereV, is the melt flow rate through the die, t.¥; - fiber speed at the moment of separation; ndg-
the die diameter, nt; - average diameter of elementary fibers, m.

The fiber velocity at the moment of separatigpdepends on the average speed of the aiflpflowing out
of the blowing head. It can be assumed that ther filelocity V; will be less than the airflow velocity,; this
decrease can be taken into account by the coeffikie

V, =V K, @

We take the melting jet flow rate in two sectionpi@ toQ, = Q,;, and the coefficienk; <1 depends on
the forces required to burst a solid jet of molteatterial, as well as on the geometric shape obking head
nozzle and the conditions for the formation of éhementary fibers. Then the continuity equation loarwritten
as:

: rdf
Vy 2 =V, K, 2 (5)

Therefore, from equation (5), one can determinestamentary fiber average diameter:

/ V
d, = d_d
f VK, d (6)

Since the fiber velocity depends on the airfloweshdrom the formula (6) we can deduce the coeffiti

K.
_ Vyds
LoV, d?

()

The airflow velocityV, in the elementary fibers formation zone in theabtw head was investigated and
determined in workpieces.
The flow rate of the melt from the melting ukfif can be determined by the formula:

G
V, =—— 8
=55 ®

wherep, is the molten PET material density, &€ 1300 kg / m) S is the die area, which is determined

’ S=m; /4

b , n; G - volumetric capacity of the melting unit, kg.sThe methodology for determining the
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volumetric productivity of a hydrostatic type malii unit is presented in the workpiece (Qazizada and
Pivariové, 2018).
The results of calculating the coefficiditare presented in Table 1.

Table 1 - Results of calculating the fiber diameter de and the coefficient K,

The blowing head characteristics The melting ulnéracteristics Characteristics calculation results
Po, kPa V,, m/s @ m Vg, m/s dm Vi, m/s K
0,0025 0,014 0,000094 32,4 0,4
50 81
0,0035 0,017 0,000140 32,4 0,4
0,0025 0,014 0,000024 144 0,90
100 163
0,0035 0,017 0,000038 144 0,90
0,0025 0,014 0,000017 254.8 0,98
150 258
0,0035 0,017 0,000028 254.8 0,98

In addition to pulling the filament from the polymeaelt and changing its diameter due to the airflow
the blowing head, there is also a separation feggedue to which elementary fibers are formid,

P4 (tg)y)
Fo = xSfT, ©)

whereC, is the thread drag coefficient;, - the average airflow rate at the outlet of thewdhg head annular

gap, m.g; Sis the elementary fiber areamvhich is defined as:S a dflf : pt - gas density, kg / intgy is a
variable angle that affects the polymer fiber fotioraalong the length If.

Knowing the separation forde,,, we write down the strength conditions of thisnedmitary thread (Elbakian
et al., 2018).

According to the first hypothesis, the separatibelementary fibers occurs due to aerodynamic finea
turbulent flow, where the tensile stress is defiasdthe ratio of the separation foreg to the cross-sectional
area of the elementary fiber (Kalentev et al., 2017

4F
— sp
g, = ﬂdf . (10)

Thus, substituting equation (9) into (10), we obtidie general structure of the formula:
2
_4Cx|fpvav(tgy) ( )
= . 11
p
2,

At the moment of elementary fibers separation,témsile stress of the thread must be greater waileq

>[o,]

g .
to the allowable stress: ? . Formula 11 explains how to calculate the elenrgrftber lengthl;:

_ [Jp]sz )
- . 1
7 ac V2 (tgy) (42

From formula (12) it follows that the larger thbdr diameted;, the more the fiber lengthincreases with an
increase in airflow/,, at the exit from the blowing head annular gap.

To determine the fiber length If we take the tensiirength at the time of elementary fibers sepmardtom
polyethylene terephthalatg = 49 ... 59 MPa; thread drag coeffici&@t= 0,026. In (Elbakian et al., 2018) were
investigated seven diffusers designs with an ghgi®; 3; 5; 8; 10; 12; 14 deg.
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Results of research

The calculations results of fiber length If depewgon a variable angheand fiber diameted; are presented
in Table 2.

From the calculations, it is seen that at an apgled deg. an infinite polymer monofilament is fornéut
the larger the angtg the polymer fibers in the process of blowing theith air become of a fixed length

As a result of field tests of the fibrous matedhtaining process using secondary polyethylengkthalate,
it was shown that when the melt expires with a terafuret = 270 + 280 ° C through a die with a diametedpf
= 0,0025 m and airflow affects the resulting molaafient in the blow head working areaPgt= 50 kPa, fibrous
material is formed with an average diametdrom 0,000080 to 0,000107 m and a lenigfhom 0,1 to 0,5 m at
an angley = 12 degrees. Ady= 0,0035 m, an angle of= 12 deg andP, = 50 kPa, the average fiber diameder
was from 0,000097 to 0.000128 m and a lerigfrom 0,3 to 0,7 m. After increasing the air pressin the
blowing head td®, = 100 kPa, the average fiber diameterdyat 0,0025 mgd; from 0,000010 to 0,000027 m; at
dy = 0,0035 m, respectivelyk is from 0,000015 to 0,000034 m. In the case ofléisé two options, the fiber
lengthl; was from 0,004 to 0,1 m at an angke 12 degrees.

Detailed experimental studies of the blowing heéth an annular converging nozzle and the proce$bef
formation are presented in workpieces (Straka.ef@ll4).

Table 2 - The calculations results of fiber length I

Po, kPa ¢ m vy, deg Fiber length,Im d, m Fiber lengths) m

0 Thread goes t® o)
1 1,902 4.101
3 0,664 1,374

50 9.4x10 > 0382 1.4x10° 0821
8 0,236 0,506
10 0,186 0,406
12 0,156 0,336
14 0,133 0,281
0 0 0
1 0,0319 0,0533
3 0,0102 0,0178

100 2.4x10 > 0.0061 3.8x10° 00106
8 0,0038 0,0066
10 0,0030 0,0052
12 0,0025 0,0043
14 0,0021 0,0037
0 0 0
1 0,0060 0,0166
3 0,0021 0,0056
5 0,0012 0,0033

150 0.000017 0,000028
8 0,00077 0,0021
10 0,00061 0,0016
12 0,00051 0,0014
14 0,00043 0,0012

Conclusion

Despite its low efficiency (compared to materiatlaaw material recycling), the energy recovery lafspc
waste is the only suitable recovery method for iglontaminated plastic packaging (agriculture,staorction)
and for hardly separable plastic waste (multilagkstic packaging and foils) (Zhang et al., 201)r the
second potential group of plastic waste, for wanest the possibilities of material recycling aimited due to
their volume. For example, in the US, there is alddukg of used tires per capita every year; inEhg it is
about 7 kg. Advantages of energy recycling compé&vedaterial recycling:
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Waste reduction up to 90%

harmful substances reduction (controlled detoxiiorg

the possibility of further use of inorganic fract®

Possibility of recovery of contaminated and heauibyptaminated plastic waste

the possibility of effective recovery of waste tltainnot be recovered through a material or raw madte
recycling.

The choice of the best plastic waste recycling gsscdepends on several factors. In addition toriahte
characteristics (chemical composition, degree aftammination, the content of inorganic impuritieggcee of
degradation) and economic indicators (costs of matddentification, cleaning, sorting), the posiies of
their further application in practice and the eamimental impact must be carefully considered.

Thus, the above structural diagram of the techricédg-omplex for machines and units interactiont tha
implements the double principle of producing fibsamaterials from thermoplastics, which allows swdvthe
problems of their improvement and creating newglestaking into account the peculiarities of thectioning
of these processes, and the synthesis of new necfanthis purpose (Molenda, 2019).

Also, the article presents methods for calculating average diametek and lengthl; of the fiber when
producing fibrous materials by the vertical-blowimgthod.
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Introduction

Many design solutions of spraying nozzles for demttrol, especially in underground hard coal mines
(Prostaiski & Vargova, 2018; Bataga, 2019; Prastki, 2017a; Bataga, Kalita, Siegmund & Klimek, 2019
Prostaski, 2018) were developed and successfully impleeteras well as tools for modelling the dust
propagation in mine workings (Prosski, 2015; Prost#ski, 2017b) were designed in the KOMAG Institute.
KOMAG's knowledge is used for the development o/ rs®lutions of air-water spraying nozzles. Whemgsi
the compressed air, the water stream can be atdrozgroplets of diameter equal to a dozen or syanietres.

In KOMAG Institute, the STK air-water spraying ntezavith an internal mixing of both agents was deped
and implemented (Prostski, 2017a; Prosteki, 2013; Prosteski, 2012). Spraying systems developed in
KOMAG are equipped both with author's designs oéging nozzles as well as with the nozzles availalnl the
market. Their operational parameters are testethanKOMAG's laboratory to select their proper tyged
nozzle diameter. To increase the effectivenesnéling the dust particles with water droplets, sheface area
of dust absorption, i.e. the total surface areallovater drops, should be maximally increased authchanging
the total volume of the water stream.

Analysis of droplets fraction distribution in a aging water stream should be used for selecticnprbper
spraying stream type for the dust control systemoplgts in the atomized water stream make a typical
heterogeneous (polydisperse) system, which is cteiaed by high scatter of drops diameter. Du¢htobig
differentiation in drops sizes of the water stredém, stream is described by the mean drop diamésemiao,
Andrade, Graca Carvalho, 1996). Mean diameterépeesentative value, which characterizes a stteofame
droplets representing the real drops populatioratMdiameter can be different, depending on thenpeter of
droplets set used for the calculation such as dnopsber, their diameters, surface areas. It ipdrameter used
to assess the quality of water dispersion (Chaussto Braun, Dauch, Keller, Sé&nger, Jakobs, KoaibK&
Bauer, 2019.; Wang, Tan, Zhang, Li & Liu, 2019).

Due to the planned application of the developedzieodesign, i.e. to airborne dust control, volumeetr
Sauter mean diameter D32 was used in part comgethe test results analyses. This diameter ismeter of a
homogenous representative set of the volume of#émee drops and the same total surface area as iredh
drops set (Orzechowski & Prywer, 1991; Bataga, tdaé Siegmund, 2019; Chidambaram, Arunachalam &
Vijayaraghavan, 2015).

The generated absorption surface area can be de¢glor a time unit or for flow intensity of themsying
medium. In (Balaga, Kalita & Siegmund, 2019) thahaus suggested using the parameter describing the
spraying stream in the form of the following abgmnp surface area of the generated droplets:

» PAJT — Absorption surface area of all dropletsispraying stream produced within time T equél to
min.

« PA/W - Absorption surface area of all dropletsispraying stream produced after dispersing iafm
water.

* PAJP - Absorption surface area of all dropletaigpraying stream produced using compressed air of
volume equal to 1 Nfn

Testing the operational parameters of the sprayingiozzles

In the KOMAG Institute of Mining Technology, botluthor's spraying nozzle design and that one aJailab
on the market were used in the spraying instaligtid’hese spraying nozzles, before their instattain the
industrial objects, were tested in the KOMAG laltora regarding their fractional distribution of ghlets and
spraying media consumption versus their supplysures Comparative tests of the following two desigr
spraying nozzles:

the air-water spraying nozzle of flat stream maaotufi;ed by BETE, type PF250 (Fig. 1).

author’s design solution of STK spraying nozzledurcing the flat stream (Fig. 2),

will be presented.

Two designs of nozzle generating a flat water streaabling comparison of nozzle operational pararset
were used. Tests of water stream parameters fardimmercial PF250 spraying nozzle generating asftaam
were conducted within the realization of the doatdhesis (Bataga, 2015). Testing the STK type leszwas
realized within the statutory KOMAG's project elait: Young scientist - Virtual prototyping of spiag
nozzles using the additive manufacture technol¢§gmund, 2016).
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ANNULAR AREA AIR FEED

. LIOUID FEED

Fig. 2. Design of STK nozzle [Siegmund, 2016]

Testing the nozzles operational parameters consistaneasurements of water flow rate as well as
fractional distribution of droplets in a sprayistream in each nozzle depending on water and casguleail
pressures.

Schematic diagram of the test stand is shown in3F:

v

| —
~1.0 m

water

Fig. 3. Schematic diagram of the test stand (Bataga, 28Haga & Jaszczuk, 2016)- media measuring unit (water and ai2 - drops
analyzer recording device,- drops analyzer, 4 - aiwater nozzle with a fixing bo.

During the tests, the following parameters wer@réed using the special testing infrastructure ( 4):
» distribution of particles diameter in a sprd stream of liquid,
e supplying pressure and volumetric airflow rateimnaains supplying the nozz
» supplying pressure and volumetric water flowratevater mains supplying the noz:

Tests of drops fractional distribution in a spraystream geneted by PF250 nozzle were conducted fo

combinations of water and air pressures, which whesmged every 0 MPa within a range from 0.3 to 0.7 MF
The sample stream generated by PF250 nozzle diménigst is given in Fig.
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L‘.

Fig. 4. The test stand during measurements of the disioibuatf drops diameters in a stream generated b§3®mozzl¢(Bataga, 2015)

For the STK nozzle designed by authors, the measnmts were taken for the same pressure of wate
air, i.e. 0.3; 0.4; 0.6r 0.6 MPa. The same presss of supply water and air were required by the nodgsign
to secure mper operation of the nozzle. The sample strearargéed by PF250 nozzle durithe test is given
in Fig. 5.

Fig. 5. Flat stream generated by ttested STK nozzle (Siegmund, 2016)

Test results

The results from testing the parameters of the yapgastream for each combination of water i
compressed air pressures for the commercial solwfoPF250 nozzle are presented in Table 1. Duthe:
sensitivity of the measuring device, some of thiflaivrate results are not given. On the basishefmeasure
water and compressed air flow rate, as well as Bagdter, mean diameter, absorption surface arehe
generated water streams was calcd. Due to lack of complete values of compressediairates for PF25
nozzle, it is not possible to create the diagrarainbutput and absorption surface area in relaiothis outpu
(PA/T).
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Tab. 1. Results from testing the water streandfié@rent combinations of water and compressedapply pressures for PF250
nozzle (Bataga, 2015)

Water supply Air supply Water A _Mean Absorption Absorption
pressure pressure flowrate ir flgw rate diameter surface area surface area
[MPa] [MPa] [dm®/min] [Nm*/min] D (32) PA!T PA/ZW
[um] [m7] [m7]
0.3 1.5 lack 109.2 82.4 54.9
0.4 1.2 0.242 63.49 113.4 94.5
0.3 0.5 1.3 0.239 29.32 266.0 204.6
0.6 0.9 0.305 24.78 217.9 242.1
0.7 0.6 0.337 19.14 188.1 313.5
0.3 1.7 lack 134.1 76.1 44.7
0.4 1.5 lack 99.9 90.1 60.1
0.4 0.5 17 0.264 56.81 179.5 105.6
0.6 13 0.267 44.19 176.5 135.8
0.7 12 0.313 26.43 272.4 227.0
0.3 21 lack 138.9 90.7 43.2
0.4 2.0 lack 118.6 101.2 50.6
0.5 0.5 2.0 0.264 82.39 145.6 72.8
0.6 16 0.301 60.48 158.7 99.2
0.7 15 0.331 37.87 237.7 158.4
0.3 22 lack 129 102.3 46.5
0.4 21 lack 113.6 110.9 52.8
0.6 0.5 2.0 lack 97.88 122.6 61.3
0.6 1.8 0.252 79.75 135.4 75.2
0.7 15 0.301 48.5 185.6 123.7
0.3 2.2 lack 126.9 104.0 47.3
0.4 2.2 lack 117.8 1121 50.9
0.7 0.5 2.1 0.238 106.3 118.5 56.4
0.6 2.0 0.301 93.43 128.4 64.2
0.7 1.8 0.324 75.41 143.2 79.6

The results from testing the parameters of theyapgastream for different water and compressed air
pressures for STK nozzle are presented in Table 2.

Tab. 2. Results from testing the parameters afydpg stream for different water and compressecpadssures for STK nozzle
(Siegmund, 2016)

. Mean Absorption Absorption Absorption
Wgtreerszﬂiraéaly A;;rrssglfrlg fl\évvsrt;re Air flow rate diameter surface area  surface area  surface area
. Nm3/min] D (32) PA/T PA/W PA/P
MPa, MPa, dm®min [
[MP] [MP] far7mind [um] [m?] [m] [m7]
0.3 0.3 0.20 0.06 25.5 44.7 139.5 1063.1
0.4 0.4 0.14 0.101 23.4 35.7 87.0 575.0
0.5 0.5 0.16 0.107 19.3 73.2 146.3 101.6
0.6 0.6 0.36 0.12 325 63.5 99.2 783.6

On the basis of data from Tables 1 and 2, the caatipa diagrams for all the tested combinationshef
nozzles supply pressures are created. They arerpiegsin Fig. 6 to 14.

In Fig. 6, diagram of water flowrate changes verptessures of media supplying the PF250 nozzle is
given. Water flowrate is equiproportional to it9ply pressure and inverse proportional to the cesged air
supply pressure.
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0.3 : Water supply pressure [MPa]

Fig. 6. Water flowrat versus pressures of supplying media in PF250 aozz|

Water flowrate in the case of STK nozzle was sigaiftly lower, and it is given in Fig. 7, where iagtam
of water flowrate for PF250 nozzle, when the supmigssure of both media is the same i0 given. STK
nozzle consumed significantly less water for gem@naof spraying stream (by about 5 times) than 3%
nozzle.

e STK e PE2 50
= 2,5
E
i /
2 15
S
?"“'
=] 1
=
£ 05
B f
0 1 1 1 ]
0.3/0.3 0.4/0.4 0.5/0.5 0.6/0.6
Supply pressure [MPa)

Fig. 7. Comparison of water flowrate versus the supplyireglia pressur

In Fig. 8, diagram of changes in D(32) Sauter ndiameter, which is the main parameter of the spg
nozzle, versus pressure of media supplying the ®FB5shown. D(32) mean diameter is smallest fer
extremely low water pressure and maximum compresasegdressure. In the case of compressed assure
drop to a minimum, D(32) mean diameter is aboutng$ bigge!
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D(32) Sauter mean diameter m120-140
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Fig. 8. D(32) mean diameter versus the supplying mediaspresor PF250 nozz

Comparison of D(32) Sauter mean diameter for bottzies at the same supply pressure of both ms

given in Fig. 9. Significantly bigger (by about Bnes) mean diameter in the case of PF250 nozzlebe:
observed.

D(32)Sauter mean diameter STK PE250
120
\\

é 80
ar
T 60
[

40

0 1 1 1 ]

0.3/0.3 0.4/0.4 0.5/0.5 0.6/0.6
Supplymgmedia pressure [MPa]

Fig. 9. D(32) mean diameter versus pressure of supplyirdjane

For the analysis of the generated absorption seidaea, thdiagram of changes in the absorption sur
area PA/T versus the combination of supplying meutessure for PF250 nozzle is given in Fig. 9. bhet
results regarding the surface area, which can déyged within 1 minute are obtained for the comition of air
pressure 0.5 MPa and water pressure 0.3 MPa assvidl air pressure 0.7 MPa and water pressurbiBa
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Fig. 10. Absorption surface area PA/T versus pressure gblging media for PF250 noz.

Comparison of absorption surface agenerated within 1 min by both nozzles is givefrig 11. It can b
noticed that PF250 nozzle produced an absorptidaciarea by about-2.5 times greater than STK noz

Absorption surface area PA/T produced within 1 min
—STK == PEF250

— 160
S 140 —
g 120 /
S 100 /
& —
2 80 e
w0
g 60 —
& 40
9
Z 20
=
0 1 1 1 1
0.3/0.3 0.4/0.4 0.5/0.5 0.6/0.6

Supplyingmedia pressure [MPa]
Fig. 11. Absorption surface area PA/T versus pressure gblgiqy medii

In Fig. 12, absorption surface area PA/W changesusethe combination supplying media pressureor
PF250 nozzle is presented. Comparing absorptidiacgiareas produced from 1 * of water, an increase
PA/W with a decrease in water pressure increase of compressed air pressure can be obs
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Absorption surfacearea PA/W
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0]
Supplying air 0.3
pressure [MPa] 03 05 04 Supplyingwater
’ 0.6 pressure [MPa]

0.7
Fig. 12. Absorption surface area PA/T versus pressuresmblging media for PF250 noz.

Comparison of absorption surface area produced frain® of water for both nozzles is presented in |
13. STK nozzle produced 3 times greater surface th@aPF250 nozzl

Absorption smifacearea PA/W —STK ——PF250
producedirom1 dm? of water

350
—

250 ~_
200

150

100

50

Abgsorption surface area [m?]

0.3/0.3 0.4/0.4 0.5/0.5 0.6/0.6

Supplyingmedia pressure [MPa]
Fig. 13. Absorption surface area PA/W versus supplying mpgéasur

In Fig. 14a diagram of changes in absorption surface are® PArsus supplying media pressure for t
nozzles is given. For PF250 nozzle, due to lacklicthe data, the diagram is presentedly for supply pressure
0.5 and 0.6 MPa.

Absorption surfacearea PA/P STK PE250
produced from compressed air of volume equal to 1 Nm?.
~— 1000

w N
\

200
0 1 1 1 |
0.3/0.3 0.4/0.4 0.5/0.5 0.6/0.6

Absorption surface area [m

Supplyingmedia pressure [MPa]
Fig. 14. Absorption srface area PA/P versus supplying media pressure
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Conclusions

Research projects, realized at KOMAG and focusedevelopment and implementation of the systems for
airborne dust control, require correct selectionnokzle type and its diameter. Depending on theepla
characteristics as well as parameters of avaislglying media, the spraying systems should b@pqd with
the spraying nozzles, adapted as much as possikie bperational conditions. Bearing in mind tinatease of
dust control efficiency is equiproportional to auetion of the drop mean diameter in the sprayiatewstream,
type of nozzle should be selected in a way enaliingenerate the drops of diameters as small asljj@sAt
the same time, other assumed operational parametetrs as range or media flowrate should be followed
Measurements of stream parameters should be takariew points within the effective range of theea to
assess stream homogeneity and repeatability parsmeters.

On the basis of the results from testing the PR2&£rle at different combinations of supplying media
pressures, it can be concluded that:

» Change in the pressure of one medium changesaiesfie of both media.

* The smallest D(32) mean diameter was obtainechfocbmbination of extreme pressures of water
(0.3 MPa) and air (0.7 MPa).

» The biggest absorption surface area of a streamrgta within 1 min is obtained for compressed
air pressure higher than water pressure by 0.24P3.

Comparison of two spraying nozzles of differentige€nables to conclude that:

» STK nozzle consumes about 5 times less water.

* D(32) Sauter mean diameter for PF250 nozzle wastabtimes bigger than STK nozzle.

» Absorption surface area of a stream generated p®Rozzle at the same time was 2.0 — 2.5
times bigger than the surface area generated b§Thenozzle.

« Taking into account absorption surface area pradificen 1 dni of water, STK nozzle is 5 times
more efficient.

e There are no significant differences in compresagdconsumption regarding the absorption
surface area within a similar range.
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Abstract

Leaching kinetics of natural magnesite with nitracid was
investigated, and the results af detailed critical analysis a
presented. The reaction system MgdfNOs;-H,O has been
studied with special regard to the production ofepmagnesiur
salts. The generalised n@orous shrinking particle mod
considering the n-th order liquid-solid react was fitted to the
measured kinetic data and the values of appar¢inaion energy

Ea, and reaction orden, were calculated. Relatively high valiof

Ea (43.7 and 58.5 kJ md) obtained for both “low” (0.0-0.1 M)

and “high” (1-6 M) concentrations of HNj, respectively, lay
within the range of values presented by other asthod indicat:
that the overall process is controlled by the cloahmieaction in th
whole range of reaction conditions considered (&namure from 7(
to 100°C and concentration of HNGrom 0.01 to 6M). This
hypothesis has been confirmed by the calculategegof n, which

considerably differ from 1. Until now, it has beassumed in th

literature thatn=1 and no attention has been paid to actual

mechanism of the intrinsic chemical reaction. lis tivork, the
value ofn=0.22was calculated for the solutions with “low” HIy

concentration, and=0.05was obtained for the concentrated H;

solutions. These values ofare considerably lower than the va
of n=0.5 predicted by the theory. It is hypothesised thz

decrease in n with increased acid concentratiorhiniig related ti
the formation of C@and its transfer from the liquid to theseous
phase.

Keywords
Leaching, shrinking particle modelverification, reaction orde
activation energy, rate-determining step.
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Introduction

Although magnesium is found in over 60 mineralslyomagnesiteand other five industrial minerals
(dolomite, carnallite, serpentine, brucite and ioky, alongside seawater and brines, are commigraigbortant
natural sources of this element (Roskill 2013; $S@019). Formally known amagnesium carbonate
(MgCG0s), magnesite is found around the world (predomilyaint Australia, Austria, Brazil, Canada, China,
Greece, India, North Korea, Russia, Serbia, Slaa8pain and Turkey (Roskill, 2013, EC, 2015)), ésd
properties make it an invaluable raw-material imeawous fields.

Traditional products made from magnesite are régrganaterials, mainly for producing steel, cemand
nonferrous metals. More than 99% of mined and beiagéd magnesite is heat-treated to obtaiagnesia
(magnesium oxide, MgO) — similarly to the produstiaf quicklime from limestone. There are three gmdf
magnesia available in the market: fused magned#),(Bead burned magnesia (DBM) and caustic calcined
magnesia (CCM). While the DBM and FM are consumedhe production of refractory materials, CCM is
mostly used in chemical-based applications such fatilisers and livestock feed, pulp and paper,
hydrometallurgy and waste-water treatment (Merch&®19; Roskill, 2013). However, the producers of
magnesite in Europe, the United States, Russiaptrad regions have permanently been forced toldpveew
products and look for new applications — there a@ré&east three major reasons (IHS Markit, 2017; dflant,
2019; Roskill, 2013): (a) never-ending effort o thteelmakers and cement producers to reduce #uifisp
consumption of refractories; (b) limited growthglbbal steel and cement production, which has eentable
to compensate the corresponding slackening in dérf@rrefractory materials; and (¢) huge Chinagagts of
cheaper refractory grade magnesia during last @ecHuls, over the past three decades, the use griasite
products has spread to agriculture, chemical, pheentics and construction industries, and enviroriahe
protection (Roskill, 2013; Shand, 2006). Unlike feltd DBM, demand is foreseen to increase in manyusesd;
acquisitions take place in the market, and new adtipa are appearing (Merchant, 2019; Roskill, 20DN&=w
perspective applications are CCM, lightweight aloionin-magnesium alloys for structural components of
automobiles and machinery, apdre magnesium compoundsspecially the hydroxide and salts of various
inorganic and organic acids (Merchant, 2019; Rgsk@13; Shand, 2006).

The present work is related to the chemical praogssf magnesite into pure magnesium salts. Thabgh
added cost of chemical processing (as comparedetdeéneficiation of rich ores by physical methodsgricts
its use in general, the relative scarcity of higlality magnesite deposits means in certain circantss it can
be viable to upgrade magnesite via chemical rolMtereover, in mining and beneficiation of magnesite,
individual operations can (and normally do!) proellow-grade magnesite which is in traditional mactiring
actually of no use; such a less-valuable, seconthaignesite raw material can advantageously beasadeed-
stock for the chemical processing. Thus, the chalnmicoduction of pure magnesium salts seems toneenay
how to expand the portfolio of high value-addeddueis, make full use of the extracted magnesiteaahitve
desired economic effectiveness even with small&rmaes of mined magnesite.

Like a typical hydrometallurgical process (Crundvw2f14; Habashi 2005) and many important processes
in inorganic chemical technology (such as the petidn of alumina (Habashi, 2005), magnesia (Shao@g)
or titanium dioxide (Bedinger, 2018)), the chemigedduction of pure magnesium salts from magnésitedes
three main stages: (#achingof the raw-materials, (Ipurification of the leachate, and (sgparationof the
valuable substance in the form of a saleable ptodite leaching stage requires special interesaumsee it
determines the technological demands and thus edondability of the whole process.

The leaching generally involves a rather compleix afeelementary steps represented by the transport
phenomena and intrinsic chemical reaction(s). Weé#l known that (Sohn, 1979): (a) Under certaimditons,
some of these elementary steps may becommatbaletermining stefRDS)of the overall process; (b) the RDS
can change depending upon reaction conditions, tand rate information obtained under a given set of
conditions may not be applicable under anotheptebnditions; (c) frequently there may not be rgk rate-
controlling step because several steps may have proless equal effects on determining the ovesddl. The
relative importance of these steps could also ahamghe course of the reaction. Thus, understgndow the
individual reaction steps interact with each otleermportant in determining not only the RDS undgren
reaction conditions but also whether more thamglsistep must be considered in expressing theabbvate
(Sohn, 1979).

While certain generalisations can be made for Ardtmass transfer, and pore diffusion, the adsor@ind
chemical reaction(s) are highly specific to theunatof the substances involved (Sohn, 1979). Withcil
regard to the manufacturing of pure magnesium dadt® magnesite using chemical methods, a number of
papers have recently been published to study thehieg kinetics of magnesite in solutions of inavigaand
organic acids (Abali et al., 2006; Bakan et al.0@0Bayrak et al., 2006; KHgin and Kurama, 2012; Koése,
2012; Lagin et al., 2005; Ozbek et al., 1999; Retzal., 2013, 2014, 2015, 2016; Rutto and Enwerem20l11).
However, only the temperature dependence of thehieg rate was examined, and no attention has paiento
the concentration dependence of the intrinsic kiseat all.
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The aim of this work is a detailed kinetic analysfsthe nitric acid leaching of magnesite, and plaper
breakdown is as follows:
1. Formulation of a suitable simulation model to dészrthe leaching behaviour of the studied
reaction system.
2. Model fitting to the results of kinetic leachingperiments and calculating the apparent reaction
order () and activation energyeg).
3. Determination the RDS of the nitric acid leachirighatural magnesite, based on botAndE,.

Theoretical

Simulation model of the leaching procesd.et us consider an agitated tank leaching, whieeeground
raw magnesite with a known content of magnesiurbaraate (designated as the solid substance B) uneeay
chemical reaction in the leach solution with hydmogcations (designated as the species A), and Isolub
magnesium salt (for example, nitrate), carbon diexand water are formed. The overall process imgtiiree
steps in a series, which are as follows:

1. Mass transfer of the hydrogen cations from the badkh solution to the surface of magnesite padicl
2. The chemical reaction between the reactants A aattBe phase interface, according to Eq. (1),

B(s) + aA(aq.) — soluble products 1)

3. Mass transfer of the dissolved products from théase of the solid particles into the main bodytlud
lixiviant.
For the kinetic regime of leaching, when chemioahation controls the overall rate of the process,
Raschman et al. (2019) derived a generalised noodpcshrinking particle model (NSPM) which can lritten
in a shortened form using Eq. (2),

3
dxg _ R PL S 0
= A TE (xg), ®)

where:

xg = fraction of species B reacted (degree of conerrsf species B);

t = reaction time;

R = initial radius of magnesite particles (i.e., thdius at=0);

ps = density of magnesite particles;

p? = initial density of the lixiviant (leach solutijn

cJ, = initial concentration of hydrogen cations in thigiviant: strong acids such as the nitric or
hydrochloric acid are strong electrolytes and asefically fully ionised in waterg, is therefore assumed to be
equal to the initial concentration of the acid;

¢ =reducedA/B molar ratio, = n3/(an2);

ng andn$ = initial total amount (in moles) of the species#dB, respectively;

a = stoichiometric coefficient for the species AEQ. (1);

o = liquid-to-solid (L/S) mass ratiar = m? /m2;

m) andm? = initial mass of the lixiviant and magnesite fesdck, respectively;

. = initial rate of the chemical reaction (1) definey Eq. (3),

E
9 = kyR(chp)™ = koexp (— M_A})Vﬁl(cgb)n; (3

k = rate-constant for the reaction (@th order in A;

T = temperature,

v, = activity coefficient of the species A in the ¢basolution;

n = order of chemical reaction (1) with respectaagent A;

ko, E4 andR, = constants (“frequency factor”, apparent activatenergy of reaction (1) and gas constant,

respectively) in Arrhenius” equatidn= kyexp(— %);
G
F(xg) = function of the fraction of species B reacteg defined as follows:

Fo) = (1-22)" (1 = x5, @)
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Unlike the commonly usedsimple” NSPM (see, for example, Levenspiel (1999), Sohn79)%r
Wadsworth (1979)), thgeneraliset NSPM assumes — th order chemical reactigrthe influence of thiL/S
ratio andnon-ideal behaviouof the leach solutior

For mathemat¢al simplicity, in a kinetic analysis, it is adwageous to apply simplified formof the
NSPM. Thesimplified NSPM represents thsolution of Egs. (2) to (4) based on the assumptii@in = n,
¢ > 1 andy, = f(cg,) —it can be written in the form of Egs. (5) and (Raschman et al. 201:

L ¢
1-(1—-xp)3=—,

‘ ©)
. (6)
_ L _
m§koexp( .4 v A(ch)"

where:tg = the time required for the complete conversioa pfrticle of the original raw materie
Sometimes, for practical purposes, reaction half-time, s (i.e. the time required under certain reac
conditions to dissolve one half of the amount & ¥aluable substance B initially present in the raaterials)

is used as the characteristic time of the leacpiragess; in such a cat,s = 0.2063t; and Eq. (5) can be
modifiedto Eq. (7) (Raschman et, 2019):

1
1—(1—x5)3 = 0.2063——. @
tos

Material and Methods

Materials. The bulk natural raw magnesite (RM) from the SMBdea plant, Slovakia, was used in
leaching experiments. The fraction --125um was prepared by dry mill-grinding, wstreening, washing by
deionised water and drying. The phy-chemical characteristics of the RM sample are gimefable 1. The
sample was analysed by wet chemical methods coxhbiriih the ICP analysis. Thermand X-ray powder
diffraction analysis proved a ferroan variety ofgnasite (breunnerite) to be the prevailing phasepmpaniec
by small amounts of dolomite and calc— the results are summarised in Fig. 1. The spesifitace area sA

0.1 m2 g-1 wasletermined by the B.E.T. nitrogen adsorption teghai Analytical reagent grade chemicals
deionised water were used in all experime

Table 1. Physici-chemical characteristics of used raw magnesite \RM

Particle Specific Chemical elemental analysis [wt. Qualitative >-ray phase analysis 1)
diameter surface area - -

[10°m]  [10°mP kg Mg Fe Ca Si Al Cinorg. M (B) S D C
80-125 <0.1 25.3 2.91 2.13 0.26 0.05 13.7 +++ - ++ +

9'M (B) = ferroan magnesite (breunnerite); S = sideid = dolomite; C = calcite+” = phase detected:* = phase not detected.
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Figure 1. Results of the phase and thermal analysis of natara magnesite RN
(A) Xray diffractogram; M = ferroan magnesite (breunrteji D = dolomite, C = calcite. (-ray powder diffractometer Rigaku MiniFl
600, BraggBrentano goniometer, Cukradiation, N-filter, working voltage 40 kV, current 15 m/
(B) Plot of TG, DTG ath DTA curves. (Simultaneous thermal analyser NBt33®A 449 F3 Jupiter, corundum crucible, air atniese,
temperature rate 10 K i)
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Leaching procedure and measuring kinetic dataFor the process studied, the overall chemicalti@ac
can be written in the form of equation (8):

MgCO5(s) + 2HNO;(aq.) » Mg(NOs),(aq.) + C0,(g) + H,0(D). (8)

The leaching behaviour of the RM in nitric acid wasted in a 0.7 | isothermal well-mixed glass batc
reactor with intermittent withdrawal and analysfsttte leachate samples. The reactor was equippédaniot
plate magnetic stirrer, insulating jacket and dusetondenser. The mixing speed varied from 50@G6 rpm
and had been proved to have no observable effe¢ch@rcourse of leaching, under the reaction caoti
considered in the present work. The temperaturemaistained to within 2 K. The initial volume oftri¢c acid
was 0.5 | in all experiments. In each test, thergyppate L/S ratio was set by the calculated amatfinthe RM
(0.020-3.0 g). The RM sample was added to HN¥Den the desired temperature had been reachddein t
reactor. The reaction suspension volume has nat affected by evaporation. The 20 ml leachate sasnwkre
withdrawn from the reaction mixture at predeterrdiiene intervals, filtered and analysed for the megum
and calcium by the EDTA and ICP methods. The leaghixperiments were carried out under the reaction
conditions, which were: temperature from 70 to IDahe concentration of HNGrom 0.01 to 6 M.

Results

Proposed simulation model In most work on the leaching of magnesite witimaantrated solutions of
acids, practically no attention has been paid &éodbncentration dependence of the intrinsic kisetfc simple
first-order rate expression has been assumed, &nematical simplicity rather than for valid reasolm many
practical cases, fluid-solid reactions can indeedproximated as first-order reactions; in gené@vever, the
concentration dependence is much more complex (S&®9). Crundwell (2013; 2014) emphasised the need
derive the value of on the basis of a suitable mathematical modehefdahemical dissolution of the solid
substance B and verify it by experiment. Use of ridationship (3) enables to experimentally deteamihe
(apparent) reaction order, compare it with theory and thus to identify thBRRof the overall leaching process
with higher reliability, as compared to the comnyoased NSPM.

A preliminary parametric study using tigeneralisechon-porous shrinking particle model of leachhags
shown that thevalues of parametersand¢ can alter the leaching behaviayalitatively. In contrast,
the activity coefficient of a strong acid just $lity modifies the shape of the kinetic curves boesl
not change the overall picture. Thés simplicity, it has been further assumed that 1.

During the reaction of magnesite with acids, ,0® formed and released in a gaseous form from the
reaction mixture into the atmosphere. So far, nesimeration has been given to the effect of thauweace of
CO, on the overall leaching rate. The suitability bé tproposed simulation model also for descriptibra o
reaction systems with the evolving gaseous probast therefore, to be verified first, by comparihg model
prediction with the experiment.

Experimental results. The leaching behaviour of the RM was studied large exces®f nitric acid. An
overview of the leaching tests carried out is giirefiable 2. The measured fraction of magnesiursatied,xg,
vs. time,t, dependencieare illustrated by some typical examples showniguie 2. The results of all leaching
tests were used to verify the proposed simulatiodehand to calculate the values of kinetic modebmeters.

Table 2. Reaction conditions set in individual leiag tests’

Temp:e rature Initial concentration of nitric acid [M]
[k/°C]
“low” ? “high” ?

0.01 0.02 0.04 0.06 0.1 1 2 3 4 5 6
343/70 + +
353/80 + +
358 /85 + +
363 /90 + +
373/100 + +++ ++ ++ ++ ++ ++ ++ ++ ++ ++

1) Each “+" represents one leaching test carrigds+...” denotes repeated tests).
2) The initial concentration of HNO3 is declaredde "low" or "high" only with respect to Fig. 3afurther discussion.
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Figure 2 Examples of measured conversixg) vs. time €) kinetic curves: (A) effect of reactimrffmperaturec,‘;,\,%= 0.01 and 1 M); (B)
effect of nitric acid concentration (T=373 K/ 1@)¢

Discussion

Comparison model —experiment. A number of papers have been published to studietiehing kinetic:
of magnesite in solutions of inorganic aorganic acids (Abali et al., 2006; Bakan et al.0&0Bayrak et al.
2006; Haggiin and Kurama, 201X06se, 2012; Lagci et al., 2005; Ozbek et al., 199Raza et al., 2013, 201
2015, 2016; Rutto and Enweremadu, 2011). A thoraugtlysis of these studihas revealed th:

1. The leaching rate is very sensitivetemperature- this fact is reflected in high calculated valuegshaf
apparent activation energ§, (42 kJ mof < E, < 78 kJ mot), and, based on these results, the intri
chemical reactiohas been identified to be the RI

2. No attention has been paid to the concentratioemidgnce of the intrinsic kinetics. Tshrinking particle
model derived for thefirst-order fluid-solid reactionhas exclusively been fitted to the experime
results, despite the fact that the data often had shownrelalgviations from the fir-order reaction
behaviour (distinct already by a preliminary viswmsessment of the data!). Typical examples
schematically illustrated in Fig. 3: tleaching ratevs. acid concentrationd, ) dependences were first
growing at a certain concentration inter{c, ;; c,,), but further either (a) indicated a weakening af
of the acidconcentration in more concentrated solutions {inesolutions withc, > c,,) (Kose, 2012;
Raza et al., 2013, 2014)Fig. 3a; or (b) passed the maximumc, ,, and then even declined fc, >

¢, (Bakan et al., 2006; Bayrak et al., 20Lagcin et al., 2005) — Fig. 3b.

(A) (B)

leaching rate
leaching rate

Ca1 Caz2 Ca1 €a2 Cam

acid concentration acid concentration

Figure 3. Schematic illustration of the leaching révs. acid concentration dependences obtained by séthe previous authors for ti
acid leaching of natural magnesitewo types of deviations from the f-order model are shown: (A) relative sl-down of the leaching (as
compared to the first-order agtion); (B) absolute slo-down of the leaching process in concentrated smhstof acid:
Points= measured datesolid line= the course of leaching assuming the fostier reaction.
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As discussed at the end of the theoretical sectibmigh L/S réo when the conditiorgp > 1 (or (1 —
x4) = 1) is fulfilled, asimplified NSPM in the form of Egs. (5) and (6) shoffit to the measuredlependences
Xg VS. t/tg andxg vs. t/ty 5, respectively. Thus, the nitric acid leaching led RM was studied in a largxcess of
the acid when the conditiop > 1 was fulfilled. At first, a series of leaching tests characterisgdhe value o
parameterp > 10 (which represents at least the-fold excess of HN@Iif compared to stoichiometry) we
carried out; the actual set up values«p reached up to 48 (in 6 M HND Then, the applicability of Eq. (6) wi
checked using graphical analysis. To construct atesc diagram, thehalf-time of reaction,t,s, has been
preferred tat;, because it is straightforward to determt, s for each run simply by interpolating the meast
xg-t data The scatter diagram shown in Fig. 4 revealed thate is a very good correlation between
simulation model used and mxriment (full and open triangles). This fact prdvbat the simplified NSPM |
able to describe the course of leaching in theistudbaction system with acceptable accur:

08

2
=

£l
4

A This work: temperature from 80 to 100°C,
HNO3 concentration from 0.01to 0.1 M

A This work: temperature from 70 to 100°C,
HNO3 concentration from 1to 6 M

farction of MgCO; dissolved, xg

2

© Data from (KOSE 2012), Figs. 3and 5 -
adapted

——Mathematical model = modified Eq. (8):
xB=f(t/t0.5)

0 1 2 3 4 5 6 7 8 9 10

t/tos

Figure 4 Conversionxg) vs. reduced time /t, s) dependence eomparison of a mathematical model with experin
Points= measured datesolid line= modified Eq. (7)xz = 1 — (1 — 0.2063 t/ty5)°.

Determining the values of model kinetic parameter. For determining the values of model kine
parameters, first (assumg for simplicity thaty, = 1), Eq. (6) has been modified to express the-time of
reactiont,s:

angpsR

0 Ea )0 \* °
mSkOexp(_R_G'I'>(CAb)

tos = 0.2063t; = 0.2063

(9)

Then, the values aof andE, were calculated by linear regression using Eq9. éh@ (11), respectivel

Intys = —ninc), + constl , (10)
Intys = i—A% + const2 . (11)
G

and are summarised in Table

Table 3 Kinetic parameters of the simulation model fittgdelxperimen

This work Ref. Kose (201:
Country of the origin of the Slovakia Slovakia Turkey
magnesite tested
T (K/°C) 353-373 (80-100) 343-373 (70-100) 3833 (30-60)
oz (16 mol m) 0.01-0.1 (“low”) 1-6 (“high”) 1-3
R (10°m) 80-125 80-125 90-150
E, (10°J mol®) 43.7 58.5 3.2
n(-) 0.22 0.05 -
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The valuesof apparent activation energy obtained in this wdrth at low and high concentrations
HNO; (43.7 a 58.5 kJ md| respectively), are in good agreement with theiemlpresented by other authors
the naturalmagnesite leaching with solutions oorganic and organic acids (42 kJ i* < E, < 78 kJ mot
(Bakan et al., 2006; Bayrak et al., 2006;stitn and Kurama, 201Lacin et al., 2005; Raza et al., 2013, 20
2015, 2016; Rutto and Enweremadu, 2011)), excapagkedly lower value presented Kése (2012) — see
Table 3, for comparisorkKése (2012) investigated the same reaction sy (i.e., MgCC-HNOs-H,0); his
experimentatesults were therefore analysed in more detaikceSthe values c¢ used in his experiments (fro
12 to 20) were higkenough and the effect of the HI;:MgCQO; ratio may have been excluded, to find
explanation for such a big difference, the origie&perimental results published by Kdse were degiin a
modified form in Figure 4 (open rings), alongside data (triagles).

A thorough view of all the experimental points lretgraph in Figure 4 revealed a considerable diffes
between the layout of both sets of results. Tha gatints of Kdse (a) significantly depart from timdel
prediction atcz = 0.6, and (b) ndicate that the magnesium dissolution may have fiashed by reaching tt
limit (maximum) value ofcg lying between 0.7 and 0.

The dissolution far from equilibrium was studiedhioth cases, and magnesite was expected to be
dissolved at thend of the leaching process. The differences obdenere therefore attributed either to (a)
presence of a magnesium bearing phase other thgnesite, which did not dissolve in HI; at all or exhibited
only a limited solubility (this seems unlike) or to (b) the errors in chemical analyses andéabeulations. In th
sample RM, the total content of mineral phasesraten “"chemically soluble" carbonates was less thavt.
%. Hence, the maximum conversions of magnesiumocate higher than 991. % may, therefore, have be
expected in the present work. This assumption wagirsned by experiment: in the leaching tests whbesec
on the results of chemical analyses, the carbonata® practically fully dissolved, the experimeht:
determinedundissolved residuals represented less than 2 waf #he original RM sample. In the magne:
sample used by Kose, the total content of magnesindhcalcium carbonate was even higher, his maxil
conversions observed seem therefore to be unieally low. Moreover, an inconsistency between
measured data and theathematical model used to calculE, is evident from Figure 4, which significant
reduces the reliability of the estimateE,. Thus, with respect to the above facts, the vpludished by Kose
(2012) has been considered to be an ot

In the previous research on the leaching of natoraginesite with concentrated solutions of acids
analyse the overall process, mathematical modelndamplicitly assumed than = 1 were used and the
authors paid no further attention to the actual mmesm of the intrinsic chemical reaction (1). Hoeg
Crundwell (2013, 2014, 2015) clearly explained hiowportant physically correct proposal of the medsar
and the related values of kineticrameters (i.e., apparent activation energy,especiall' reaction order) are in
finding out the ratetetermining step of the overall leaching process.tRe far from equilibrium dissolution
CaCQ in acidic solutions, Crundwell (2015) theoreticalerived the value of = 0.5 —this theoretical value is
twice that calculated in this work for the solusowith “low” HNO; concentrationr{ = 0.22), and by order of
magnitude higher than the valuerobbtained for concentrated solutioms=t 0.05). For futher discussion, due
to the lack of relevant data, the experimental ltesecently published by Artamonova et al. (201af) the
magnesitelissolution kinetics in acidic (KCI+HCI) solutiorss pH 1 to 5 have also been taken into acc- an
overview ofall the above results is shown in Figure
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Figure 5 Comparison of the values of kinetic parametersiakthin this work with those found in the literagu¢A) apparent activion
energy; (B) apparent reaction order in" kbns.
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Jordan et al. (2007) observed a negligible efféechost common organic and inorganic ligands on MgCO

dissolution in acidic saline solutions, which makles comparison illustrated in Figs. 5ab feasiltieevealed

that:

a)

b)

The E, values obtained in this work are lying within ttenge of the values found by all other previous
authors who have studied the leaching of naturgmesite with acid solutions.

Critical evaluation of the available valuesrpoindicates that the value afdecreases with increasing acid
concentration. This may be related to the formatibO, and its transfer from the liquid to the gaseous
phase. Since, until now, no consideration has lg#een to this aspect of the leaching process, aed t
available data is very limited, the effect of evarlvgas should be addressed in more detail in theefu
Relatively high calculated values of the activatemergy indicate that the overall process of laaglis
controlled by the intrinsic chemical reaction (I) the whole range of temperature and HNO
concentration studied. This hypothesis has beefiromd by the calculated values of the reactioreord
which significantly differ from 1.

Conclusions

Kinetics of the leaching of natural magnesite wititric acid was studied using both mathematical

modelling and experiment. The reaction system Mg88O0;-H,O has been chosen with special regard to the
production of pure magnesium salts. The results détailed critical analysis are summarised asvi!

1.

The generalised non-porous shrinking particle medekideringhe n-th order liquid-solid reactiomwas
fitted to the measured kinetic data and the vabiespparent activation energy,, and reaction orden,
were calculated.

Relatively high values oE, (43.7 and 58.5 kJ md) obtained in this work for both “low” (0.01-0.1 M)
and “high” (1-6 M) concentrations of HNQOrespectively, lay within the range of values presd by
other authors and indicate that the overall proadskaching is controlled by the intrinsic chenfica
reaction (1) in the whole range of reaction cowndisi considered.

This hypothesis has been confirmed by the caladlatdues ofn, which (especially in concentrated
HNOs) considerably differ from 1. Until now, no attestii has been paid to the actual mechanism of the
intrinsic chemical reaction. In this work, the valofn = 0.22 was calculated for the solutions with “low”
HNO; concentration, and = 0.05 was obtained for concentrated HN§blutions. These results enable a
deeper insight not only into the reaction systemdisd but into the acid leaching of magnesite inegal.
The calculated values ofseem to be considerably lower than the value prediby the theory, and it is
hypothesised that the decreasa with increased acid concentration might be reldtethe formation of
CG, and its transfer from the liquid to the gaseoussgh

Notation

a stoichiometric coefficient for specidsin Eq. (1)
A H+ ions

B MgCG;

Cap initial concentration of H+ ions in bulk lixivian
EA apparent activation energy of reaction (1)
F(xp) function defined by Eq. (4)

k rate-constant for reaction (I}th order inA,;

ko constant (“frequency factor”) in Arrhenius” eqoat
K process parameter defined by Eq. (3)

m? initial mass of acid leach solution

m? initial mass of magnesite

n apparent reaction order for H+ ions

ng initial total amount (in moles) of species A ixiViant
ny initial total amount (in moles) of MgGOn magnesite
o initial reaction rate defined by Eq. (3);

R initial radius of magnesite particles

Rs gas constant = 8.314 J mol-1 K-1

t reaction (leaching) time

tos reaction half-time

tr time required for complete conversion of magmeegérticle
T temperature in K

Xg fraction of MgCQ dissolved
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Greek letters

Ya activity coefficient of H+ ions in leach solution

po initial lixiviant density

Ds raw magnesite density

o liquid-to-solid (L/S) mass ratio (m? / m? )

¢ reduced A/B molar ratio (73/(an2))
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Abstract

The paper analyzethe relationship between energy consump
and green GDP asdreased energy consumpticould cause an
increase in GDP. In order to evaludtew and to what extent t
increase in energy consumption affects the size modement o
the green GDP, the aim of this paper istafirm the existence of a
stronglink between energy consumption and green GHaving a
large number of papers linking energy consumptiod &DP,
through this paper, we want to emphasireeven greater role
greenGDP in energy consumption by linkirthe impact of the
consumptio of different energy sources w the movements in
green GDP. Nameljhow much different energy sources affect
gap between green GDP and GDWFithin the empirice analysis,
we use a panel cointegratidlechnique to examine lo-term
relationships among integrated variables. The analyzed in this
model cover 36 countries fane period from 2008 to 2016. The
36 countries include the EU28 countries and padéngindidates fa
accession in the European Unidie results of our analysfollow
the theory as we founthat an increase in energy consump
causes an increase in GDP, hence glreen GDP. However, tt
second part of the analysis suggests dnaihcrease in consumpt
of energy in sectors that are environmentally mdemaginc
emphasize the gap between the G&el green GDP, but that
increase in more enwinmentally cleaner energy consump
curtails that gap.
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Introduction

This paper presents the relationship between erengyumption, GDP, and green GDP. Theoretically, an
increase in energy consumption leads to an automatirease in GDP. Based on a scarce number ofrpape
related to green GDP — energy nexus, we analyzerhogh and in what way this energy consumption &sfec
the movement of green GDP. Green GDP consistsveffakeobserved variables that negatively affect GIDE
reduce it in a certain amount (StjeparpWiomic and Skare, 2019). It is usually calculated asiticathl GDP
minus the costs of environmental pollution and d#ph of natural resources. Stjepargviomic and Skare,
(2017) provided us with a new green GDP measurewhah was initially presented as a growth ratdclvh
makes it much easier to compare with traditiondidators. What makes this calculation of indicatiand out is
that the authors carefully took and calculatedatial costs of environmental pollution and oppatjucosts,
and thus presented certain aspects of social chsésresult of this research brought us an altermatkersion of
GDP that consisted of the variable waste product@®?2 emissions into the atmosphere, and consumpfio
natural resources. All these variables separafédgtaGDP and reduce it in a particular value agss damage
to the environment that will come to charge ondaroligh our paper, we want to analyze the true aattithe
relationship between energy consumption from spesdurces, like solid fuels or natural gas anckegr&DP.
We expect that “greener” the energy source issthaller the negative impact on GDP should be,we.should
have a higher green GDP and vice versa. Our asaltrsérefore, emphasizes various energy sourcdsnwit
today’s high levels of pollution that has a hug@att on people as the environment is becoming a&kegomic
issue. The shortcomings of GDP as a measure ofiatrgts economic prosperity are pronounced todayemo
than ever. One complaint is that GDP as a measwge dot contain precise environmental components,ra
that way only represents a deferred payment thiateipaid by new generations. Therefore, it isassary to
include variables in the presentation of a coustegonomic progress and assess its impact on GBEh are,
in fact, related to the environment and sustainat@eelopment. Only then can we have a more obgectiv
measure that will evaluate economic progress frodiffarent angle and on which we can assess b#tter
efficiency and success of a country's economicesystAfter the introduction, we present a summaryhef
energy consumption and growth research.

The goal of this paper is to study the relationshggween green GDP and GDP, using the energy
consumption variables. Although there are papeatthve dealt with similar topics, but only for oomuntry,
the emphasis of this paper is to study the Europgeantries. By analyzing these countries, we wiline to a
conclusion about the impact of separate energycesusn green GDP. The gap between green GDP sheuld
smaller in those countries that use less harmfelrgn sources for the environment, and larger faséh
countries that use more harmful energy sourcesicBir emphasis is placed on renewable energycssuand
their impact on Green GDP. In our analysis, we aiseual panel data covering the period 2008-201&36or
European countries. Countries involved in the agialyre EU 28 countries plus other European camtri
(Iceland, Norway, Montenegro, North Macedonia, Aliaa Serbia, Turkey, and Moldova). Hence, our
presumption about homogenous data sample sugdrestihe panel data approach should be an apprepriat
method for analyzing this relationship. We expléie data and methods in the next section and disthes
results of the study in the results section. Finalte conclude by giving a summary of remarks aatsf in
conclusion.

Literature Review

The motive of this paper is to extend previous aesges on this or similar topics. Here are someszap
that tried to link energy consumption and green GORe such paper that seeks to reveal the backdrofutne
relationship between energy consumption growthgreen GDP growth for China is a paper (Hongxiai,80
entitled “Influence energy consumption has on gré®&® growth in China”. In this paper, the authoalsres
the direct and indirect impact on the growth rafegeeen GDP, which affects several ratios of energy
consumption as well as the relationship betweeferdifit energy sources. Likewise, (Al-mulali, 201i4),his
paper, describes the association of GDP growth wstbrgy consumption. The purpose of this paper towvas
investigate the relationship between gross domgsticluct growth and renewable and independent gnerg
consumption in 82 developing countries. One ofghpers that analyzed the relationship between g&ieR
and sustainable development is the paper (VagBeéfiar, and Aziz, 2015), which provides evidencettud
usefulness of alternative measures of GDP, i.eemgGDP. The authors calculated green GDP for Maland
indicated the important role of depleted naturadotgces and environmental damage within the colntry
sustainable development perspective. The probleralolulating green GDP is also studied by WangaHe
Zheng (2014), who describe the way in which theeGr&DP system was designed and developed for China.
The results suggested that China has not achiekean’ ‘economic growth, due to excessive pollutow too
high utilization of natural resources. The authmyacluded that this research confirm #tatus quaf China’s
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current economic development. Similar papers as @hahe authors (Harnphatananusorn, Santipolvod a
Sonthi, 2019), speak of correction of GDP - for &neount it produces for air pollution and waterytidn.

Strong global growth we see in theé"™2end 2% century demands significant energy consumptionrdgnis
considered a complementary growth factor to thesjlay factor. According to the study by Malaczewski
(2018), there is an optimal (golden point) of egeopnsumption proportional to the optimal combioati
between human and physical capital. Energy producind innovation are directly linked to carbonxiie
emissions (CO2e). Present economic growth modetsv sbver-dependency on carbon-intensive energy
consumption (Rahman et al., 2019). Renewable enasgydemands large support schemes to develop an
efficient bio market, leading to an increase ineistyent efficiency and energy transformation (Gavaret al.,
2016).

World energy demand constantly increases and b 20Bxpected to reach 600-1500 EJ. yeand peak
in 2100 with 900-3600 EJ. yedr (Kovacs, 2007). Speeding urbanization is causipgand pressure to the
energy consumption, and thus CO2 emission requirag-evaluate current economic growth models & th
upward trend of urbanization continues (Yazdi amdi@ni, 2019). Study of Katarina et al., (2014ggmsts that
investments in renewable energy sources registgnehiefficiency and are limited by political, ecaomo,
administrative and legal constraints. Transfornmatmgreen economic growth models require sigmnifigaublic
support since investments in renewable energy ssuwll remain unattractive for many years to come
(Sokolovska and KeSeljeyi2019).

Transition to green economic growth models is gidssand feasible. It demands strong public support
schemes accompanied by consistent energy conseryadlicy assuring endogenous growth in the fu(Begsal
et al., 2018). There is a strong need to explaeditik between energy consumption and future econgnowth
models.

Data and Methodology

Annual panel data, covering the period 2008-20163f European countries, are taken from the Eurosta
database. The data for green GDP are from the Stjdpanovi, Tomié and Skare (2019) using an alternative
approach in measuring the green GDP (Stjep&ndami¢c and Skare, 2017). Data are expressed in logarithms
and presented as INGGDP as the logarithm of theng@&DP indicator, INGAP as the logarithm of the gam
green GDP to standard GDP measure, INENERG a®gfaeithm of total energy consumption, INFFUEL & th
logarithm of solid fossil fuel consumption, INNGAS the logarithm of natural gas consumption, In@sLthe
logarithm of oil and petroleum consumption and INERV as the logarithm of renewable and biofuel
consumption, so that the energy consumption vasabre expressed as a thousand tonnes of oil ésptiva
(TOE). Countries involved in the analysis are EU @fintries (UK was still a part of the EU) plus eth
European countries (Iceland, Norway, MontenegroittNMacedonia, Albania, Serbia, Turkey, and Moldova
The logical presumption about homogeneity amongfesn countries suggests that the panel data agbproa
should be an appropriate method for replying to regearch question; thus, this presumption wilebaluated
through the results.

Cointegration analysis with panel data usually ezissof unit root tests, cointegration tests, ahd t
estimation of long-run (and short-run) relationstipr that purpose, we applied research logic aptheations
from the paper from Skare, Bengzand Tomé (2016). The panel analysis begins with panel woot tests to
avoid possible spurious results. If the seriesnarestationary, the analysis continues with testorgthe panel
cointegration. Following the panel, unit root tests used in this research: LLC test (Levin, Lid &hu, 2002),
Breitung test (Breitung, 2000), IPS test (Im, Pagaand Shin, 2003), Fisher-type tests using ADFRiRdests
(Maddala and Wu, 1999 and Choi, 2001) and Hadri(tésdri, 2000).

Next, we evaluated panel cointegration tests, aiogrto Pedroni (1999, 2004), Kao (1999) and Maaldal
and Wu (1999). Pedroni and Kao extend the two-Etegle-Granger (1987) framework to tests involviramel
data. Pedroni introduced several tests for coiategr that allow for heterogeneous intercepts amechct
coefficients across cross-sections. The Kao tdktwie the same approach but indicates cross-sespesific
intercepts and homogeneous coefficients on thediegie regressors. Maddala and Wu (1999) appisiteFs
combined test that uses the results of the indalididependent tests and Johansen’s test methgda®@n
alternative approach that combines the tests fratividual cross-sections in order to obtain teatistics for the
full panel.

The long-run relationship is estimated using thel@d Panel Fully Modified Least Squares (FMOLS),
pooled Panel Dynamic Least Squares (DOLS) and Hoblean Group/AR Distributed Lag (PMG/ARDL)
estimation methods. Since FMOLS and DOLS provide dong-run estimates, for the short-run estimation
PMG/ARDL is used. Phillips and Moon (1999), Pedr¢@D00), and Kao and Chiang (2000) proposed
extensions of the Phillips and Hansen (1990) FM@k®mator to panel settings while Kao and Chiar@pQ@,
and Pedroni (2001) propose extensions of the Saékd1992) and Stock and Watson (1993) DOLS estimat
FMOLS and DOLS estimation methods for panel sestiaipw the estimation of panel cointegrating regren
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equation for non-stationary data by correctingstadard pooled OLS for serial correlation and gedeity of
regressors that are usually present in long-rieticgiships. The PMG/ARDL (Pesaran, Shin and Sni@i99)
takes the cointegration form of the simple ARDL rmebdnd adapts it for a panel setting by allowing th
intercepts, short-run coefficients and cointeggatarms to differ across cross-sections.

To comprehend the influence of energy consumptiovatds the green GDP, we divide our analysis into
two parts; one is dealing with the direct nexusmeenn the green GDP and total energy consumptionttand
other dealing with an indirect link between the egreGDP and the elements of energy consumption that
comprise the total energy consumption. The diréfeceis, analyzed in a twofold manner; (1) by atvegy the
direct influence of the energy consumption on theeg GDP indicator (as we expect that the risenigrgy
consumption should drive the standard GDP, heregtien GDP) and (2) by observing the direct imftgeof
the energy consumption on the gap GDP indicatothasmeasure that reveals the bias of the stand®i@ G
towards the green GDP (we expect that the rissn@rgy consumption should increase the differendevdsn
two measures). Two equations can represent théesssef

INGGDP, = ag + BiINENERG, + U, i=1,2,K,N, t=1,2,K, T (1)
INGAP; = agi + B INENERG; + 1,  i=1,2,K,N, t=1,2,K, T )

where INGGDR represents the logarithm of green GDP at tima@AP, represents the logarithm of the
gap between the green GDP and standard GDP indiedtdime t, INENERG stands for total energy
consumption at time t, and uit is the error ternilevhand t denote country and time respectively.

Since the energy consumption variable is expeateiddrease the green GDP indicator, through intlirec
effect, we are trying to grasp the background af tklationship by observing how some parts, whiehenergy
consumption indicator is composed of, influencegreen GDP, i.e. do specific parts of the energyamption
deepen or curtail the difference between the GDRsoe and the green GDP measure. This bond can be,
therefore expressed as:

INGAP, = agi + PuINFFUEL + BaINNGAS; + B3InOIL;, + B4INRENEW, + u,,
i=1,2,K,N, t=1,2,K, T 3)(

where INnGAR again represents the logarithm of the gap betwbengreen GDP and standard GDP
indicator at time t, INFFUEL stands for fossil fuel consumption at time t, InA&; stands for natural gas
consumption at time t, InOjLstands for oil and petroleum consumption at timénRENEW, stands for
renewable and biofuel consumption at time t, apdsuhe error term while i and t denote country ainae
respectively.

Panel cointegration results

Regarding the order of integration of our time egriunit root tests indicated that the variables ar
integrated, i.e. they are non-stationary in level atationary in first differences (results avdiabpon request).
Therefore, a panel cointegration test can be imptged. The following tables present the resultbath the
direct and indirect effect of energy consumptiorttengreen GDP.

a) direct effect

The results from Pedroni’s, Kao’s and JohansendFisipanel cointegration tests were evaluated éah,b
equation 1 and equation 2, suggesting that theleeith exists a long-term (direct) relationship betwthe green
GDP and energy consumption as well as betweenaph&dP and energy consumption.

In both cases, with only intercept and again whatercept and trend are included, most of the Pé&dron
statistics reject the null hypothesis of no coindtign between variables indicating the existenténg-run
panel cointegration relationship between the oleskmariables (Table 1). Thus, it can be concludied there
exists a long-run relationship. Kao's panel coirgign test also strongly rejects the null hypoihesf no
cointegration between variables indicating the texise of a long-run panel cointegration relatiopdtetween
the observed variables (Table 2).
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Table 1. Pedroni residual cointegration test

Variables: h\GGDP, INnENERG

Intercept Intercept and trend
Statistic Prob. Weig'ht_ed Prob. Statistic Prob. Weig_htgd Prob.
Statistic Statistic
Panel v-Statistic 0.47 0.32 -1.66 0.95 -3.39 0.99 5.8 1.00
Panel rho-Statistic -1.39 0.08 -1.89 0.03 1.43 0.92 -1.30 0.90
Panel PP-Statistic -4.90 0.00 -6.56 0.00 -6.71 0.00 -8.69 0.00
Panel ADF-Statistic -4.80 0.00 -5.01 0.00 -5.25 00.0 5.67 0.00
Group rho-Statistic 1.45 0.93 3.53 0.99
Group PP-Statistic -6.99 0.00 -15.22 0.00
Group ADF-Statistic -5.58 0.00 -8.25 0.00
VariablesInGAP, INENERG
Intercept Intercept and trend
Statistic Prob. Vg?;%gﬁ:d Prob. Statistic Prob. Vé?;%giﬁ:d Prob.
Panel v-Statistic -0.08 0.53 -1.29 0.90 -3.29 099 -5.21 1.00
Panel rho-Statistic 0.24 0.60 0.15 0.56 3.80 0.99 44 3 0.99
Panel PP-Statistic -2.09 0.02 -3.47 0.00 -1.87 0.03 -4.88 0.00
Panel ADF-Statistic -4.81 0.00 -6.79 0.00 -7.27 00.0 -8.31 0.00
Group rho-Statistic 2.97 0.99 5.25 1.00
Group PP-Statistic -4.19 0.00 -6.51 0.00
Group ADF-Statistic -8.80 0.00 -8.15 0.00

Source: Authors’ calculations.

Table 2: Kao residual cointegration test (indivadintercept)

ADF
Variables t-Statistic Prob.
INnGGDP, INnENERG -0.62 0.27
InGAP, INENERG -2.43 0.01

Source: Authors’ calculations.

Finally, Johansen Fisher trace and maximum eigemvedintegration tests reject the null hypothesisoo
cointegration between variables indicating thetexise of long-run panel cointegration relationdtwpween the
green GDP and energy consumption, and gap GDPblarand energy consumption (Table 3). According to
these results, energy consumption could affect lygpden GDP variables in the long-run. Individuabss-
section results (available upon request) suggestathe cointegration relation is present in alnadistountries,
either in the case with restricted or unrestrictedstant.

Table 3: Johansen Fisher panel cointegration (€sace and Maximum Eigenvalue)
Variables: hGGDP, INnENERG

Hypothesized No deterministic trend (restricted constant) Linei@terministic trend (unrestricted constant)
No.of CE (S)| Fisher Stat* Prob. Fisher Stat.** Prob. Fisher ta Prob. Fisher Stat.**  Prob.
None 443.90 0.00 448.50 0.00 4478.00 0.00 623.10 0.00
At most 1 117.80 0.00 115.2 0.00 166.60 0.00 166.60 0.00
Variables:INnGAP, InENERG
Hypothesized ~ No deterministic trend (restricted constant) Lineizterministic trend (unrestricted constant)
No.of CE (S)| Fisher Stat* Prob. Fisher Stat.** Prob. Fisher ta Prob. Fisher Stat**  Prob.
None 565.10 0.00 515.90 0.00 4478.00 0.00 623.10 0.00
At most 1 192.00 0.00 192.00 0.00 293.30 0.00 293.30 0.00

Source: Authors’ calculations.

The following tables present the panel cointegratiesults from FMOLS, DOLS and PMG/ARDL
estimation methods between the observed variaigleting the validity long-run linear cointegratisations.
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Table 4. Panel cointegration results (Pooled estion) — INGGDP, INENERG
Panel Fully Modified Least Squares (FMOLS)

Constant Constant and trend
Variable Coefficient  Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic ~ Prob.
INENERG 0.12 0.04 3.48 0.00 0.07 0.03 2.05 0.04
Panel Dynamic Least Squares (DOLS)
Constant (1,1) Constant and trend (0,0)
Variable
Coefficient ~ Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic ~ Prob.
INENERG 0.70 0.17 4.11 0.00 0.13 0.03 3.92 0.00
PMG/ARDL (Pooled Mean Group/AR Distributed Lag) RBL (1,1)
Variable Restricted constant Unrestricted constant
Coefficient ~ Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic ~ Prob.
Long Run Equation
INENERG 0.82 0.09 9.38 0.00 -0.24 0.05 -4.41 0.00
Short Run Equation
COINTEQO1 -0.83 0.05 -15.82 0.00 -1.24 0.08 -16.47 0.00
D( INENERG) -0.58 0.15 -3.94 0.00 -0.46 0.10 -4.47 0.00
o 14.93 0.94 15.88 0.00 34.70 214 16.20 0.00
@TREND -0.01 0.01 -0.75 0.45
Source: Authors’ calculations.
Table 5: Panel cointegration results (Pooled esation) — INGAP, INENERG
Panel Fully Modified Least Squares (FMOLS)
Constant Constant and trend
Variable Coefficient ~ Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic ~ Prob.
INENERG 0.05 0.06 0.89 0.37 -0.02 0.06 -0.43 0.67
Panel Dynamic Least Squares (DOLS) ‘
Constant (1,1) Constant and trend (1,1)
Variable
Coefficient ~ Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic ~ Prob.
INENERG 0.88 0.39 2.27 0.03 5.89 1.74 3.38 0.00
PMG/ARDL (Pooled Mean Group/AR Distributed Lag) RBL (1,1)
Variable Restricted constant Unrestricted constant
Coefficient ~ Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic ~ Prob.
Long Run Equation
INENERG 0.72 0.14 5.27 0.00 -0.09 0.03 -2.84 0.01
Short Run Equation
COINTEQO1 -0.66 0.06 -10.88 0.00 -0.82 0.04 -18.39 0.00
D( INENERG) 0.48 0.23 2.09 0.04 -0.88 0.21 4.24 0.00
C -4.42 0.38 -11.55 0.00 0.64 0.12 5.58 0.00
@TREND -0.01 0.01 -2.38 0.02

Source: Authors’ calculations.

Results of (pooled) estimation methods indicate khag-run coefficients are statistically significawith
positive signs, as we theoretically expect. Reduttsr the equation (1) with standard GDP measusbld 4)
indicate that the long-run coefficients obtaineahirall estimation methods are positive and strosgyificant,
varying from 0.70 to 0.82 in the case with constanly FMOLS providing low positive impact), butealow in
the case for constant with trend varying from 0t670.13 (with PMG/ARDL providing significant negei
effect). Hence, it can be concluded that a risen@rgy consumption leads to an increase in thengg&2P, the
coefficients suggesting the relationship that iheainelastic. The increase of total energy comsion over
time did not hamper the growth of green GDP. Zesirictions on the long-run parameters are testedjuhe
Wald test (available upon request), confirming th&tiatistical significance. Short-run evidence frahe
PMG/ARDL model is consistent with the long-run talaship (available upon request), which indirectly
confirms the homogeneity of the sample.
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Results from the equation (2) with gap GDP meagtlisble 5) also indicate the long-run coefficients
obtained from estimation methods are positive arahgly significant, varying from 0.72 to 0.87 ihet case
with constant (again FMOLS providing limited posgiimpact), however, with the results that are nrowing
in the case for constant with a trend for only DOdugigesting a significant positive relation of 5(880 other
methods indicating either insignificant and/or negaimpact). Analogously, it can be concluded thatse in
energy consumption leads to a rise in gap GDP measa. a widening of the gap between the trad#icGDP
indicator and the green GDP. Once more, zero cgistns on the long-run parameters are tested ubmgVald
test (available upon request), confirming theitistizal significance. Short-run evidence from PkRIG/ARDL
model is consistent with the long-run relationskipwever when scrutinizing on the individual shamt- cross-
section results (available upon request), we firndethresults regarding the signs of the coeffigeiut with

error correction coefficients are statisticallyrsfggant for almost all countries suggesting a slmavmoderate
speed of convergence.

b) indirect effect

The results from Pedroni’s and Kao’s panel coirdéign tests (Table 6), from an equation 3, stromgjgct
the null hypothesis of no cointegration betweernaldes, implicating that there also exists a loggrt (indirect)
relationship between the green GDP and energy ogptson, which can be captured by evaluating how
different elements of energy consumption affect ¢fag between the traditional GDP and the green GDP.
Johansen Fisher panel cointegration results vatiedto numbers of lags used or due to insuffictata for
estimation, thus we could not obtain prudent casioks.

Table 6: Cointegration tests — INGAP vs. energyscanption by products
Variables: INGAP, INnFFUEL, INNGAS, InOIL, InRENEW

Pedroni residual Intercept . Intercept and t.rend
cointegration test Statistic Prob. ng;%g:iecd Prob. Statistic Prob. Vg?;?ig?cd Prob.
Panel v-Statistic -1.85 0.97 -3.29 0.99 -2.69 099 -5.15 1.00
Panel rho-Statistic 5.10 1.00 5.05 1.00 7.02 1.00 .94 6 1.00
Panel PP-Statistic -2.47 0.01 -7.63 0.00 -0.69 0.24 -10.25 0.00

Panel ADF-Statistic -2.61 0.01 -5.58 0.00 - - - -

Group rho-Statistic 7.52 1.00 8.55 1.00
Group PP-Statistic -11.52 0.00 -18.54 0.00

Group ADF-Statistic -4.69 0.00 - -

c oﬁg gr reastliglrﬁle st t-Statistic Prob.
ADF -3.34 0.00

Source: Authors’ calculations.

The following table presents the panel cointegratiesults from FMOLS and DOLS estimation methods
between the green GDP and selected factors of gmergsumption (by products), testing the charasties of
the long-run linear cointegration relations. Readd® PMG/ARDL estimations could not be obtainedydifiore,
we opted not to apply this method.

Table 7: Panel cointegration results (Pooled eation) — INGAP vs. energy consumption by products
Panel Fully Modified Least Squares (FMOLS)

No constant no trend Constant and trend

Variable | coefficient Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic  Prob.
InFFUEL 0.16 0.05 3.13 0.00 0.08 0.06 1.37 0.17
INNGAS -0.29 0.05 -5.70 0.00 0.26 0.11 2.33 0.02
InOIL -0.09 0.09 -1.03 0.31 0.09 0.22 0.41 0.68
INRENEW 0.24 0.09 2.85 0.01 0.03 0.14 0.21 0.84

Panel Dynamic Least Squares (DOLS)
Variable No constant no trend (0,0) Constant and trend (0,0)

Coefficient  Std. Error  t-Statistic  Prob.  Coefficien Std. Error  t-Statistic ~ Prob.

InFFUEL 0.12 0.05 2.11 0.04 0.32 0.09 3.67 0.00
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INNGAS ‘ -0.25 0.06 -4.01 0.00 -0.11 0.16 -0.74 0.47
InOIL ‘ -0.03 0.11 -0.26 0.79 -0.09 0.83 0.24 0.00
INRENEW ‘ 0.17 0.11 1.50 0.14 0.18 0.17 1.07 0.29

Source: Authors’ calculations.

Results from the equation (3) that captures th&enteffect (Table 7) indicate long-run coefficierthat
are most significant with expected signs. Solidsilofuel coefficients are positive and strongly réfgcant
(except in the case with constant and trend wiBMOLS where it is statistically insignificant), wéng from
0.8 to 0.32 suggesting that an increase in fossil donsumption widens the gap between the GDRataii and
Green GDP. Such results are expected for the cautsamof fossil fuels that could be the driversti@ditional
GDP measures. However, their environmental impbeat could be a limiting factor for green GDP grbwt
However, natural gas coefficients are negative stnohgly significant (except in the case with canstand
trend within FMOLS where it is positive) varyingpfn -0.11 to -0.29, implying that an increase iture gas
consumption decreases the gap GDP measure. Sitgelngas consumption generates less environmental
pollution, it can be represented as a strong divgreen GDP development. Oil and petroleum coieffits are
mostly statistically insignificant. However, itsghi positive correlation with green GDP and modereggative
correlation with gap GDP measure suggests thatiskeof oil and petroleum consumption could be éasing
the difference between the traditional and greenPGBee correlation matrix and scatter diagram i th
Appendix). The same problem arises when observargwable and biofuel consumption, which displays
positive and insignificant coefficients, but witligh positive correlation with green GDP and weakate
correlation with gap GDP measure (with an incorigkuglisplay from the scatter diagram), it could &an
opposite implication, therefore curtailing that gap

Our empirical models provide valuable insight ithe background and the relationship between thengre
GDP and energy consumption for European countsigggesting that an increase in total energy consamp
leads to an increase in green GDP variables (ads@t consists of standard factors of economic dgrpwt
However, it also deepens the difference betweeltrsaitional GDP measure and green GDP measurdyfimgp
that it hampers the green development of an ecohoWiihien decomposing total energy consumption in its
integral elements (consumption by product) we fimat an increase in consumption of energy in sedtwat are
environmentally more damaging (like solid fossiélsiand oil and petroleum) emphasize the gap betwee
traditional and green GDP, but that an increasaane environmentally ‘friendly' consumption (likataral gas
and renewables and biofuels) curtails and allevib#e gap. These models illustrate when it comegrézn
GDP, green growth and green economy, the contdbuif natural gas consumption should have a greater
in promoting economic growth for European countead that this consumption of, for example, fokssls and
oil, which bring a substantial proportion of theegn cost, should be incorporated with sound enriemtal
strategy.

Conclusion

In our analysis, we used two models to observeeffeet of energy consumption on GDP and green GDP.
In one model, we look at the relationship betwestaltenergy consumption and GDP growth, hence therg
GDP, while in the other model, we concentrated epagate variables related to different energy ssjrfrom
which we then analyzed their individual impactstioa difference between GDP and green GDP.

The results confirm theoretical expectations as pvevided evidence that an increase in energy
consumption affects an increase in GDP and greeR.GIdwever, the second part of the analysis coefirthat
solid fuels and oil have a much greater impacttendifference between green GDP and GDP than réslewa
resources and natural gas, which are a much cldarmarof energy source. These results coincide hth
results of other research related to green GDRydimgy (Al-mulali, 2014), that displayed a cleamKibetween
GDP growth and energy consumption. Other studias pinovided similar results, like (Vaghefi, Siwamd
Aziz, 2015 or Wang, He and Zeng, 2014), also predigimilar thoughts on the structure and system of
designing research patterns on green GDP.

In general, we can accept the main hypothesis apneeide enough evidence to show that energy
consumption has an important effect on green GDRIdpment. Though the paper deals with relativélgrs
time series (data (un)availability is a major obktan achieving more (time) extensive researchactross-
country base for which most of the data needeadtrulation of the green GDP are published irredyland
basic empirical modeling (without a strong backgmbun theory), we are of the thought that futursegech
endeavors should include reassessments of theemtituof specific elements of energy consumptiogreen
growth and economic sustainability. Our approacth deductions made above present only our reseagit |
and could/should be subject to revision in the reitlFuture research patterns related to this tepauld be
pointed towards expanding the definition of greddFGwvith new variables, which will take in detail gipes of
pollution produced by the economic system or thenemy of a country, and all forms of consumption of
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natural resources, and calculate the negative ingrathe health of the inhabitants of a particetauntry, which
then represents an indirect or direct cost toebanomy.
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Appendix
Table 8. Correlation matrix
Correlations INGGDP INGAP InFFUEL INNGAS InOIL INRENEW
INnGGDP 1 -0.45 0.60 0.83 0.97 0.78
INGAP -0.45 1 -0.09 -0.49 0.4¢€ -0.23
InFFUEL 0.60 -0.09 1 0.61 0.6€ 0.60
INNGAS 0.83 -0.49 0.61 1 0.84 0.69
InOIL 0.97 -0.46 0.66 0.84 1 0.80
INRENEW 0.78 -0.23 0.60 0.69 0.8 1
Source: Authors’ calculations.
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Abstract
This study investigates the outcomes of emergingBP) groups
at the global stock market. The Emergence of thisuf helps the
investors in the diversification of internationabrffolio funds.
However, economic and financial globalization adisitad the
'world's leading economies to provide an interdepanéhvestment
portfolio structure for investors and savings ie tinansformation
and allocation of funds. The diversification of tivgernational
.stock market may bounce the investors of BRICS(PQu@ to
maximize the expected returns along with a certewel of risk
placement. This study prefers to use Auto-RegresBiistributed
Lag (A.R.D.L.) method to evaluate the outcomes rofestment
diversification and to investigate the short-termd along-term
changing patterns of the sampled stock exchang&etsain the
BRICS(P) nations.The findings of this study show that a
significant investment portfolio diversification maoriginate
benefits if the funds become merged among the ECRSI (Brazil,
Russia, India, China, and South Africa) nations.rééwer, this
study made a separate point of view for the investniunds of
India and Pakistan. The study investigates thatftines of these
two nations are assimilated, and the appropriatersification of
investment may exist through the assimilation ofsth two
economies. The results would suggest the intemmatiand native
investors merge their investment proposals amoegetieconomies
and to construct a well-diversified portfolio besawa shared value
of risk protects the investors. It gives opportigsitto earn desirable
returns. The study has implications on all sectirthe economy,
’ including mining as well as natural resource prices
Keywords
Portfolio diversification, emerging BRICS(P) grodimancial
globalization, global stock markets, A.R.D.L. matho
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Introduction

In the context of portfolio investment, the modetheories of portfolio support the investors
(native/international) to minimize the portfolicski and maximize the investment return. The glotmhéwork
of portfolio investment gives more provision fovastors in several dimensions of risk and returpoft-
Mensah et al., 2019; Lekovic, 2018; Bahlous & Yus2914). Most of the countries are not consisteith w
economic prosperity. They face quick upswings aodrdurns in the economic cycle, though; internalon
investment diversification reduces the volatilitfyiovestor's returns. The preliminary research istsin the
global investment found a nonlinear relationshipwieen foreign financial and instinctive/domestinafincial
securities due to the non-diversification of inwesht funds. Grubel (1968), Levy and Sarnat (1909, Salisu
and Oloko (2015) are the pioneer researchers &setempirical studies. Contrary, it is found théd honlinear
relationship may convert to linearity if we assé@sernational investment diversification (Mei & MoMn,
2019; Cosset & Suret, 1995).

Moreover, they suggested that the structure of gimgrfinancial markets would become beneficial for
investors as well as for economies. If we say #tlahe stock markets (National/International) ¥@atile, that
would not be wrong. However, the portfolio investrnéheories propose, "Stock markets are volatilgpad
speculator may forecast well by observing the omgdirends of the financial market." A country cinga
several economic and non-economic risks that plushinivestor to diversify the investment to otheurttoies,
like low G.D.P., devaluation of the currency, ireseng interest rate, political and market risks Oket al.,
2020; Bahlous & Yusof, 2014; Grubel, 1968). Therefothe globalization of financial markets gives
opportunities to hold a well-diversified internatal portfolio. The prospect of foreign portfoliovestment
cantered the speculators on investing in globarfol assets, which leads them to earn suitatlensand a
minimal level of risk (Ozturk & Karabulut, 2020; LBarkar, & Wang, 2003). However, the trade poticié
several economies have become substantial to clityeral financial integration at the internatiorfalancial
market. This is the reason for the growth in firiakeconomic and technological globalization. Irees are
risk-averse due to this behaviour. They derive Benérom the international investment diversificat to
speculate best in risk and return portfolio. Irtudy, it was investigated that with time, the inees may derive
fewer benefits from investment diversification dtee the increasing interdependence of financial miark
(Huang & Fang, 2019; Longin & Solnik, 1995).

Moreover, some previous studies support that thatile nature of stock markets may increase rigkdics
in the scenario of the financial crisis (Wang, 20Ratareddy, Gopalaswamy, & Huang, 2012; Guidi & Ugur
2014; Levy & Sarnat, 1970). The interdependencénaincial markets set a barrier for an active itoeso
diversify fund. On the other hand, in the long ritiis difficult for an inactive investor to reapn@aximum return
in a different financial environment. In the lastcdde, the developed economies assimilated wittlgteloping
economies. This Emergence from the developed worttie developing world tends speculators to inireste
new emerging financial market (Ahmad et al., 2016).

Moreover, the integration of developed economietirias the confidence of investors to maximize nretu
with a certain level of risk. In this regard, BRI@Brazil, Russia, India, China, and South Africajo@® has
made a significant contribution among the emergiognomies (Huang & Fang, 2019). It is a leadingrgimg
Group in the international economic forum, whictp@entially high for investment. The statisticstiof World
Economic Forum (W.E.F.) shows that China has beeeconomy of Japan (Country of Qualitative Pobsiu
Nowadays, China has become the world$ |&rgest economy, contributing a significant rofethe world
economy (Rao & Padhi, 2020).

Moreover, the economies of Brazil, Russia, anddndave taken a specific potion in the G7 Group,
particularly; Italy is affected by the G7 economibs our observation, the BRICS Group is a risitaytsfor
investors because of two reasons. First, the BRBEZ8up has become a centralized unit to captivage th
aggregate investment in the international markedio(R. Padhi, 2020). Secondly, these countries ase al
categorized as the largest consumers of goods altieet high population. Though, the growing demamd f
products and services exist, like India and Chirfee BRICS group tends to develop Social Overheguitala
(S.0.C.) to captivate the international flow of disn The development in Social overhead capitalides the
infrastructure of the country like Better Transptidn ways (Freight, Carriage), Suitable SecurlgnB, and fast
communication (Sivarethinamohan & Sujatha, 20193nmoth Social Overhead capital attracts the iateynal
and domestic investors, and it works as a supplemehe trade and development cycle of an econ@oyne
other factors also bring these emerging econonsieésantral hub for investment like it capturesertbian one-
fourth area of the Globe (Huang et al., 2019; Ahragal., 2016).

Moreover, a high level of the population, which er 40% of the world's population, influences these
areas. It contributes fifteen percent in the werl@ross Domestic Product (G.D.P.) rate. It is mtedi by
Goldman Sachs, that the BRIC (Brazil, Russia, In@iaina except for South Africa) economies are etqueto
achieve the target of $128 trillion in their nomi@aD.P. rate by 2050. However, the G7 economiesldveeach
only 66 trillion dollars at that time. BRIC econarimay take up 41% of the world's stock exchang&ehay
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2030 (Huang et al., 2019). Furthermore, China is ahthe leading nations among BRICS Group, thatigh
expected that soon the Chinese stock market waddrhe the world's largest stock hub, and the U.&pital
market may have been crushed (Rao & Padhi, 2Z0@fouzi et al., 2014). A massive change is seeseveral
economies after the price hit in the oil marketnececonomies have drawn benefits and others sactifl. M.F.
(International Monetary Fund) and W.E.F. (World Bomic Forum) suggests, "The recent change in the oi
price put a good scratch at the economy of Paklstars observed that Pakistan is accompanyingesamajor
economic transformation Like C.P.E.C. (China PakistEconomic Corridor), though China's associated
commercial projects bring Pakistan at financialnBr{(Ghauri et al., 2020; Ahmed et al., 2018b). Eaenomy
has emerged to an international market with anxrede.S.C.I. (Morgan Stanley Capital Market). TiRakistan
Stock Exchange (P.S.E.) performing well at the KI®B-index, and according to Bloomberg KSE-100, the
M.S.C.I. ranked as a"Sbest stock exchange in the world. Moreover, thiseEjence of Stock Markets is
considered best in Asian Equity Market (Fatima &®&im, 2020).

The above-stated facts stipulate to investigateatiantages of portfolio investment in these enmergi
economies and benefits associated with a well-difred portfolio. However, it is articulated in th@evious
studies that portfolio diversification gives oppaorities to maximize the return on investment witteatain level
of risk, though; investment diversification sinketbenefits of the exchange rate, upswings atriteenational
equity market. Diversification based on SWOT anedysf several firms, and variation in the econopalicies,
etc. (Ghauri et al., 2020; Guidi & Ugur, 2014; Mobla & Li, 2014; Salisu & Oloko, 2015; Sukumaran, gy
& Jithendranathan, 2015). Therefore, this studgsen find the outcomes of portfolio investmentedaification
among the BRICS(P) Group. Moreover, this studyeibe following questions to answer.

* What benefits of investment diversification candsawn by an investor with the Emergence of stock

Markets in BRICS(P) Group?

*  What could be the short-run and long-run relatigmsimong the stock markets of BRICS(P) Group?

The answers to the above-stated questions tendligh&en and educate international investors tavdra
maximum benefits by investing in a portfolio. lsalgives remedies to minimize portfolio-associaticl.
Investors may feel satisfaction from such provisiaf portfolio diversification, which would give ém
maximum returns, though, these analyses would thelpnvestors to figure out an optimal and welledsified
investment portfolio among the BRICS(P) Group. Téiisdy is based on secondary data; Therefore, Time
series patterns have used to comprehend shortaamgdtérm investment forces among BRICS(P) Group.
Furthermore, the linear relationship among BRICS@dup is observed by the A.R.D.L. approach and
correlation.

This study has outlined five parts; the dart was related to the introduction of the sttayic. Moreover,

2" part would explain a detailed review of the litara, and some evidence from past studies on the
international portfolio diversification and®®art centres the data set and methodology, whighised to know
the outcomes of the study. The study results wbelaéxplained in the™part. Finally, the last and"5part of

this study would summarize the study findings asthte conclusion and future research suggestions$, an
implications would also be included.

Substantiation from previous literature

The concept of Portfolio Investment was primariifréduced by (Markowitz, 1952) and some supporting
keystones of C.A.P. (Capital Assets Pricing) Models founded by (Lintner, 1975; Sharpe, 1964). The
Markowitz Portfolio theory explains the real thewfea financial asset. It suggests the way to sdieanhcial
security, which holds some unique characteristidreover, at the same time, it gives analyses of
implicit/explicit factors of a portfolio, which canoplift the aggregate value of investment profigablith a
minimal level of risk. Furthermore, the CAPM apprbancludes three key elements that help estintae t
expected return on financial security; these tleleenents such as 1) the risk-free rate of returivi&ket risk
Premium and 3) Beta values (Ozturk & Karabulut,?02

The first two elements assess non-diversifiablk asd beta measure the risk relevancy of individual
financial security. The covariance of financial wéttes measures the composition of a well-divégdif
portfolio. In simple words, it measures the reapdmena of the ongoing market to predict the expeaturn
with a specific portion of the risk. In a nutshé&prtfolio theory refers to the improving behaviadiinvestors
in a portfolio context (Wang, 2019). At the sammdj the CAMP approach depicts an equilibrium point
aggregate economic practice in which every invettads to invest with a relevant percentage of. ridke
above theories conclude that all investors behatrenally to make an appropriate portfolio struetuand the
risk-averse nature pushes investors to build a-ehredirsified investment portfolio (Parveen et 2020). In
this regard, the international portfolio gives ist@s more provision to circulate their investmenseveral
economies by enjoying maximum returns with minimrisk. Therefore, the foreign portfolio investmest i
more dominated than the domestic one (Tsagkanals @019; Boubaker & Jouini, 2014).
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Many empirical studies have focused on the bendétsved from international diversification of funat
emerging financial markets. One of the significanidies on international diversification of investm was
investigated in recent years (Ahmed et al., 2018batek & Li, 2014). They found that cointegratiomang
BRICS economies is irregular or asymmetry, and #ffected by the financial crises which have taiace in
the financial market of the U.S.A. Though, neweaficial and economic policies of the U.S.A. haveobge
failed to hit financial damage at BRICS Group (Oketwal., 2020). A regression technique was usdihdbthe
results. Previously, some supporting studies weralgcted by Laurenceson and Chai (2003), and Rxtak
(2006), they had the view that no long-run relahtip is expected between two broad financial markite
American financial market and Central Eastern Eerjmnancial market (C.E.E.F.M.). They pointed du t
declining rate of investment diversification dueth® financial crisis. However, they state thatestors may
drive minimal provision from diversification in theeriod of the financial crisis and may gain short-benefits
after the financial crisis. Another study gives tpposite view of the C.E.E.F.M. role in the intianal part
(Sivarethinamohan & Sujatha, 2019). It suggests ttiere is a high tendency of C.E.E.F.M. to theaiieved
Southeastern EU markets. They are highly correlaed interdependent in the diversification of funds
especially during economic shock. The maximum kenefay drive investors at prevailing market retuamd
certain risk percentages (Tsagkanos et al., 2G18]i & Ugur, 2014).

The economic shock in the Japanese Stock Marketrenédmerican stock market affect Asian countries
financial markets (Batareddy et al., 2012). Morepvt is investigated that the World Equity markeds
integrated with emerging and developed financiatkeis (Johnson & Soenen, 2009). The past studies ha
significantly stated the advantages of internafidnaestment diversification. It is stated that tfirancial
market (Stock Market) of the U.S.A. is dominatectiothe Asian Financial Markets (Stock Market), thase
interdependent or cointegrated (Mei & McNown, 20D#anaraj, Gopalaswamy, & Babu, 2013). Moreover,
they stated that the economy of the U.S.A. is dedlas the world's largest economy. Though, beitayge
economy, they are rich in industries and major Bappf advanced technological products to Asiaorddes,
the benefits are mutually exclusive for both US &sian economies. Therefore, many investors arkngito
invest in these cointegrated financial markets mjoye the mutual benefits of investment diversifioat
However, the Economic shock or financial crisist thheay take place into Asian Economies may affeetits
financial market (Dhanaraj et al., 2013). A compigeastudy between EMU and MU is conducted by Duatis
al. (2013). They were of the view that new EMU mensbbuild a certain degree of economic acceleratian
the EU Contrary, the same degree of economic aatile in not observed in EMU. In the context of
international investment diversification, the Islamvay of financing tends to be the maximum prayisto
invest in the selected Islamic-ruled economies (BP@19; Bahlous & Yusof, 2014).

A comparative study was conducted to observe then@mment of stock markets in the U.S.A., UK,
Germany, and Japan. The study found the outcomeiseofapanese stock market, making a relativelyelow
degree of co-moment with the stock markets of th8.Al, UK, and Germany. In contrast, a high dedgsee
observed in the German stock market with the Uh8.dK (Rua & Nunes, 2009). According to Mobarek &ind
(2014), the Association of Southeast Asian NatihSEAN) would not pin the benefits for internatidbna
investors (No-native). However, Portfolio Diversdtion would not be benefited to them. Contrarg, lilenefits
may drive from emerging economies (Ahmad et all,630The maximum provision of return and minimigati
of risk are the key benefits of international dsiication of Portfolio Investment, particularly i@merging
financial markets (Ahmed et al., 2018a; Zonouzalet 2014). The World Equity market has reducedttke |
portion of portfolio diversification benefits, aiitds due to the interdependence of financial mexkiloreover,
the benefits of Portfolio diversification may ineses if investors of emerging economies put a sedirbarrier
to move forward for the US stock market (Li et 2003). One of the significant studies is carrietl @n the
emerging economies of South Asian Markets, andritlered three leading countries like India, k& and
Pakistan.

The results of this show a significant relationshipong all three countries, and they may drivefpliot
diversification (Sukumaran et al., 2015). The gepbical location and economic conditions may puskstors
to reap maximum benefits from Portfolio diversifiom with minimal risk (Fatima & Shamim, 2020;
Valadkhani, Salisu & Oloko, 2015; Chancharat, & WHey 2008). According to Hoque (2007), a week
correlation is observed between Bangladeshi anddpanese Stock Market. However, the stock madfetse
U.S.A. and Bangladesh are highly correlated. Theyewof the view that due to the similarity betwestock
markets, not much benefit could be derived frontfpbio diversification. Emerging economies referftontier
economies, an intermediate economic channel famastor to diversify their funds from developedeomies
to developing economies. It can be done in bothsti@t- and long run. The quick upswing and coasisy
prompt the expectations of investors to forecastimam return with a small percentage of risk (Opdkensah
et al., 2019; Tsagkanos et al., 2019; Sukumarah,£2015).
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Material and Methods

Data sources. This study aims to investigate the short and Innginvestment relationship between the
BRICS-(P) Group. To achieve the oriented objectthi$ study, we collected secondary data from Yahoo
Finance, which is an authentic source to collefineed financial data of several stock indices. Thiady
includes seven indices only. Linking the BRICS-Bpup, we cover the sampled countries of Brazilsstay
India, China, South Africa, and Pakistan, whiclsugable to represent the concept of emerging enm®at a
global level. This study induced to collect Monthigta from November-2012 to October-2018. We elatad
the data of the Dividends of firms, this was cafrieut by Lekovic (2018), and Bahlous and Yusof @01
studied. The primary purpose of this study is tplese the benefits of international portfolio dig#ication.
Though, there is no need to enter the data of éihdd because it influences the intrinsic policiesmindividual
firm.

Estimation techniques. This study induces to analyze the short-term amg-term relationship among
BRICS-(P) group by using the Auto-Regressive Oistied Lag (A.R.D.L.) approach (Fatima & Shamim, @02
Pesaran, Shin, & Smith, 1996). It is considered asgression model that includes appropriate nusnbielags
for each independent variable (Ghauri et al.,, 202fyrenceson & Chai, 2003). Furthermore, the A.R.D.
model includes | (1) and | (0) (But not | (2)) toseire the past and past and present values ofrchasiables.
The A.R.D.L. approach supports the non-stationatp det. Moreover, it estimates the appropriatetegration
for short-term and long-term coefficient, and inist necessary to have a unique integration lewelrgy study
variables. Still, it would be fine in their effisiey and unbiasedness (Narayan P.K. & Narayan $6)20e
have used the following six A.R.D.L. models showrHy. (1) to Eq. (6) as follows:

Model 1.
Pakistay, = a, + a,Brazil + a,Russia + a,India, + a,Ching + a,SouthAfrie, @
+a USAS& P500), +¢,

Model 2.
Brazil, =a, + a,Pakistay, + a,Russia + a,India, + a,Ching + a SouthAfrie, @
+a USAS & P500), + ¢,

Model 3.
Russia = a, + a,Brazil + a,Pakistay, + a,India, + a,Ching + a SouthAfrie, @)
+a USAS& P500), + ¢,

Model 4.
India, = a, + a,Brazil + a,Russia + a,Pakistay, + a,Ching + a,SouthAfria, @
+a USAS& P500), +¢,

Model 5.
Ching = a, + a,Brazil + a,Russia + a,India, + a,Pakista), + a.SouthAfria, -

+a USAS& P500), +¢,
Model 6.
SouthAfrie@, = a, + a,Brazil + a,Russia + a,India, + a,China + a,Pakistay,

+a USAS& P500), +¢,

The study chooses seven indices. Table 1 exhithitedst of the selected indices of BRICS-(P) Group

Tab. 1. BRIC- (P) Group indices

Country Index
Brazil IBOVESPA
Russia M.I.C.E.X.
India BSE SENSEX
China S.S.E.

South Africa E.ZA.

Pakistan KSE-100

USA S&P500
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The first six indices concern with the emerging BR[(P) Group, and the last index measures the
combined financial performance of emerging econsraiethe global level. Furthermore, we have ubed t
Error correction model to assess the short-teraticgiship of investment portfolio diversificatiohhe E.C.M.
may extract from the A.R.D.L. model by simple lineaif the model specification is unbiased (Fati®a
Shamim, 2020; Cosset & Suret, 1995). Moreover, auitthaving a change in long-term information, we ca
drive short-term results by using E.C.M. (Batareédhal., 2012). The following models from Eq. (@) E&q.
(12) specify the E.C.M.s for selected variablethefstudy.

Model 7.

k1l k2 k3
Aln Pakistay, = a, + ijAIn Brazil,_; + ZCjAIn Russia ; + ZdeIn India,_;

+Ze AlnChing _, +Zf Aln SouthAfrie,_, +Zg AINUSAS& P500), @

j=0 j=0
+n, In Pakistay,_, +n, In Brazil,_, +n,In RUSSI@_l +n, Inindia,_,
+n,InChing_, + ng In SouthAfria,_, +n, INUSAS & P500);

Model 8.

k1l k2 k3
AlnBrazil, =a, + ijAIn Pakistay,_; + ZCjAIn Russia ; + ZdeIn India,_;

+Ze AlnChing _, +Zf Aln SouthAfrie,_, +Zg AINUSAS& P500), @)

j=0 j=0
+n, In Pakistay,_, + n, In Brazil,_, +n;In RUSSI@_l +n, Inindia,_,
+n,InChing_, + ny In SouthAfri@,_, +n, INUSAS & P500)

Model 9.

AlnRussia = a, +Zb Aln Brazil_, +Zc Aln Pakistay, _; +Zd Alnindia,_,

]= j=0
+Ze AlnChing_, +Zf Aln SouthAfria, _, +Zg AINUSAS& P500), 9)
j=0 j=0
+n, In Pakistay,_, + n, In Brazil,_; + n;In Russua_l +n,InIndia,_,
+n;InChing_; + ng In SouthAfri@,_, + n, INUSAS & P500)

Model 10.

AlnIndia, =a, +Zb Aln Brazil,_, +Zc Aln Russia +Zd Aln Pakistay, _;

1= j=0

+Ze AlnChing_, +Zf Aln SouthAfria, _, +Zg AINUSAS& P500), (10)
j=0 j=0
+n, In Pakistay,_, + n, In Brazil,_; + n;In Russua_l +n,InIndia,_,

+n;InChing_; + ng In SouthAfri@,_, + n, INUSAS & P500)
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Model 11.
k1 k2 k3
AInChing = a, + ) b,AlnBrazil_; +» c,AlnRussia,; +> d,AlnIndia,_
1 i=0

i= j=0
k4 k5 k6
+ZoejAIn Pakistay, | +ZO f,Aln SouthAfria,_; +ZongInUSA(S& P500,_; (11
1= J= J=

+n, In Pakistay,_, +n, In Brazil,_, + n,In Russia, +n, InIndia,_,
+n,InChing_, + n, In SouthAfria,_, +n, INUSAS& P500

Model 12.
k1 k2 k3
Aln SouthAfri@, = a, + > b,AlnBrazil_; +» c;AlnRussig ; + > d,AlnIndia,_,
i=0

j=1 j=0
k4 k5 k6
+ZoejAIn Ching_, +ZO f,Aln Pakistay, +ZongInUSA(S& P500), (12)
J= J= ]=

+n, In Pakistay,_, + n, In Brazil,_, + n;In Russia, +n, In India,_,
+n,InChing_; + ng In SouthAfri@,_, + n, INUSAS & P500)

The above specifications of Error Correction Mod#isw several signs of summation, which are termed
to signify E.C.M.s. Moreover, to understand thegiktarm relationship, the term, is expressed in the
E.C.M.s. To identify the null-hypotheses for lomgrh relationship (No Cointegration) is postured as:

HC =n=n,=n,=n= 0.1f H, # 0, so it associates with alternative hypotheses mean

H, =n6=0

It is performed through the F-test, where the aaltivalues have elasticity or variation among thgable,
expressed as | (0) or | (1). The hypothesis acoeptand rejection are based on upper and lowerdlewels of
F-statistics. The rejection region of the null hifsis falls if the upper bound level is less thi@ncalculated F-
statistics. On the contrary, if the lower boundeleig higher than the calculated F-statistics, thénimpossible
to reject the null-hypotheses. If the results wanftuence the first aspect, then we say that tiere evidence
of cointegration among study variables. If resddtl in the second aspect, then we may state agiat®n
evidence among study variables. There might beugmigss in results if the calculated f-stat fallbatween
lower and upper bound levels, though, it ensures the results are convincing (Pesaran et al., 196
estimate the relative quality of the A.R.D.L. moflal a given set of data, we have used the Akaikermation
Criterion (A.l.C.). Moreover, A.l.C. estimates tlmean of selected models, or it gives the tradepoiht
between the goodness of fit and simplicity of thelg model.

Results

Descriptive analysis. Table 2 summarises the whole data set in the ghtiseristatistics. The descriptive
statistics show some exciting elements in the éatashich would influence our further chosen staiid
models. The highest volatility is observed in thes§tan stock market, and this stock market deviaye3.031,
which is relatively high compared to others. Contrahe Pakistani stock exchange, particularly Ki8E-100
index, is relatively less volatile; it deviates ®¥)16.

Moreover, it shows completely different results gamed to other countries' stock markets. The std.
deviation of India shows 0.019 and -0.112, 0.14 agnimum and maximum values. China and South Afaie
relatively high volatile compared to Pakistan, lydind Brazil, showing 0.021 and 0.029 deviations.
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Tab. 2. Descriptive Statistics

Variables Minimum Maximum Mean Std. Deviation
Pakistan -0.04 0.078 0.00067 0.016
Brazil -0.117 0.127 0.00031 0.020
Russia -0.49 0.598 0.00042 0.031
India -0.112 0.14 0.00049 0.019
China -0.086 0.26 0.00016 0.021
South Africa -0.692 0.198 -0.00005 0.029

Results of A.R.D.L. (Long-term and Short-term). As we mentioned that the A.R.D.L. approach removes
the issue of unit root of data set and stationaattyhe level. However, we have input the dataesenivhich
includes the log-returns of stocks. Furthermore haee estimated the E.C.M.s by using appropriaddagth.
The estimations of A.R.D.L. models are represeiebable 3, having both long-term and short-terncomes
for all the prescribes models of the study. Table 8ategorized into three panels. Panel-A inclutieslong-
term relationship among study variables, PaneldBrseto short-term dynamics, and finally, Panel-€pidts
lower and upper Bound test.

Moreover, in the long-term dynamics, Panel-A disetct the lagged values of study variables, whicegi
the forecast about endogenous index in the prexstrifindel—taking the example of the Brazilian stowcket,
which is at negative endogenous index with Indiaals market. This endogenous index is handy focsiagors
(native and international) to predict and derive guick maximum advantage from the portfolio diiferation.

LT represents the long-term, and ST signifies thartsterm. The Panel-A includes extensive evidence
forecast the future value of related indices. Targcasting is based on the lagged value and Jariasults.
Moreover, the study chooses the endogenous indesafth variable, like for Pakistan; KSE-100 is taks an
endogenous index. The results may help managemutdial fund companies or fund managers for each
member of the BRICS(P) group.

Results from Model-7. In the long-run relationship (Panel-A), it is foutitht the Pakistani stock market
with South Africa earns no benefit of investmentedsification because both stock markets move
simultaneously. The relationship between both enves is statistically significant, with a positive
relationship. Moreover, Panel-A shows irrelevarguits of Pakistan's Stock Market with the U.S.Adid,
Russia, and China. Therefore, investors of Pakistap enjoy diversification gains by merging theartfolio
investment with these growing economies (U.S.AdjdnRussia, China).

Results from Model-8. In the long-run relationship (Panel-A), it is intigated that, Brazilian stock
market is negatively correlated with the Indiancktonarket, and it is statistically significant. Mawver, it is
observed that the speculators of Brazil could hiavestment diversifications benefits in the stochrkets of
Pakistan and China. The statistical results sh@w given economies are correlated insignificartthe USA
S&P500 has the same position as Brazil. On therottead, Brazilian investors may not enjoy the
diversification gains in Russia and South Africa.pAsitive correlation of the Brazilian stock markst
associated with Russian and South African stocketar

Results from Model-9. In the long-run relationship (Panel-A), It is obgst that the Russian investors can
secure investment diversification benefits in ttexls markets of Pakistan, India, and Russia. Aigimficant
relationship exists in the given economies. Morepwee significant link is found in South Africa andS
S&P500 with Brazil, which means that there is nodfi of investment diversification for Russian @stors.

Results from Model-10. In the long-run relationship (Panel-A), it is examdl that the Indian stock market
is statistically insignificant and negatively cdated with Pakistani, South African, US S&P500, &rdzilian
Stock markets, which refers to the portfolio ineest of India can derive benefits from investment
diversification.

Results from Model-11. In the long-run relationship (Panel-A), it is foutitht China has an insignificant
relationship with US SP500, Pakistan, Russia, ara®iB The correlation among given economies erages
the investors of china to earn diversification gdiy investing portfolios in US S&P500, Pakistans&a, and
Brazil.

Results from Model-12. In the long-run relationship (Panel-A), it is intigated that the South African
stock market has an insignificant correlation whk stock markets of Russia, Pakistan, Brazil, %0,
and India. Therefore, investors can invest thentfptios in the given stock markets to reap the dfgs of
investment diversification.

Furthermore, a short-run relationship is observedPanel-B. It is observed that the cointegration is
significant, as the E.C.M.s Models from Eq. (7)B0. (12) is found statistically significant. Follow is the
interpretation of the short-run relationship amdimgy BRIC(P) group.
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Results from Model -7 (E.C.M.). In the short run relationship (Panel-B), it is alveel that the investors
of the Pakistani stock market earn no short-runebenover all the stock markets of BRICS. The EIC.
results are statistically significant.

Results from Model-8 (E.C.M.). The short-run relationship (Panel-B) found that Bmzilian stock
market has a short-term impact on US S&P500 anasiRusstock markets. However, Brazil consists of no
short-run effect on the rest of the other stockkatsrin the Group.

Results from Model-9 (E.C.M.). In the short run relationship (Panel-B), it is intigated that the Russian
stock market is affected in the short run with ltnian stock market and the Brazilian stock markistwever,
the case is unaffected rest of the other membeisedBroup.

Results from Model-10 (E.C.M.). In the short run relationship, it is explored tfaissian and Chinese
funds have centred short-run effects on the Indiemket. Moreover, the short-run effect is far frathmer
members of the Group.

Results from Model-11 (E.C.M.). The short-run relationship shows that the ChingsekSmarket has a
short-term effect on the stock markets of SouthicAfrand India. No short-run effect is found fronhent
economies in China.

Results from Model-12 (E.C.M.). In the short run relationship (Panel-B), it is atveel that the stock
market of South Africa is affected if short-run atlity exists in the Chinese stock market. Howetbke rest
of the other markets in the Group have no shorteffect on the stock market of South Africa.

Following the work of (Pesaran et al., 1996), A.R.[CBound test is used to investigate the cointiégna
among the study variables. Moreover, F-statistiche bound test is used as an indicator for th&tence of
cointegration or no cointegration. The rule to ceje null hypothesis that there is no cointegraimong the
study variables is possible when the U-Bound vakeomes less than calculated F-stats.

Results from A.R.D.L. Bound Test. For cointegration, Panel-C shows that the U-Boualdes are lesser
than the calculated F-Stats, which rejects the hypothesis. It means that cointegration with long-
relationship exists among the study variables.

Tab. 3. Long-tern & short-term estimates

Dependent Variables Coefficient / (p-value)

Regressors Pakistan Brazil Russia India China SouthAfrica

(4,0,4,0,1, (3,0,3,2, (4,2,2,1, (2,0,0,0,3, (4,2,0,0,0, (4,4,0,0,0,
Lag Length 1,2) 24,2 4,0,4) 0,0) 0,1) 0,0)
0.0004 0.0029 0.0002 0.0003 0.0004 -0.0001
Cc (0.0124) (0.134) (0.321) (0.051) (0.443) (0.730)
Pakistan -0.026 0.036 -0.034 0.0243 0.006
(0.4040) (0.281) (0.157) (0.188) (0.566)
BRAZIL 0.034 - 0.006 -0.0011 -0.021 -0.0033
(0.212) (0.611) (0.818) (0.233) (0.633)
RUSSIA 0.032 0.063 - 0.054 -0.0042 0.006
(0.124) (0.000) (0.000) (0.423) (0.341)
INDIA 0.032 -0.053 0.027 - 0.0487 -0.020
(0.216) (0.0223) (0.308) (0.006) (0.227)
CHINA 0.012 0.021 0.061 0.052 - 0.037
(0.339) (0.123) (0.062) (0.005) (0.003)
0.030 0.0663 0.065 -0.0087 0.0525 -
SOUTH AFRICA (0.042) (0.0039) (0.0054) (0.253) (0.000)

0.0062 0.0184 0.055 -0.028 -0.0166 0.0042
S&P500 (0.744) (0.423) (0.072) (0.210) (0.341) 8a)7

Panel-B: Short-Term Estimates

0.034 0.038 0.022 0.0221 0014
D(PAKISTAN) (0.111) (0.352) (0.206) (0.214) (0.664)
0.017 - 0.109 -0.001 0.023 0.029

D(BRAZIL) (0.130) (0.0006) (0.821) (0.166) (0.310)
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D(RUSSIA) 0.005 0.0453 - 0.031 -0.0049 0.0055

(0.421) (0.000) (0.012) (0.613) (0.377)

D(NDIA) -0.0139 -0.0017 0.081 - 0.0433 -0.019

(0.125) (0.535) (0.008) (0.006) (0.317)

0.018 0.0301 -0.0051 0.032 - 0.058

D(CHINA) (0.253) (0.1504) (0.743) (0.006) -0.002
D(SOUTHAFR 0.0031 0.0135 0.023 -0.006 0.0222 .

ICA) (0.781) (0.219) (0.297) (0.319) (0.003)

0.003 0.0311 0.062 -0.02 -0.0121 0.002

D(S&P500) (0.911) (0.061) (0.060) (0.199) (0.441) 0.905)

0675 -1.022 -1.266 -0.921 -0.897 1171

CointEq(-1) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000)

Panel-C: A.R.D.L. Bound Test

F-Stat 82.142 171.4 172.22 212.133 98.661 124.431
Upper Bound
Critical Value 5.23 5.23 5.23 5.23 5.23 5.23

Moreover, a summarized view of A.R.D.L. tests issirated in Table 4 for the ease of reading, ifctvh
members among BRICS(P) group could have more ckancearn the portfolio diversification benefitstire
long run and short run. Both Panels A and B expiaét if the result of the coefficient is statisliy negative,
it does not matter whether it is significant origmsficant it does refer that investors of that nimngroup may
enjoy diversification benefits. Contrary, if theefficients are statically positive and significatiten it means
there is no space for investors to reap the pdotfiiversification benefits.

Tab. 4. Summarized results of A.R.D.L. models

Investors from Pakistan Brazil Russia India China South Africa
LT ST LT ST LT ST LT ST LT ST LT ST
Pakistan - - Yes Yes Yes Yes Yes Yes Yes Yes Yes s Ye
Brazil Yes Yes - - No No Yes Yes Yeqg Yes Yes Yes
Russia Yes Yes No No - - No No Yes Yep Yes Yes
India Yes Yes No Yes Yes No - - No No| Yes Yes
China Yes Yes Yes Yes No Yes No Ng - - Yes No
South Africa Yes Yes No Yes No Yes Yeg Yes Np Np . -
S&P 500 Yes Yes Yes No No No Yeq Yes Yes Yes Yes s Ye
Discussion

This study intends to investigate the benefitstdrinational portfolio diversification, which cae beaped
by the investors/speculators of BRICS(P) groupsHhidy aims to examine the short and long-runsimrent
benefits associated with the BRICS(P) Group. Toiemehthe oriented object of this study, we colldcte
secondary data from Yahoo Finance, which is aneatith source to collect refined financial data e¥eval
stock indices. This study includes seven indicdy.drinking the BRICS-(P) Group, we cover the saepl
countries of Brazil, Russia, India, China, Southi¢, and Pakistan, which is suitable to repreeniconcept
of emerging economies at a global level (Rao & Ra@b20; Ahmed et al., 2018a). E.C.M. and A.R.D.L.
model, respectively, test this study induced tdeodvlMonthly data from November-2012 to October2@hd
short-run and long-run relationships. The givertigtiaal techniques are very significant to invgate
cointegration compared to traditional approachd® bng-run relationship among BRICS(P) shows #iat
investors belong from that Group may earn substhiiienefits by diversifying their respective politio
investments.

Moreover, this study result supports the past stidin benefits on portfolio investment diversificat
among evolving economies like (Opoku-Mensah et24119;Zonouzi et al., 2014). One of the studies shows
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that the economic volatility between the developed developing world brings certain good factors fo
portfolio investors in diversifying their investmtestructures (Ahmed et al., 2018b; Sukumaran etll5).
This study also included the US S&P500, which ie ofithe leading global stock markets in the woflde
reason to add US S&P500 is to investigate the dimeay of the BRICS(P) group on this leading stockkat.
The study results regarding the US S&P500 refetr tibalonger run and short-run dependence occurthen
returns index of the US S&P500 except the Russiacksmarket (Bhoi, 2019). It is found that thereais
uneven structure that leads the B.1.C.S.P. (Bréailia, China, South African, and Pakistan) to tegnation
without inducing the US S&P500. This study resulpgorts the finding of Grubel (1968). Lastly, orfetlee
significant implications of this study is to undrsd portfolio diversification benefits between tewonomies,
which are highly cointegrated in the Group. Theldl@ing members are Pakistan and India. There is a
possibility of both long and short-run investmeiviegisification benefits for investors of given ecomies. It is
crucial for economists, policymakers, and specuato understand the untapped mutual benefits leatwe
these two growing economies. It is observed thitymakers of both countries should make easerfegstors
to diversify their funds, and that would also leadnore prosperous and optimal economic condition®oth
countries.

Conclusions

This study is motivated by the portfolio mechanidthe statement, "Portfolio risk is better than dtaione
risk," hors d'oeuvre for researchers to contritibiégr findings in fulfilment of portfolio conceptand this study
efforted to do the same. This study supports theeot of portfolio diversification that it is bettéo diversify
funds in the global emerging markets to reap marinmvestment returns with minimal risk. Thou, thisidy
had taken the BRICS(P) group to investigate whettieibenefits of portfolio investment diversifieatiexist or
not. The outcomes of this study exposed that tinisrging market has a high potential for investarshey can
enjoy portfolio returns. It is the notion that isters who are willing and able to invest in the egitey market
must consider associated risk factors like econonsik, political risk, social risk, etc. There sldilbe a
reconciliation between extreme volatility of emegimarket and investment return. However, investmen
diversification has some significant advantageshat native investors hedged the investment byrslifyeng
funds to other member countries in the Group, fileerecession in the economy, devaluation of houneency,
etc. This study recommends significant policy iroations for investors as well as for policymakéisstly, it
provides some implicit measures for investors tximie their investment return and reduce the raio by
diversifying their investments. Thou, investors magluce the risk bubble, and there would be eapkaiing an
optimal portfolio structure in BRICS(P) group. Sedly, it is directing to policymakers (Governmetd)reap
benefits by diversifying their potential investmeuairtfolios in this emerging market. However, thatuld help
raise government funds to enhance the economicpameerun better financial operations.

Moreover, the study result made an inference abimitadequate investment diversification between two
growing economies, Pakistan and India. Despiteetttnomic risk and unmatched political situationsveen
these two economies, it is investigated that irwrssitmay earn mutual investment returns. Howeven- no
smoothness in political dialogues and negotiati@ukiced the optimization of co-investors, foreignestment
is ignored where high political risk exists. Howgwhe developing country investor tends to invesi strong
market where they could earn a suitable returi, $ting to some uncertain domestic conditiongytltould
have faced loss. Though, it is felt that there imed to make specific financial policies by whiobth
economies (Pakistan & India) may diversify fundsheut hesitation. It is possible when both coustig@ow
their willingness to have a positive and constuetliialogue.
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Abstract

The issueof substantiation and choice of a rational humbg
cutters on the outer cutting drums of the geoklwrdtie formatior
of grooves in medium strength rocks is considerethiis article. If
is established that the coefficient of variatiortloé torque rust be
taken into account while determining the numbercatters. It is
established that the required feed velocities a&adized with ¢
crowntype outer cutting drum at one or two cutters ia tutting
lines, and the coefficient of torque variation s not exceed 20% at
any allowable number of cutters and equal lag argte the dis-
type outer cutting drum required feed velocities ealized witt
the number of cutters in the cutting lines frono 4t The minimun
number of cutters providing a coefent of variation of the torqgt
on the diskiype outer cutting drum above the set depends e
angle of coverage and reduces with the increastheofangle o
coverageThe example of schematic designs of OCD AR and (
EP development is shown for a totype model of geokhod (3.2
diameter) using the obtained expressions to deterrttie basi
geometric, kinematic, force, and structural paramset The
possibility of decision making of the type of OCaér fgeokhod an
its creation is confirmed. The daoentation design documents
production crowrtype OCD for a prototype of geokhod w
developed based on the conducted research.
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Introduction

The study of the underground space formation aedigvelopment of the subsoil are very importantlier
life of mankind and affect the development assediatith the creation of new technologies for thaestauction
of a network of underground transportation trafffee construction of highways and railways at aswerable
depth.

The construction of the underground mines, cityhhigys, and subway tunnels is a laborious and exgens
process. The most important tasks are increasmgate of penetration, productivity, safety, anduee the cost
of work.

The traditional representation of excavation, &pitocess of cavity formation in rocks, has alwdgfned
and still determines the directions for improvihg technologies for the construction of undergrostndctures
and the creation of tunneling equipment for theeligyment of underground space. However, the wedlakm
technologies of mining, developing along the pdtmoreasing the power and metal consumption ofpegent,
have practically exhausted their possibilities mereasing productivity, ensuring the safety of vessk and
expanding the scope.

Further development of work in the field of geoteglogy and geotechnics can be performed in two
directions:

- modernization of the existing mining equipmentd dts improvement by creating systems of a new
technical level,

- search and creation of a fundamentally new, radtiere toolkit (technologies and geotechnics) tog t
development of the subsoil and the formation ofaugtbund space.

In underground conditions, external propulsions ased to move the tunneling machines: tracked,
wheeled, or wheel-rail. Propulsors which have pdotteemselves well working on the ground surfacettfat
contact of solid and air), are not adapted for moaet in the geological environment.

From this circumstance, the main problems of motkchnologies of mine workings follow:

- the impossibility of movement of the boring apgtas in any direction of the underground space;

- the impossibility of creating large pressure &sxon the executive body for the destruction ofl mack.

As a result, to create sufficient pressure, thégthess are forced to increase the weight of mimraghines,
which already reaches 80-100 tons. In additioretgagsues in the face zone continue to be acute.

In the course of work of the tunneling machine ldekl, in order to create the force of thrust angspure
force on the cutting drum, the external media ftsehot involved in any way, but only the solidface of the
excavation at the contact of the geo and air enwrents, or with the shield method of penetratistreng
permanent support.

For a number of years in Russia, the team of asthas been working on the creation of a new type of
mining technology. The idea of the work is basedt@nproposal to consider the excavation of minekings
initially as a process of movement of a solid badyhe environment of the host rocks. At the saimet the
rock is used as a supporting element, participdtinthe creation of the driving force of the turinglmachine
and the pressure force on the cutting drums, a$ ageffor performing the basic technological operai
including fixing the production of permanent sugpor

The principle of functional unification of the mamovement (submission to the face) and the prookss
cutting rocks gave the name "geowinchester" teagyfor mining.

"Geowinchester technology"” is a set of processesh® mechanized conduct of mine workings with the
formation and use of a system of the boring screwt ngitudinal grooves, where the processes fer th
development of the face, the cleaning of the rdlo,fixation of the developed space, and the mowtmkthe
entire tunneling system to the face, are carrigdroa combined mode. The involvement of the rackdhieved
by introducing an additional technological openatidhe formation of a system of outer grooves.(Elg

On the basis of the functional-structural theornthaf creation of mining systems, a prototype maded
tunneling unit was developed, the distinctive featof which is the rotational-progressive moventerthe face
according to the principle of screwing. At presdhts type of mining machines has been called #ekigod
(Fig. 2).

As noted earlier, a characteristic feature of #uhhology of excavation using geokhods is the ftionaof
grooves beyond the contours of the works. Screvwav@® are involved in the conversion of transmissoyque
to the pressure force at the bottom. To stabilieetail section, longitudinal grooves are formedtHe rocks of
medium and high strength, the formation of groaesgiires the use of active limiting executive badie
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1 — screw grooves; 2 — longitudinal grooes
Fig. 1. Longitudinal cros-section of the mine with formed behind-contouroges

The geokhodis a shield tunnel boring machine by which undeugth moves are carried out due
interaction with the geenvironment (Blashchuk et al., 2014; Chernukhialgt2015; Sadovets et al., 2015).
recent years, a team of authors isrking on creating geokhofr work in rocks of medium strength (Figure
(Aksenov et al., 2015; Aksenov et al., 20

The main cutting drums of trgeokhot for the formation of contours of heading has a nends prototype:
in traditional mining machine@ang et al., 2016). At the same time, the systamthe grooves formation out

the contours of the heading was not previously usexlich complexes. As options, two types of ouatéting
drums (OCD) were proposed: digpe and crow-type (Fig. 3).
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Fig 2. Main view of geokhod prototype moi(Aksenov et al., 2015)
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1 — geokhod'’s shield; 2 — screw blade; disk-typeoge cutter; 4 — crown-type cutter
Fig 3. Schemes of the geokhod's OCDs

A comparison and evaluation of the proposed saisti@quire the algorithm for the arrangement ofecst
on OCD. The task of the arrangement of the cuttersduced to determining their rational numbekina into
account the coefficients of variation (CV) loadse tcharacteristics of the rock, and the requiremémt the
specific energy of destruction (Balci, 2013; Hekghoand Fowell, 1991).

When choosing a scheme of the arrangement of titersutwo conditions must be fulfilled: ensuringual
chip thickness and a minimum number of cutters. filse condition will ensure the possibility of cgaring the
results obtained with respect to the specific epafgdestruction, and the second is a necessargitomm for
saving the most expensive part of the cutting dtima hard alloy of the cutters).

Methods

The number of cutters on OCD regardless of type beadefined as (Methodology. Shearers...,1984):
N.n
Ne =, Meij
i=1 _ (1)

In the type: nl.n stands for the number of cuttings.
The number of cutters in the i-cutting line (Metbtmyy. Shearers...,1984):

VEocp

el PmaxMocp @)

In the type: \{ocp Stands for the feed velocity of OCD;is the maximum cutting depthgép is OCD
rotation frequency.

According to the recommendations (Baron et al.,8)96aximum cutting depth is set equal to 16 mm for
the medium strength rocks. Larger values of theimam cutting depth will lead to increased force tbe
cutting edges. At a small cutting depth values,fthienation of the fissure collapse does not ocuainich leads
to a significant increase in the specific energydestruction and increased tool wear (Wingquist Hadson,
1987).

The feed velocity of QD in the groove, on the one hand, is determinedhayrequired feed rate of
geokhod, and on the other depends on the numbeuttsrs in the cutting line. The required feed e#loof
OCD can be represented as:

2
Veg(Dg+2hy | .
Dg t9(B) 9

VFocp = [
(3)

The explanations of the parameters and their vaaefor the study are presented in Table 1.

Table 1. The parameters of geokhod and OCD
Parameter Designation Value
Feed velocity of geokhod VFg 7 [m/hr]
The outer diameter of geokhod Dg 2,1+5,6 [m]
The height of the outer groove formed by OCD hg =014 [m]
The helix angle of the screw blade B 4 + 20 [deg]
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The OCD rotation frequency can be representedfascsion of the cutting velocity
VC

™ocp (4)

Nocp =

In the type: \ stands for the cutting velocity;dgp is the diameter of OCD by cutters.

The maximum acceptable cutting velocity can be isetaccordance with the recommendations of
the research (Chang et al., 2006; Dogruoz et @LP At the high cutting velocity (more than 2.0sjn the
intensive wear of the cutters occurs due to itgtee@ing. In addition, in a number of experimestaldies, the
preferability of cutting of rocks with low cuttingelocity was proved (Hurt and MacAndrew, 1985).
The limitation of the cutting velocity is anothesrdlition that will lead to an increase in the numdsiecutters in
the cutting lines in some schemes of the OCD.

Substituting into equation (2) equation (4) and regping the feed velocity of OCD, we obtain an
expression for determining the feed velocity of O®@th a given number of cutters in the cutting lp@ssible
feed velocity of OCD).

vV — r]c.l.ch IF}nax
FOCD ~ )

¢ ()

The number of cutting lines is determined by thstatice between the adjacent cutting lines (sodtalle
cutting step). Another feature of the geokhod's @@Dthe work in the groove, that is, in conditidysical for
the peripheral parts of the cutting drums of coaling and tunneling machines (Xuefeng et al., 208y the
accepted cutting depth and tool width (b), theigtstep .., can be determined from the expression

topt =b+ 1'3h‘nax (6)

The number of cutting lines(,) for crown-type OCD is determined by the heightref groove, and for the
disk-type OCD by the groove width:

_Moco
n

Ny
topt ) (7)

In the formula: Bcp stands for the height of OCD.

The number of cutting lines for disk-type OCD amth#i groove width is equal to one that is not adble
since the cutter will be in the locked cut modeefHfore, it is rational to take at least two cigtiimes.

Relatively low values of feed velocity of OCD alldhe use of schemes with a small number of cutfgrs.
the same time, the values of torque CV can be rhigtier than CV of the traditional cutting drumsisitaused
by a smaller number of cutters in contact with thek and a significant fluctuation of this numbeér ét al.,
2013; Ermakov, 2016).

In accordance with (Ermakov, 2016) the torque CWlafined as

(0}
, ®)
1 2
Om = n—_lZ(xj—m)
= : ©)
1 n
XM == DX
n<
= , (10)

In the formula:oy stands for the mean square deviation of torqu®©GmD; xy is the expected value of
torque on OCDn is the number of observations in the samglés the current torque valugjs the number of
the OCD considered position

The current torque value can be represented as

= Docp ;&P
) 2 _ (11)

WherePgz is the cutting force oircutter in g-position of OCD.
In accordance with (Baron, et al., 1968), the ogttforce is determined by an expression that can be
represented in a general form:
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Pz = f(Mhax: bcov: bpt: T ) _ 12)

In the typeF, are the parameters that characterize the geowiting cutter (a type of cutter, a shape of the
head of the holder, a width of the cutting edgeshape of the front face, cutting angle and eftc.s
Protodyakonov rock strength.

Results and Discussion

Taking the number of cutters in the cutting linediscrete from one to four; the maximum possibledfe
velocities were determined from the expression £8).the diameter of the OCD increases or the nurober
cutters in the cutting line decreases, the posdé®e velocity of the OCD decreases (the cuttinipoity is
assumed constant). Figure 4 shows the joint graptige possible and necessary velocities of thengsgion of
OCD.

a 04 04 /b 04 1 £
g =l E 4 cutters a
350’35 2 cutters 0’35U 9.0,35 90
z C| 2 3 cutters =
2 03 03 %2 03 0,8
=) 1 cutter MR i
20,25 0252|2025 ~o _ . 0.7 %
Z £l T 1.4 &
P 0,2 0,2 Q—“ = 0,2 T eTers /'— .._‘ gy 0,65
50,15 0,15 |-50,15 A 0,5
i s 74
0,1 L 0,1 0,1 s 04
1,60 1,70 1,80 1,90 2,00 2,10 1,60 1,70 1,80 1,90 2,00 2,10
Feed velocity of crown-type OCD, m/min Feed velocity of disk-type OCD, m/min
------- Dg=2,1m — - Dg=2,6m — - Dg=32m ——Dg=4,1m
—e—Dg=5,6 m 1 cutter — — 2 cutters =3 cutters

Fig 4. The diameter of the OCD and the heighhefgroove depending on the required and possilela ¥elocity

The curve "1 cutter" (Figure 4, a) shows the maximfeed velocity at one cutter in the cutting lineda
limits the area below which a single-cutter can kvior the cutting line at the accepted cutting véloand
cutting depth. For disk-type OCD (Figure 4, b), treas on the graph between the curves denotetieby t
number of cutters correspond to the maximum feddcity with the number of cutters in the cuttingdi
corresponding to the number of the curve boundiegtrea from above.

Based on the analysis of the graphs, it is estadighat for the crown-type OCD of any diameterd an
groove heights, the required feed velocity is agddewith one cutter in the cutting lines. Excepsicare the
diameter of the geokhod 5.6 m, and the height ®fgfoove is more than 0.31 m. In this case, twtecsin the
cutting lines are required to realize the requiesll velocity. The required feed velocity for thskdtype OCD
is realized with the number of cutters from ondatar for any diameter of the disk. In this caseyrfoutters in
the cutting lines are required only for the grotreéght of more than 0.35 m and a diameter of thekiged 5.6
m. In all other cases, one to three cutters ircthing lines are sufficient.

For some of the schemes of cutters arrangemenmithienum required CV for the OCD is not provided. |
is necessary to specify the minimum number of csitter this condition. Since CV does not dependhbsolute
values of forces and torque, it is possible to eata it at the early stages of design when chodeimgumber of
cutters. The CV was evaluated according to exmass{8) - (11) (OCD forms a groove of rectangularss-
section, the cutters are placed with the same daglethe humber of cutters from 5 to 60). Theingtforces
were determined by the simulation in the Matlabm8ink environment. It has been established thatangle
of coverage and the number of cutters on the OGIe tize greatest influence on CV.

The CV obtained for crown-type OCD is acceptabld daes not exceed 10% for any number of cutters,
but it can be reduced by increasing the numbeuttérs. The increase in the total number of cuieechieved
by increasing the number of cutters in the cutlings, and, therefore, occurs with a step equ#tteécnumber of
cutting lines. It is not always rational to prodsteh an increase.

The coverage angle of the disk OCD determines ity end exit points of the cutters from the cohtac
with the rocks, which in turn affects the shapéeheaf chips on the OCD and the nature of the torguition on
the OCD. Dependences of CV on disk-type OCD onnilmaber of cutters at angles of coverage of 60 @nd 9
degrees are presented in Figure 5.
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Fig 5. Dependence of CV on the disk-type OCD emtimber of cutters at different angles of coverage

The points on the graph are approximated by powections (R = 0.98). CV values (unlike crown-type
OCD) can significantly exceed the critical valu@¥ is indicated by a horizontal line). At a 90-dsgangle of
coverage, the CV exceeds 20% with 9 cutters, an@0ategrees with 15 cutters, which is unacceptable.
According to the graphs in Fig. 5, it is possildedetermine the minimum number of cutters, at witishdoes
not exceed 20% for angles of coverage of 60 ande@Pees. Similarly, for angles of coverage in thege of 60
to 90 degrees in 1-degree increments, the minimuttercnumbers were obtained to provide a CV oéast 10,

20, 30 and 40%. In Figure 6, the values obtainecagsented graphically.
LY T CV=10%  ——CV=20%
— -CV=30% - = CV=40%

— —
— — —
— e — — — —

60 65 70 75 80 85 90
Angle of coverage, deg

Fig 6. Dependence of the minimum number of cutterthe disk-type OCD on the angle of coverage

The curves limit from above the region in which (B¥ appears to be over the preset value. At a known
coverage angle in accordance with Figure 6, theiimuim number of cutters for a disk-type OCD can be
determined by the condition of providing a given.C\ provide a CV comparable to a crown-type OQie, t
total number of cutters on a disk-type OCD shouicked 20 pieces at a 90-degree coverage angleCapig@&s
at a coverage angle of 60 degrees.

As an example, the development of schemes andetieendination of the main parameters of the OCDafor
prototype of a geokhod 3.2 m in diameter are camsidl The initial data for the calculation are prased in
Table 2. The layout and the number of OCDs on #hekhjod correspond to the scheme in Figure 2. For th
initial ones presented in Table 2 of data, it isessary to develop schemes both the disk and ctgpes of
OCD of external propulsor (EP) and OCD of the aotation elements (AR). It will make it possible decide

on the further constructive study of the options.

Table 2. The initial data for the development &fof geokhod

Parameter Value Units
The outer diameter of geokhod 3,2 [m]
Protodyakonov rock strength 5 [pcs]
The helix angle of the screw bladg 4,55 [
Rotations per minute of geokhod 0,1 [rpm]
The lead of helix of the screw blade 0,8 [m]
AR EP
The height of the outer groove 0,25 02 [m]
The width of the outer groove 0,2 o,p [m
The area of the outer groove 0,05 004 2[m

The results of the selection and determinatiorhefrhain parameters of schemes are presented ie Babl
The cutting speed and depth of cut are adopteddbmseecommendations, as well as research results.
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Table 3. The main parameters of schemes of OCDs

Disk-type Crown-type
Parameter
OCD AR | OCD EP|OCD AR | OCD EP
The diameter of OCD, [m] 0,7 0,6 0,2
The height, [m] 0,2 0,2
The angle of coverage, [°] 74,1 71,5 180

Minimum number of cutters on OCC

to ensure the CV of at least 20%, [pcs] 12 13 1
Number of cutters in cutting lines, [pas] 1 2 1
Number of cutting lines, [pcs] 7
Total number of cutters, [pcs] 7 9 9 7
The total number of cutters taking 14

into account the minimum CV, [pcs]

Rotations per minute of OCD, [rpm] 2,51 35,48 5,01 70,86

Actual cutting speed, [m/s] 0,09 0,37 0,05 0,74

For a disk-type OCD AR, the number of cutters nsapsin terms of productivity turned out to be
insufficient under the condition of ensuring the .Qwherefore twice the number of cutters in theingttines is
taken. So the total number of cutters for disk-tgp@D AR and OCD EP is the same, despite differeadf
speeds.

The arrangement of the cutters should ensure unifprof torque. Therefore, it is made with equadjalar
intervals of the cutters and cutting steps. CrowetOCD EP and AR have different heights and paterf
arrangement of cutters. Thus, four designs of t®©are formed. The determination of the main patars
can be implemented using the obtained dependeaniésising the developed computer model. Table gepte
the results of determining the main parameters@fQCDs.

Table 4. The results of determining the main pat@ns of the OCDs

OCD AR OCD EP
Disk-type | Crown-type | Disk-type | Crown-type
Total friction path, [m/m] 207,27 164,72 157,08 m
Required torque, [N*m] 2879,54 1358,27 2303,63 1686
The specific power consumption on cutting, [kW*h&lm 3,14 2,96 3,14 2,96
Weight of OCD with a drive, [kg] 432,68 111,88 383, 89,50
Cutting power, [kW] 0,76 0,71 8,55 8,06

Crown-type OCDs provide lower values of the totattion path, required torque, the specific power
consumption on cutting, the weight of OCD with &dr protrusion of OCD with a drive into the intafrspace
of the geokhod, as well as permissible values @f#sulting forces and torques. This led to thécehof crown-
type OCD for the prototype model of geokhod atdtage of development of the design (Figure 7).

The constructive development of solutions requaedimber of changes to the design of the OCD:

a scheme with a cylindrical gearbox for OCD EP @@D AR was adopted (Figure 7), the design of the
mounting of the OCD drive at the same time providesess to the OCD for its maintenance and cutters
replacement;

the design of the crowns was changed from cylimditic conical due to change in the section of theds
to trapezoidal;

the number of cutters in the cutting lines waseéased, the arrangement of the cutters was chafgad (
lag angles between the cutters, Figure 7).
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The change in the number of cutters in the cutlings is associated with the features of the pyp®
geokhod. OCD should ensure the formation of the@gealuring the operation of the starting devicthatinitial
destruction. In an unsteady mode of operationfabd of the OCD can significantly exceed the caltad ones,
which can lead to damage of the cutting edges.nfaikito account the changes introduced into thegdexf the
OCD using a computer model, the main operatingmaters were recalculated.

b T

Fig 7. OCD EP (a) and OCD AR (b) of the prototgbeeokhod

Based on the computations and studies, design daoaation was developed for the production of OCDs
of prototype geokhod. A general view of the propetygeokhod with a diameter of 3.2 m is presented in
Figure 8.

Fig 8. A general view of the prototype of geoktaydand test bench (b)

Conclusions

“Geowinchester technology” is a promising miningheology. The use of “Geowinchester technology”
requires a significant amount of theoretical angegimental research. To conduct experimental rekear
prototype geokhod 3.2 m in diameter was developéuen developing a prototype, the problem of chapsire
OCD type was solved.

The number of cutters of OCD is determined by twotdrs: providing the required feed velocity and
providing a torque CV of not higher than the presdtie. At the crown-type OCD, the required feethoities
are realized with one or two cutters in the cuttimps, and the torque CV does not exceed 20% figr a
permissible number of cutters. On the disk-type Q@®required feed velocity is realized with thenier of
cutters in the cutting lines from one to four. Th@éimum number of cutters ensuring a torque CV alisk-
type OCD is not higher than the preset value, dépem the angle of coverage and decreases wheerétises.
Torque CV has lower values on the crown-type OCanthisk-type OCD under otherwise equal conditions.
Also, it was established that the crown-type OCDwsvigle lower values of the total friction path, vegd
torque, the specific power consumption on cuttihg, weight of OCD with a drive, protrusion of OCDthva
drive into the internal space of the geokhod, alf agepermissible values of the resulting forced tmmques.

The main directions for further research:

experimental full-scale studies of the operatiocrofvn-type OCD on a prototype geokhod model;
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the development of circuit solutions OCD combingues;

the study of the operation of the OCD of geokhddnig into account the stochastic mechanical progert
of the rocks;

evaluation of the resulting efforts from the worktbe OCD during the development through various
geological disturbances.
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Abstract

The article is concerned with the influence of iogttdirection on
rock cutting resistance, which is a frequently eetgd issue.
Investigations into the mechanical properties @& tinmined rock
are carried out at the stage of works involvingatgpidentification
or mining method selection. The most frequentlyfqrened tests
y include uniaxial compressive strength and, sometjmaneability
of the unmined rock. The results of these tests sirengly
correlated with the direction in which they haveebearried out.
Additionally, depending on the method of mining t{mg,
planning, drilling) and the site of sampling (siddky face), the
direction of cutting is usually inconsistent withet direction of
testing. In the article, the author has drawn #tiento the
commonly applied directions of cutting and presénte
recommendations on the direction of testing to bkoded in
underground mining plants in order to properly deiee the
bfunmined rock properties. The results of the aush@$earch into a
‘hard coal mine, rock salt and sandstones, shaldsdatomites,
conducted in three perpendicular directions hagse Been quoted.
Furthermore, the subject literature in this fielasibeen reviewed,
and selected investigations presented. The reseascits confirm
that depending on the cutting direction, there rnayconsiderable,
even fivefold differences in the value of mechahipeoperties.
Knowing the planned cutting direction and the dimtof testing is
a necessary condition for interpreting the resinta proper way,
choosing a suitable mining technique, the typeoofstand process
parameters, as well as achieving the projectediefity and energy
consumption.
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Introduction

The exploitation of useful minerals is accomparbgdjangue mining. Both useful minerals and gangure ¢
be mined by various methods. Useful minerals idemground mines most frequently include hard coas of
metals, in particular copper, iron, zinc and leadk and potassium salts; sulphur and others. Gystmaining
also involves the mining of brown coal or buildirgk, such as marble or granite.

The simplest method, which is still applied on aalracale, is manual mining, for example with picks
hammers. However, the vast majority of mining peses are mechanized. The techniques used in undadyr
mining machines are usually based on cutting, phgnand drilling. Salts, as well as hard minealvid abrasive
rocks, such as ores, are frequently mined with asipés. The winning efficiency, and, in consequeribe
efficiency of exploitation, is mostly influenced khe mechanical properties of unmined rock, whica a
determined by a number of parameters. A paramet®r ® determine and use is uniaxial compressieagth
R., expressed in megapascals. This parameter doeesatibe the rock in a sufficient way, howeveroting
merely the value of compressive strength does hotvamining resistance to be determined (Biaty, 201
(Biaty, 2014) (Biaty and Fries, 2019). Rocks chaeazed by high compressive strendggh can be easily
mineable and vice versa; despite a relatively lalue ofR;, the rock can be hard mineable. For this reason,
rock mineability is frequently specified by deteninig mineability indexA, which is expressed in newtons per
centimetre, and by breakout angle expressed in degrees. All the three values ersdiéxting a method of
winning, appropriate tools and head, as well aisnesing the resistance of mining (Botoz et al., 801t is of
paramount importance, especially in the case ofniost popular and efficient machines, i.e., mechehi
longwall systems and roadheaders.

Compressive strength and rock mineability are ugudétermined in laboratory conditions. A sample
subjected to tests can have a different directiomelation to that in the deposit. Investigationsoirock
properties conducted in laboratory conditions comaenly one direction. Typical winning machines disa
underground mining carry out the rock cutting psscen a different way. An analysis of typical mamds has
revealed that mining resistance depends on vadoestions, which are most frequently inconsisterith the
direction for which the mechanical properties ofmimed rock have been determined. On the other hiwed,
results of mechanical properties tests conductedhiee perpendicular directions indicate considerab
differentiation in the obtained results, that B¢k anisotropy. Generally, anisotropy points to itiftuence of
direction on rock properties. However, investigaticconducted in three perpendicular directions iardact,
research into orthotropy, which is a special casanisotropy. For the analyzed problem, there isnaed to
determine directions in which properties are thestrdifferentiated, as the directions are imposedthsy
directions of cutting and location in the deposit.

The direction for which mechanical rock propertigdl be determined should, therefore, be carefully
determined while taking into account the exploitatmethod planned. Determination of the direct®nitally
important, especially if there is a possibilityaafrrying out tests only in one, selected direction.

The article has been based on the results of ladrgreesearch on rock properties obtained in nuoero
works in this field. Various rocks, such as browsal¢ rock salt, sandstone, dolomite and shale, meaen
subjected to tests. The collected results have beljected to analysis, and the observed corraatiave been
presented. Recommendations for selecting the @recdf investigations into rock properties and thei
interpretation in relation to the specified minimgthod have been based on the theory of cuttingeisas the
experiences and analysis of cutting processesdanrtit with various machines.

Literature review

Information on anisotropy appears in publicatioasated to mechanical properties of rocks, frompbimt
of view of mining and geology as well as mining maaization. It is a well-known and obvious subj&low
have been quoted selected research results andmeonclusions.

The investigations quoted in the literature mosffrently concern properties of particular rockstha
influence of various parameters (sample length/diemratio, humidity, weathering, etc.) on compingss
strength (Agustawijaya, 2007). As early as sevdoaen years ago, it was found that rock anisotromyld
cause differences in mechanical properties in &tto r(Muller and Pacher, 1965). The authors of ¢hos
investigations emphasized that anisotropy was i@al/phenomenon. The chart developed by the autidiish
has been presented in Fig. 1a, concerns the casatfied rocks.

In one of the publications (Nasseria et al., 2008}ailed results of research on a few types ofiestoa a
full range of angles have been presented. Thetsestiluniaxial compressive strength have reveateeefold
differences in values, depending on the directibshale layers during testing. Similar results weléained for
other materials, including shale (Fig. 1b), (Shuti&92).

Sometimes the method of mining is chosen only an lihsis of information on uniaxial compressive
strength obtained as a result of investigations @ure barrels at the stage of prospecting worksukth a case,
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the only available data is the valueRfin one direction (fig. 1c). In some investigatipastention has been
drawn to differences in uniaxial compressive sttengeaching up to 50%, depending on the core barre
inclination angle (Majcherczyk and Niedbalski, 2p04
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Fig. 1. Effect of stratified rocks anisotropy: an 63 to g1 strength ratio — shale (Muller and Pacher, 196%)on the variation of peak
principal stress difference — slate (Shuxin, 1982n compressive strength depending on stratanaton angle (Majcherczyk and
Niedbalski, 2004)

In numerous works concerning the mechanical praggsedf rocks that have been published in recentsyea
attention has been drawn to anisotropy (MatkowgKi15), (Ozcelik and Yilmazkaya, 2011), (Ozbek et al
2018), (Dinc et al., 2011). Apart from researchoitypical rocks mined in underground plants, itwierth
quoting investigations into rocks from open-pit B8n Rocks subjected to testing included limestdogmite,
claystone, marble (Hoek, 1980). There are repartshé subject literature indicating that the wagkras
deposited in a rock mass influences the resistaficamining. However, these dependencies have noh bee
presented, especially in relation to various meshofimining. An example is the analysis of theuefice of
travertine anisotropy on the efficiency of diamdimg cutting (Ozcelik and Yilmazkaya, 2011). Thtady also
contains an extensive review of works in the fiefdanisotropy of hard coal, diatomite, sandstoné ather
rocks. In one of the studies, the authors undertoaplain the effect of rock anisotropy on thélidg process
by means of numerical analyses (Schormair et @06 The study is only concerned with the analg$iesults
obtained for percussion drilling.

Mechanical cutting of rocks

The equipment that is most often used for mechamatiing of rock raw materials includes cutting,
planning or drilling machines. In this article, tficus has been placed on selected most populdrinesc The
recommendations presented in subsequent chapsera@pbly to the machines listed below (machine rarmb
is the same as in subsequent drawings)

1, 2. roadheaders (fig. 2b),
longwall shearers (fig. 2a),
coal ploughs (fig. 2c¢),
longwall shearers with vertical axes of rotatiorthef cutting heads (fig. 2d),
shearers drilling in Auger Mining System (fig. 2e),
continuous miners and machines for Continuous Hajhitining (fig. 2f).

Noor~®

These machines are to various degree used alttowexorld. Roadheaders are widely applied in hawal c
mines, but also in salt mines, ore mines, and trestcuction branch. Cutting shearers and coal piswue
basic, and the most common cutter-loaders in méobadrongwall systems used to mine hard coal déposi
Similarly, longwall shearers with vertical axesrofation of cutterheads are applied in the minifgpard coal
deposits. Drilling machines are used in undergroomdes with thin and steeply sloped deposits, wdere
continuous miners, similarly to roadheaders, warkvarious mines, such as ore, hard coal, rock reales
(Botoz, 2018a), (Botoz, 2018b).

Working elements of mining machines are the sulijjéaumerous studies and investigations in thel fidl
design (Botoz and Castaneda, 2018), (Botoz and Mig018), (Kotwica, 2018), (Gospodarczyk et al.120
(Gospodarczyk et al., 2016) as well as the selectiear and renovation of mining tools (Botoz, 20180toz
and Midor, 2019), (Prokopenko et al., 2018jaodova et al., 2016), (Hasilova and Gajewski, 20Te
cutterheads that have been schematically presémtedbsequent drawings are usually equipped witticeb
picks or flat picks. Flat, non-rotary picks (radéld forward attach picks) are typically appliedpémugh head
tools. Conical or flat picks are the most frequerapplied in cutterheads of various kinds of shesarédn
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exception is the shearer produced by Corum, whih lieen shown in the figure above. The most energy-
consuming process carried out by these machirtbe iwinning process, which “consumes” the most athine
power. Hence, a more precise estimate of power dénmmsed on correctly determined and interpreted
mechanical properties of unmined rock will resnlaibetter selection of machines.

Fig. 2. Selected winning machines in undergroumdng: a. longwall shearer (MB12 320E TMachinerysa), b. roadheader (R-130
FAMUR S. A.), c. coal plough (PL 738V Ostroj a, d.Jongwall shearer with vertical axes (KTB200r@a Group), e. drilling shearer
(VS-SEAL-625 z OKD Ostrava), f. continuous minéi2C0 CAT)

Investigations into mechanical properties of rocks

Physical and mechanical properties of rocks nurallyidescribe their most important features. Plajsic
parameters include absorbability as well as diffdye defined density and humidity. Among mechanical
parameters, the following are listed: differentlfided strength, internal friction angle, cohesiBojsson ratio,
mineability index, toughness index as well as dbem®ss and abrasibility. Parameters that are agfehu
importance for the mining process are mechanicapgties. In practice, the most frequently deteediis
uniaxial compressive strength, but it is insuffitiéo select tools and estimate the resistancemhm From the
point of view of tools durability, an important paneter is rock abrasiveness (Mucha, 2019), which key
issue in terms of pick replacement frequency, bistmot the subject of this article. The parametkich defines
the resistance of unmined rock during the winnimgcpss is mineability. Uniaxial compressive strénigt
determined in accordance with standards concerrsagiple preparation (PN-G-04301) and strength
determination (PN-G-04303), while rock mineabilisydefined by means of two values: cuttability indeand
breakout angley. According to the method developed by AGH Univgrsif Science and Technology, it is
empirically determined by measuring the cuttingcéowhen making a straight cut of a specified depith a
specified pick. The station for testing the planprgcess enables making a cut of a specified deptith and
length. During the cutting process, the valuesigrias from the system of sensors embedded indlgehwith
strain gauges are recorded, which allows for detenm the value of the cutting, side and normatéAfter
making the cut, its real depth and width are meakuKnowing the cutting resistance, the depth dfirog and
the values of relevant indexes, one can deterrhimeuttability, which is proportional to the forogcutting and
inversely proportional to the depth of cutting (Kza, 2000).
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Anisotropy of mechanical rock properties on the bais of investigations

Anisotropy of rocks has been demonstrated in nuaenavestigations and publications. Below have been
presented the results of laboratory tests conduotethe author or with his participation. The resbawas
aimed at determining the mechanical propertiesnofined rock in order to select the best mining méttso it
concerned typical rocks that are mined mechanicsilgh as hard coal, rock salt, copper ores.

Investigations into hard coal were based on sampiegided from two different locations, from minies
Ordos, China. Tests were carried out in order terd@ne the uniaxial compressive strength and bilitiya
index (Fig. 3). The strength was determined fore¢hperpendicular directions. The cuttability indeas
measured on three perpendicular planes in two pdipgar directions.

Fig. 3. The investigation into hard coal: a. prded sample b. before Rests, c. after cuttability index tests

The results of tests for the coal from the firatdtion have been given in Table 1. Differences betw
particularR; values for different cutting directions are veig.blhe strength in the up-down direction accounts
for more than 300% of the value for the right-idiftection. It is similar in the case of cuttabilitydex. IndexA
for the right longwall accounts for ca 175% of timelex for the sidewall. A noticeable differenceailso
observed for two directions on one longwall. Foarmple, the index on the right longwall in the upato
direction constitutes 150% of the value for thepeadicular direction, i.e., back sidewall. In cansence, the
category of the tested coal mineability changeseddimg on the direction from well mineable to mdinan
average mineable despite the fact that it condisame samples.

Tab. 1. Results of tests for the coal from thet forcation

No. | Rcdirection | Rc[MPa] | Longwall | Direction A | A[N/cm] | y [°] Category
up-down 1137 44 well mineable
1 up-down 14 sidewall
right-left 1738 45 average mineable
) back-sidewall 1252 49 average mineable
2 right-left 5 up - -
right-left 1557 47 average mineable
) ) up-down 1982 57 | more than average mineable
3 sidewall-back 9 right
back-sidewall 1347 47 average mineable

Similarly, for the coal from the other locationgthesults have been presented in Table 2. Thegstrém
the up-down direction accounts for nearly 370%hef value for the right-left direction. The cuttétlyilindex A
is different depending on the longwall and directimdex A on the right longwall in the back-siddivwirection
accounts for more than 125% of the value for th@emdicular direction, i.e. up-down. As a resuig tategory
of the tested coal mineability ranges from morentheerage to hard mineable.

Tab. 2. Results of tests for the coal from thesedocation

No. | Recdirection | Rc[MPa] | Longwall | Direction A | A[N/cm] | y[°] Category
) up-down 1975 62 hard mineable
1 up-down 19 sidewall
right-left 2 367 57 | more than average mineable
) back-sidewall 2113 59| more than average mineable
2 right-left 5 up
right-left 2292 57 | more than average mineable
) ) up-down 1889 59 | more than average mineable
3 sidewall-back 6 right
back-sidewall 2 395 58| more than average mineable
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One of the projects involved conducting comprehensnvestigations into copper ores in the form of
dolomites, sandstones and shales. An appropriatei@nof rock was taken from the mine, and more thiag
hundred samples were prepared for strength andhilitlf tests (Fig. 4, Fig. 5). Uniaxial compressistrength
and cuttability in three directions were testedloBehave been presented maximum observed valuesndieed
on the basis of samples taken from one solid foh@dthe rocks (Tab. 3, Tab. 4, Tab. 5).

Fig. 4. Investigations into ff copper ores: a. sample preparation, b. shalemdpR;testing, c. a scrap of shale, sandstone and doomit
after tests

Fig. 5. Copper ores cuttability tests: a. dolomite sandstone, c. shale

The results of compressive strength tests for sandsndicate high differentiation of values fol @iree
directions. The biggest — 4, 5-fold differences dam observed between the up-down and back-sidewall
directions. The value of one of the remaining carabibns of directions is twice higher than thatted other
combination. Similarly, the cuttability index fdne back-sidewall direction is twice lower than ttadue for the
remaining directions. Due to high values irrespectdf the direction, this sandstone has been Gledsas
particularly hard mineable. It should be noted, bwer, that the applied classification does not regeparate
category for values higher than those described thi¢ term of “particularly hard mineable”, althduthey can
be four times higher.

Tab. 3. Results of tests for sandstone

No. | Rcdirection | Rc[MPa] | Direction A | A[N/cm] | y[°] Category
1 up-down 16 up-down 22 886 39 particularly hardeable
right-left 72 back-sidewal 11716 65 particwanbard mineable
3 sidewall-back 37 up-down 20 614 49 particuladychmineable

For dolomite strength results, the relative differes are not so big. The largest difference betwhen
sidewall-back and up-down direction is slightly mahan 40%, which, however, with high strength galu
reaches almost 40 MPa. On the other hand, thesignificant difference in the cuttability indeke values of
which are twice higher. Hence, there is a diffeeeirc the mineability category between the up-dowd the
remaining directions.
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Tab. 4. Results of tests for dolomite

No. | Rcdirection | Rc[MPa] | Direction A | A[N/cm] | y[°] Category
1 up-down 89 up-down 2559 71 hard mineable
2 right-left 104 back-sidewal 5252 61 particwanbard mineable
3 sidewall-back 127 up-down 5303 7% particulagychmineable

Shale tests revealed differences in uniaxial cosgive strength, the level of which was more thaicdw
higher for one of the values. A considerably lowkength in the sidewall-back direction and therabgeristic
shale structure caused that the sample was dedtdoying cuttability tests in the up-down directidine results
of the cuttability index for the remaining direat®differ by nearly 35%. An interesting findingrisore than a
triple difference in the value of breakout angleThis, however, is a typical characteristic oflsha

Tab. 5. Results of tests for shale

No. | Rcdirection | R;[MPa] | Direction A ‘ A [N/ecm] | v [°] Category
1 up-down 63 sample was destroyed
2 right-left 61 back-sidewal 6 097 22 particulahigrd mineable|
3 sidewall-back 27 up-down 4549 71 particularlychaineable

In recent years, single investigations have ofteanbcarried out to determine the uniaxial compvessi
strength of various types of rock in three direwsiolt should be emphasized that depending onyie &nd
homogeneity of the rock, the results even for omectlon may vary several times. For example, dalerwas
characterized by significant differences; in thesecaf single samples tested in one direction, ntbaa a
threefold difference in results was observed (198Mnd 46 MPa). However, individual, much lowentb¢her
values are not important for the estimation of gpeonsumption of the process and for the choidbemining
method. One should be guided by the maximum valDi#ferences in the results of tests for variousigkes of
dolomite and sandstone reached up to approxima@ly, depending on the compression direction, fangxte,
113 MPa and 77 MPa for two perpendicular directioihsompression.

Rock salt is an example of a mineral that, from pleént of view of mechanical cutting, has several
interesting properties (Mansouri and Ajalloeian 01He et al., 2019). Salt is not very abrasivhjolv means
that it causes the wear of tools only to a smaiketx Salt is characterized by quite high cuttiagistance and
frequently - by high cutting indexes. Samples akrealt from the Polish mines were subjected ttst@sg. 6).

Fig. 6. Rock salt tests: a. provided sample terd® tests, c. after cuttability index tests

Investigations into the mechanical properties dfss@ three directions have revealed that the inbth
values of uniaxial compression strength depend hen direction to a lesser extent. The value of ualax
compressive strength determined for perpendicutactions was 35 MPa, 33 MPa and 34 MPa, respdgtive
which means that the differences do not exceed I6%&ome extreme cases, the differences for indalidu
samples reached ca 17%. Due to the specificith@fining process and the scope of the order, ttalslity
tests were carried out only for two perpendiculeeations. The average cuttability index A was 3 08cm and
5 860 N/cm, respectively. The difference reaches @6%, with maximum differences of nearly 35%.
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The direction of mechanical properties determinatio with respect to the mining method

In order to determine the mechanical propertiesirmhined rock, its cuttability index, breakout angle
toughness or uniaxial compressive strength arededtests are usually performed for samples takam the
excavated workings. Taking a sample for tests esatbbtermining its properties in any directionabdratory
conditions. It should be noted that toughness i®m@argy indicator and does not depend on the drecA
sample can be taken from working to be mined bynse# various previously mentioned machines. Fer th
diagram shown in Fig. 7, the sample can be takam fxcavations marked A, B or C. For a popular \ealy
system, sample P3 can be taken from the longwatbf{eation C), sample P2 from the top road (excawa) or
sample P1 from the bottom road (excavation A). &glhy, the use of roadheader (1, 2) was considésed
roadway excavations and the use of longwall sh&8)emnd coal plough (4) for the longwall. At thenge time,
it was assumed that, apart from classic longwadbstrs, also cutting shearers with vertical axe®taftion of
the heads could be used (5). The diagram alsodasla boring machine in the Auger Mining systemait] a
cutterhead for the Continuous Highwall Mining systé?). The last two systems are not used in typarajwall
excavations. However, in this situation, sampleskadas P1 and P2 can be taken from previously rhalbs
or headings described as excavations A and B,esottiing direction system remains the same. Ttoatsdn is
similar for the room and pillar mining system, wldhe continuous miner is used. The interpretdtorsuch a
shearer is identical as for the cutting head (7).

The presented layout of sampling locations in dfmeekcavations can also be generalized for otheing
excavations and machines used, for example forr boirgers, such as Ural-360, Marietta, Xcel MinerRator
or for cutting machines. Then, the direction ofticigt and the corresponding direction of determinthg
mechanical properties of the sample should be aedlysing the method presented below.

©
R
[ORN\
e

n

<<
2%

idewall~—=

excavation C Sidewall

Fig. 7. The layout of locations of test sampled dinections of cutting of particular machines

Markings in Fig. 7:
P1 — sample located in excavation A,
P2 — sample located in excavation B,
P3 — sample located in excavation C,
1 — roadheader in excavation A,
2 —roadheader in excavation B,
3 — classic longwall shearer,
4 — coal plough,
5 — longwall shearer with vertical axes of cutterde
6 — tunnel boring machine in Auger Mining SystenM\
7 — shearer in Continuous Highwall Mining Systenvitd),
vp —vector of cutting head travelling speed for eafcthe machines (1-7),
Vs — vector of the cutterhead cutting speed for edt¢he machines (1-7),
V1 — view of unmined rock in excavation A,
V2 — view of unmined rock in excavation B,
V3 — view of unmined rock in excavation C.

The place of cutting and the type of cutting maehiietermine the cutting direction and, in consegegn

the direction in which mechanical properties of thenined rock should be determined. Therefore,rdiag
have been prepared for all excavations (A, B, Gnfwhich the sample may come (P1, P2, P3) so assign
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the direction of determining the mechanical praperof the sample taken to the type of mining maehised.
The diagrams present the sample in three projectawell as the cutting heads. The cutting heagle w
correlated with a specific view of the sample. Tihawings were made so as to enable an analysie afuitting
direction and the direction in which the mechanmalperties of the sample should be determineded bases
were analyzed as follows:

e sample P1 — a sample taken from excavation A -8fig.
» sample P2 — a sample taken from excavation B —

« fig. 9,

» sample P3 — a sample taken from excavation C 4(ig.

Front view (V1)
Up
Left 4 Right
\ Sidewall / Top view
Left
c N Down Sidewall ¥
ross section
Up Up
Sidewall

Right

Up
Right
Sidew |, Top view
all Vp5 i (7))
p Ves Right %
\Down D 5
Up |
Up
£_ Sidewal F
Left / Left

Fig. 9. Cutting directions for sample P2 takenmfrexcavation B

In each of the presented situations, the mininghotedepends on the direction in which the mechénica
properties of the sample should be determined.diffeetion that most strongly influences the cuttiegistance
was determined for the analyzed cutting heads. dihection is understood as the direction in whible t
mechanical properties of the sample were determidedhxial compressive strength can be determinedhe
sample in three perpendicular directions. Cuttghiésts can also be carried out in three perpetaticlirections
on six available sample surfaces. The adopted narheample surfaces were marked symbolically: up, (U
down (D), right (R), left (L), sidewall (S), baciB), so there are three directions for uniaxial coaspive
strength: U-D, R-L, S-B. Cuttability tests can kmnd in two perpendicular directions on each ofltmgwalls,
for example on the sidewall surface in U-D and Rilection. In addition, cuttability tests can befpemed for
two orientations in each direction, for exampleDland D-U. Until present, the impact of cuttingesriation on
the obtained results of cuttability tests has regrbcomprehensively studied. Based on the reseascifts, it
can be concluded that orientation does have andtngapecially if the surface prepared for cuttiagnot
perpendicular or parallel to the cleavage planecoRenended planes, directions and orientations heaen
given below. If the mining method is known, the kqaroperties should be determined in accordanck thi¢
provided recommendations. In the case of coal flswmnd longwall shearers, the direction of theingitspeed
vector changes with a change in the direction afhimee movement in the longwall.

89



tukasz BOLOZ et al. / Acta Montanistica Slovacajufoe 25 (2020), Number 1, 81-93

Front view (V3)
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In the case of sample P1 taken from excavationig @, the following dependencies are observed:
mining with roadheader (1) and CHM (7):
0 uniaxial compressive strength in U-D direction,
o cuttability on R surface, U-D orientation,
mining with longwall shearer (3):
0 uniaxial compressive strength in U-D direction,
o cuttability on B or S surface, U-D or D-U orientati
mining with plough head (4):
0 uniaxial compressive strength in S-B direction,
o cuttability on R surface, S-B and B-S orientation,
mining with longwall shearer with vertical axes:(5)
0 uniaxial compressive strength in R-L direction,
o cuttability on B or S surface, L-R orientation
mining with a boring head (6):
0 uniaxial compressive strength in R-L direction,
o drillability in R-L drilling direction.

In the case of sample P2 taken from excavationi@® @, the following dependencies are observed:
mining with roadheader (2) and CHM (7):
0 uniaxial compressive strength in U-D direction,
o cuttability on L surface, U-D orientation,
mining with longwall shearer (3):
0 uniaxial compressive strength in U-D direction,
o cuttability on B or S surface, U-D and, possiblylDorientation,
mining with plough head (4):
0 uniaxial compressive strength in S-B direction,
o cuttability on surface L, S-B and B-S orientation,
mining with longwall shearer with vertical axes:(5)
0 uniaxial compressive strength in R-L direction,
o cuttability on B or S surface, R-L orientation.
mining with drilling head (6):
0 uniaxial compressive strength in R-L direction,
o drillability in L-R drilling direction.

In the case of sample P3, taken from excavatioRi: (0), the following dependencies can be obskrve
mining with roadheader (1, 2) and CHM (7):
0 uniaxial compressive strength in U-D direction,
o cuttability on S surface, U-D orientation,
mining with longwall shearer (3):
0 uniaxial compressive strength in U-D direction,
o cuttability on R or L surface, U-D and, possibly\Dorientation,
mining with plough head (4):
0 uniaxial compressive strength in R-L direction,
o cuttability on S surface, R-L and L-R orientation,
mining with longwall shearer with vertical axes:(5)
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0 uniaxial compressive strength in S-B direction,
o cuttability on R or L surface, B-S orientation,

e mining with drilling head (6):
0 uniaxial compressive strength in S-B direction,
o drillability in S-B drilling direction.

The two-way classic longwall shearer is equippetth wio cutting heads, which cut in opposite dir@as.
The front head usually cuts downward, while thekbare - upward. The front cutterhead cuts witheitsire
diameter, hence the most important thing is tordgtee the U-D cuttability, whereas the back heats ¢he
remained coal towards the free surface, hence thimgnresistance is lower, and there is no needetermine
the D-U cuttability.

Longwall shearers with vertical axes are equippét two cutting heads, which cut in the same digett
i.e. towards the free surface, regardless of thection of the shearer's movement. The cuttingctoa in the
coal plough is identical with the direction of thead’s movement. However, in the case of other inask(1, 2,
6, 7) there is no change in the direction of cgttin

In the case of drilling with a head (6) equippethvaonical picks, the picks cut the unmined rock iplane
perpendicular to the direction of drilling. Eaclelpiis in contact with unmined rock at all times.iStype of
cutting necessitates the determination of the vafueniaxial compressive strength in three dirediand the
value of cuttability on four planes. To simplifyetidetermination of unmined rock properties forlitg, it is
recommended that drillability should be determiriedaccordance with the drilling direction and urigx
compressive strength in the same direction.

Samples P1 and P2 can also be taken from the fazecavation A and B; in such a case, the analysis
question also applies. On the other hand, samgdlemf P2 can be taken from the sidewall of theeggliwhich
is opposite to the one indicated in the drawingthia case, appropriate directions should be takiEnaccount
in the analysis, according to the presented metbggto Sample P3 can be taken from the drift fanesuch a
case, the interpretation of directions will remanthanged.

Summary

The presented test results do not allow for appiogcthe problem in a comprehensive way but provide
sufficient evidence pointing to the existence afn#ficant discrepancies, depending on the directidn
determining the mechanical properties of rocks.stimme cases, the differences reach 500%. It shoaild b
emphasized that there is no need to perform tastrée directions. However, it is crucial to arahall the
potential mining methods and take them into consitlen when determining the mechanical propertfa®cks.
Knowing the sample orientation in the deposit asithgi the presented methodology, it is possiblgaxify the
way of determining mechanical properties so thatrésults are adjusted to the planned method ahmiio the
largest extent possible. In the event various teglas or machines are considered, testing may dugres in
more than one direction.

If the mining technique is well known, for examplé,t is a very common method of mining with a
longwall shearer, the only problem comes down toosing the direction of determining the mechanical
properties, as shown above. So obtained resultalalv for a more accurate estimate of the cuttads' power
demand.

The investigations, the results of which are quaneithe article, have revealed the need for furtiesearch
so as to determine unambiguous dependences, dip&dth respect to the effect of the cutting otti@tion
during cuttability tests on the obtained test rssullhe tests conducted in different directions and
perpendicular orientations give only a general vathis issue, indicating differences in the resul

The most important conclusion and recommendatida carefully select the direction of determinimgk
properties depending on the method planned. Ttitédeithe interpretation of results and spropetipose this
direction, the methodology presented in the arstieuld be applied.

The literature review has revealed numerous repafrthe rock anisotropy problem. Researchers draw
attention to the impact of properties determinatiinection in relation to the deposition or stiatition of rock
samples on the obtained results. However, untiptiesent, this issue has not been described cosmsifely in
terms of mechanical mining. The problem presemntetthé article, together with recommendations reiggrthe
choice of direction for determining rock propertax their interpretation in the case of selectmgmethod of
exploitation is the first such study.
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Abstract

One of the most prospective developments of hackl meechanical
excavation methods is the possibility of the dsalg usage in new
constructions of mining machinery. For many yeargh research
on the excavation using both symmetrical and asytmicaé disc

tools has been conducted in the Department of MinDressing
and Transporting Machines in the AGH Universitydracow. The
primary effect of these tests is an innovative sofuof a mining

head with complex motion trajectory asymmetricacdiools. The
concept of the disc head assumes the mining of sicke by
chipping as a result of a complex trajectory ofcdisols. To

develop such innovative construction of roadheaderad,

determination of work principles and guidelinesdzhen laboratory
tests was necessary. The article presents the dwdtyy, course,
and results of the disc tools mining tests. Thdseliss included
quasi-static and dynamic experiments of excavatismg disc

etools. In this paper constructions of speciallypared laboratory
Sstands for the examination of disc tools of complejectory were
presented. Each trial has been performed for differphysical

properties of rock samples and different excavatié@hnology. The
conducted research significantly broadens the soégarowledge

in the field of mining with asymmetrical disc toolBhe results of
tests described in the paper could be used in ¢mstaction of

innovative machines and devices for mechanical hacll mining,

in opposition to classical mining methods involvirexplosive

materials.
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Introduction

Rock excavation using disc tools is one of the mosinising directions for the development of medtain
hard rock mining. The use of disc tools for thiggmse allows, compared to the standard milling webth
reducing the energy consumption of the mining pgeand leads to the reduction of dust generatisocéged
with mining. The fragmentation of rock output is@reduced. Due to the significant reduction aftioin forces
in the rock mining process, the durability of tleels also increases. Two basic techniques of mécdiamck
mining can be distinguished by means of disc tamdsnely excavation with static pressure and by toudtng.
The above advantages of using disc tools, espgaiaihe case of mining hard rocks, resulted thatinterest in
the industrial application of the rear undercuttieghnique has recently increased. Attempts areertmapply
disc tools not only on conceptual (prototype) maekibut also in industrial ones that have usedstimedard
mining tools (picks, teeth) (Acaroglu et al., 20B&bury et al., 1998; Manfred, 2005Gospodarczyk et al.,
2015a; Kotwica et al., 2003). However, this typeacfions requires the use of proven calculatiorcgdares to
verify the reliability of such new solutions for mimg systems.

The essence of destroying the cohesion of rocldidgytool in a simplified way can be illustratedngsthe
example of penetration of the wedge profile intokrdalf-space. A characteristic feature of thisgess is the
relatively small size of the so-called compressione, and therefore the foremost part of the exedvaaterial
during the disc mining is the volume of side fragmse The course of penetration of the wedge prafile a
half-space is characterized by dynamic variabilithich directly affects the value of theg Bressing force
during mining. The consequence of this fact isdifiéiculty of formulating a full mathematical deggtion of the
process of disc's blade penetration into the roottyb In connection with the above, models specgyihe
mining resistance forces assume simplificationsallwv only for an approximate estimation of foreeting on
the tool during rock excavation. It should be engiihed that the computational models of differerthars are
most often the result of their experimental redeaend so they are valid in the area of restristitdrat were
considered during the experiment. Also, the anzdytformulas for describing the resistance forcésliec
mining assume simple kinematics of the mining sysfmost often rectilinear). The use of analytigainfiulas
for calculation of disc tool loads is often insuoféint, and it is possible to generate errors whefinthg
boundary conditions for new and innovative typemafing machinery (Stopka, 2011).

The dominant group of disc mining models is the describing the load of symmetric disc tools. A
standard feature of these models is the assumpfigmoportionality of forces generated on the diddade
during operation to the size of the surface arethefimprint. An example of such a model is thecdpsion
proposed by Roxborough and Philips (Roxborough5).9&ccording to this model (Fig.1), the pressiogce
P4 is described by the formula:

P, =4M07° R, HgBR/D h° -h* )

Where:

R. — uniaxial compression rock strength (UCS),
h — cutting depth of the disc,

D, p — geometric parameters of the disc.
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Fig.1. Diagram of forces affecting disc tool (Rortugh, 1975)

The assumption described above which charactetimesymmetrical disc mining models is a reasonable
approximation of the symmetrical discs mining psx@ the case of simple mining kinematics (minivith
static pressure). A different situation occurshia tase of the undercutting technique, where thembves on a
complex track, and the asymmetric disc during patien into the rock body and at the time of cortwle
dehiscence of the rock fragment generates strowgtiable lateral forces. In the case of the undénmu
technique, a significant problem is the lack of @adel basis allowing to predict loads of asymmetriisc tools,
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which in effect makes the correct selection of twesion parameters of mining machines difficulthel
estimation of loads of specific disc tools is moften performed empirically, assuming simplifiednimig
kinematics (Kotwica et al., 2010; Kotwica, 2011The inadequacy of analytical methods is the reasion
simulation methods have been used to analyze stalbflens (Gajewski et al., 2008; Gospodarczyk et al.
2015b; Jonak et al., 2012; Labra et al., 2017; R&607; Xiaohuo et al., 201Xja et al., 2017).

Currently, many research and development centtempt to use asymmetrical disc tools in the working
bodies of mobile mining machines. The issues of efiod) and research of prototype mining machinery
solutions are one of the primary research direstionplemented at the Department of Mining, Dressing
Transport Machines at AGH in Krakow, Poland (Bo#2@13) (Botoz et al., 2018) (Gospodarczyk et d153).

An example of this type of work is an attempt teelep and implement a new generation of disc heaticdted
for use in the construction of roadheaders (Gogspaglk et al., 2013; Gospodarczyk et al., 2016; Mdmad

2016). The concept of the disc head assumes thmgnai rock stone by chipping as a result of a clexp
trajectory of disc tools, presented in Figs. 2 &dThe elaborated mining unit consists of indepetige
propelled body and mounted in it propelled discehwisymmetrical disc tools. The unit body 1 is gitgdl by

an external drive shaft 2. In the body, in seathi@ shafts 6 are mounted with plates 4, on wlirichearing

seats 10 disc tools 5 are installed. The most fiaalide number of tools should be 6 to 8 pieces. drhe shafts
6 are propelled by an internal drive shaft 7 inaeleamt from the external drive shaft 2 and a sdteokl gears 8
and 9 or alternative ones.

/ A\ L2
\ \

/|
/]

/

f
i

(s

Fig.3. 3D model of the new head solution

Due to the lack of theoretical and experimentalstat would allow defining boundary conditions the
construction of a new disc head, it was decidechtoy out laboratory research on asymmetrical ttists. The
primary goal of this research was to identify thgpact of geometric parameters of discs and selautaihg
process parameters on the value of resistancesfdiréng mining using a single disc tool and dikste
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Testing methodology

Research on the mining process with asymmetrical @tiols has been divided into two phases. Asgfart
the first issue, research was conducted on theatgfageometric parameters of disc tools on theesbf loads
generated by pushing a tool into a rock sample. Sewond research problem was the assessment iofiphet
of selected mining process parameters, i.e., thetpation depth and cut spacing on loads of a sidigc in the
similar to real working conditions.

Static tests consisted of pushing the disc intock rat a given distance from the sample edge timil
material was detached entirely (Fig. 4). The follogvgeometric and process parameters were adoged a
independent variables for the tests:

- the diameter and a tip angle of the disc t@gld),

- cut spacingt,

- physical and mechanical properties of the rockda R;) (Bialy, 2013; Bialy, 2014).

Based on the literature analysis of the subjectvab as previous author experiences in the field of
industrial application of disc tools, it has beetedmined that the tests will be carried out facdbols withD =
150, 160 and 170 mm diameter and blade angles35 °, 40 °, and 45 °. Fig. 5 shows disc tooledufor
pressing (rock penetration) tests. During the cotetliresearch, thiéy pressure force and displacement of the
disc tool were measured and recorded.

Fig.4. Measured parameters during mining test$wingle disc tool

@150/40° || @170/40° || @160/35° || @160/40° || B160/45°

Fig.5. Tested disc tools

As part of the second phase of the research, mit@sty using a plate armed with six-disc tools were
performed (Fig. 6). Those tests were conductedfar type of disc geometry. Individual excavatiorempts
consisted of a series of cuts in the vertical phaite a given cutting depth and spacing. To redheenumber of
independent variables, the measurements were nidlde eonstant values of the plate rotational vigfeend its
feed rate \{(p), established during the pilot tests. The indialdcomponents of the cutting resistance forégs (
P.) were indirectly identified on the basis of pregsualues in the feed cylinder of the stand anddike plate
hydraulic drive. The physical model of the disctplbbad and the method of carrying out the testssapwn in
the figure below.
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P4

2

Fig.6. Diagram of vertical mining of the samplethg plate with disc tools

t

Research on the disc mining process was performedcdncrete samples with different mechanical
properties. The research with a single disc tod weried out on concrete samples with uniaxial pp@ssive
strength of 25 MPa and sandstone samples withiahieompressive strength of 79 MPa. However, giste
mining tests were performed on a concrete samplle g@mpressive strengtR. = 25 MPa. Laboratory tests
were carried out on a dedicated laboratory starighwconsists of two primary components (modul@$ese
modules are shown in Figs. 7 and 8. Each operatiiorihe stand is carried out using hydraulic actsato
(cylinders or motors). Fig. 5 shows a measuringesydor testing the static process of pressing wists into a
rock sample. Presented stand allows to attachisitetdol in the holder; the construction of thiddey permits
to change the position of the disc relative to $henple, and thus gives the opportunity to set itet rcut
spacing. The system is equipped with a strain géorge sensor that allows measuring the pressuce fa the
range of 0 + 200 kN and a transformer displacermensor with a measuring range of 0 + 300 mm. Tse tdiol
is pressed through the feed system of the statitona rock sample in the form of a 400 x 400 x #98 block.
The sample is fastened to the construction of thios using a special metal frame. The second teaduhe
disc plate arm, mounted on a movable table (FigTBg design of this module is described in detageveral
publications (Kotwica et al., 2010). The displaestnof the disc plate in the horizontal and vetjdane is due
to two hydraulic cylinders. An additional movemeésitthe table feed, along with the arm and discepldahe
angular displacement of the arm allows the plataitee an artificial rock specimen measuring 1650 mi200
mm x 1000 mm (~ 2 M. The tests used a disc with a pitch diamBter 444 mm. The drive unit of the disc is
the OMTS 250 hydraulic motor by Sauer Danfoss &edRR5 / OMC planetary gear. The used disc plate dr
allows obtaining the nominal torque of 3650 Nm.

Fig.7. Lab stand for testing mining process ofjrdisc tools  Fig.8. Lab stand for testing mining process ofjplee with disc tools
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Laboratory tests

The first stage of the research was a series ¢ tfsdisc tools static insertion into samples mafle
concrete with different uniaxial compression stténgeach of the mining tests consisted of settimgy a
appropriate cut spacing by the appropriate aligraind locking of the handle together with the disal.tin the
next step, the disc insertion was made close teetlye of the rectangular rock sample until the raltevas
entirely de-bonded. The tests were carried outtioze cut spacing values, namely for the paranigteig. 4)
equal to 15, 25 and 35 mm. After each of the télsesextent of the destruction zone was measuredioffing
another attempt required moving the holder tow#ndsopposite, intact edge of the sample and ratdtia disc
tool so that the cutting was obtained by the cdnmaface of the disc. Each of the trials for aegiv
configuration of the geometric disc parameters thieddetermined scale pitch was repeated at legst thmes.
Based on the observations made during the tesiee thas a negligible share of the compression morlee
process of destroying the consistency of the sanipte vast majority of tests were completed by chip
separation, whose dimensions (height, depth) weddpte times higher of the assumed cut spacing.

Exemplary results of static insertion of disc toal® presented in the following figures. Fig. 9 who
exemplary forms of destruction of samples minedhwisc tools 150 mm in diameter. In contrast, Eigshows
a form of spoil being the result of mining discshwiliameters @ 160 and 170 mm for different graiduat

o

8 $170/40°/t=25 mm|

—

= = 3 5 - ’ »
$170/40°/t=15 mm $160/40°/t=15 mm

3

Fig.9. A view of the sandstone block after the mining test ~ Fig.10. Graining of the output obtained during tinéning tests with
(Rc = 79 MPa) - disc @ 150/40°, t = 15 mm single disc tool (R25 MPa)

The second part or research included mining testsdisc plate. The test was, in a sense, analoggptise
static pressing one and consisted of the task ttihgean appropriate cutting depth and spacingist glate
mining and then performing the vertical cuttinge8ification of the above parameters of the minimacpss was
carried out by appropriate positioning of the amd gable of the station using hydraulic cylindeks.in the case
of static tests, the detachment of the sample mahtiedlowed the conical surface of the disc. Asesult of
preliminary pilot tests, kinematic parameters @& thisc plate during the mining process were detethilt has
been assumed that the tests will be carried ouhfodisc plate rotational speed of 60 rpm. It tesminimum
value of this parameter which allowed to carry th& mining process in a smooth way. On the basisilof
tests, it was assumed that individual mining attewquld be carried out for a depth of cutgpf 15, 20 and 25
mm and a cut spacirtge 20, 30, 40 and 60 mm. As a result of the testgas observed that in the case oftthe
60 mm scale the sample material was not completelyhed. For the remaining mining scales, a fyll@ration
of the sample material was obtained for the fulige of cutting depth. The form of output obtainednidividual
samples was characterized by a large number aflptagrains. This form of output testifies to tiedatively low
energy consumption of the mining process. Exemplasults of disc plate excavation research are shiowhe
figures below. Fig. 11 shows the moment of makimg ¢ut by plate disc, while in Fig. 12 the concreleck
surface after a few series of mining tests wasenites!.
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Fig.11. A view of the cut after one of the mirtiest Fig.12. A view of the concrete block surface aftamnpleting the
mining test

Test results

The laboratory tests allowed to identify the impattgeometrical parameters of disc tools, as well a
cutting process parameters on the resistance fafcksth a single disc tool and plate disc. Dughi® limited
number of tests carried out in this publicationlyogxemplary research results are provided. Sattempts to
push the disc tool made it possible to quantitatieempare the influence of a number of geometaameters
of the discs on the value of the pressure forcg. BB shows selected force waveforms for various
configurations of process parameters and physiagauties of rock samples for disc 150 mm. The mded
waveforms are characterized by the variability ¢gpifor the processes of rock centre destructioraligol
similar in profile to the wedge. Relevant inforneatiis not only the value of the maximum destrucfivee but
also the limit value of the disc's depth. Dependinghe configuration of the geometric parametessed, and
the properties of the sample, the disc penetratzmsing the sample to be destroyed was 2 to 10 mm.

25

20

——sandstone
t=15mm

-
@

——sandstone
t=25mm

concrete
t=15mm

Force, kN

=
1S5)

=—goncrete
t=25mm

0

0 1 2 3 4 5
Displacement, mm

Fig.13. Exemplary courses of press force as atfonof displacement for disc g 150 mm
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Fig. 14+17 are examples of graphs of the impactetdcted geometric parameters of disc tools artthgut
spacing on the value of press force. Mean valuemad{imum press forces were calculated on the lmdsid
least three measurements. Based on the resulte oésearch, it can be concluded that the incrieatte value
of individual independent variables caused an emeein the generated downforce. On the other htued,
dynamics of the changes of the press forces valaesed depending on the variable adopted as thatinp
parameter for the tests. The most significant imees in the pressing force were observed in ralatothe
cutting spacing. The change of such parameterdseadiameter of the disc or the angle of the dislelde caused
a smaller increase of the pressure force as indbke of the cutting spacing. As part of the resedhe influence
of the strength of the sample on the value of tiesging force of the disc tool was also checkedth@rbasis of

the tests carried out, it can be concluded thatirtbeease in the strength of the sample causeaopional
increase in the registered press force.
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Fig.14. Mean values of maksimum press forces Fig.15. Mean values of maksimum press forces
(D =160 mm, R= 25 MPa) (t =25 mm, = 40°, R =25 MPa)
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Fig.16. Mean values of maximum press forces Fig.17. Mean values of maximum press forces
(D =160 mm t =25 mm, &= 25 MPa) (D = 150 mm, R= 25 and 79 MPa)

In the second phase of research, disc plate mieistg were carried out, equipped with discs ofaandter
of 160 mm and a 40 ° blade angle. Fig. 18 showsxample measurement of a dynamic torque on the shaf
disc drive motor for one of the mining tests. Basadhe momentary force waveforms in the feed dgis and
the torque on the drive shaft of the disc plateajrihe average values of the individual componentthe
cutting resistance force were calculated for eddhetests. The exemplary test results are showig. 19 and
20. The charts show both data in a discrete foverége value) and approximations of the test residing
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curves. The conducted disc mining excavation reseahows that the dominant component of the resista
force for the disc plate is the pressing force. Theducted research allowed to identify the infeeenf depth
and cutting spacing on the value of press forceautting disc plate. In the case of cutting fortangential to
the disc), it should be stated that the value isffitrce is determined primarily by the cutting thep
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Fig.18. Graph of torque during sample vertical m@by the plate with disc tools (g =25 mm, t&@m, y = 0,05 m/s)
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Fig.19. Mining forces as a result of the miningtsewith the plate  Fig.20. Mining forces as a result of the miningtsewith the plate
with disc tools (t =20 mm) with disc tools (t =40 mm)

Selected aspects of the test results usefulness

The conducted research significantly broadens ttmpes of knowledge in the field of mining with
asymmetrical disc tools. The practical (utilitadi@spect of described laboratory research out u@gothe use of
test results for the selection of kinematic andadyit parameters of a new type of roadheader diad.hHEhe
construction of such a head is shown in Fig. 2% f@sults of the research conducted on the prataligc head
confirmed the validity of the methodology used tiesting with a single disc plate. In turn, the dtiga goal of
the completed research was achieved by identifgiagcorrelation between a number of geometricapaters
of disc and process tools and the values of mingsistance forces. Quantitative and qualitativesssent of
the impact of selected independent variables orfdireation of resistance to mining using asymmatritisc
tools is key information for the validation of aytdal and simulation models of the mining proceés.
example simulation of pushing a disc tool into ekreample is shown in Fig. 2D (= 160 mmt = 25 mm,R; =
25 MPa).Taking into account the cost of manufaomeand researching prototype solutions of mininghrzes,
it should be stated that the development of eleamgnhodels of rock cutting using asymmetrical digdls be
an important factor determining the developmerthisf type of construction.
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LS-DYNA user input
Time = 530

Fig.21. The new generation mining head with disds during field Fig.22. Simulation of rock cutting in LS-Dyna
tests (Discrete Element Method)

Conclusions

The use of asymmetrical disc tools for the minifidnard and very hard rocks is a promising direcfior
the development of mechanical mining methods. Sdwedustrial research has confirmed the possislibf a
significant reduction in the energy consumptiortttd mining process, and thus minimization of thee sind
weight of the mining machine (Biaty, 2017). Alsesearch on the disc mining process that has begadaut
so far confirmed the prospective character of teeetbpment of unconventional mining techniques tase
disc tools.

One of the fundamental problems of applicationsymametrical disc tools in mining machine headdés t
issues of forecasting their loads. Currently, tteezno model foundations that would allow evah@t load of
disc tools, especially in the conditions of compiheixing kinematics. The development of computeruation
tools gives hope for the development of efficienhimg models due to the required accuracy and dabkp
time-consumption of each test.

The results of laboratory tests presented in theriized study constitute unique information regagdie
impact of geometric parameters of disc tools andimgi process parameters on the reaction force gtater
during mining. From a practical point of view, theesented test results can be input data for dgmigmoses
and can be used to select the necessary paranoétdggriamic mining heads (Stopka, 2019). The refstio
between the individual geometric parameters of diees and the mining process and the reaction orce
identified as a result of the conducted researgh,be used to validate analytical and simulatiommgi models.
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Introduction

Global change and especially the global environalectisis pose a serious challenge to the available
control systems, including the legal system. Weaaly know what has to be done: the demand for fectere
state” and for “effective low" is the central axasound which political and administrative reform shipe
attempted in our age. The law that has adopteddig systemic decision-making methods has beefopuard
as the most flexible.

Raw materials are essential for the sustainabletifuming of modern societies. Access to and affbilitst
of mineral raw materials are crucial for the sofumctioning of the EU's economy. Sectors such astraction,
chemicals, automotive, aerospace, machinery anghmgat sectors which provide a total value added af
324 billion and employment for some 30 million pkoall depend on access to raw materials.

The starting point of this article is the need tepiement the Raw Materials Initiative, in partiqults
second pillar, which relates to fostering a sustli@ supply of raw materials within the Europeariddrfrom
domestic resources. This is also taking place énftamework of the implementation phase of the tSgiia
Implementation Plan (SIP) of the European InnovaRartnership on Raw Materials. The latter plamtifies a
number of particular actions, under Action aredd "Minerals Policy Framework"; and "Il.2 AccessNbneral
Potential in the EU", which relate to the challengg "policy and legal framework, information framwark,
land-use planning and permitting”.

Action area "Il.1 Minerals Policy Framework" aings"strengthen the exchange of best practices iaitba
of mineral policies and related regulation amorggiember States, that may lead to streamliningoémeitting
procedure along the whole chain of extractive @adiv (prospecting, exploration, extraction, praieg,
closure, post-closure activities) with regard te thme frame, the regulatory co-authority reginte financial
and administrative conditions, and ensure stallediptive environment." "Another objective is tocirase
transparency on raw materials availability in tHe EStraka et al., 2016). Information on explorationineral
production, trade, reserves and resources shousdabpeardized and systematically reported by theaBdl the
Members States, when information is available aitbdout breaching competition rules."”

The goal of raw material policy should be to defpr@rities for Slovakian raw material industry rfincthe
view of the need to provide sustainable developneémational economy and society, as well as tandef
measurements and tools for providing of stable ldgweent of single raw material industry and its
competitiveness in international level in the measadequate to created conditions (Cavender, 19%2)goal
of the presented contribution is, therefore, to enaksystem for raw material legislative policy iartrular
conditions of the country. The larger the systeme, greater the number of factors, decisions, caimts;, and
risks it involves (Straka et al., 2018). Knowledygehese factors is very important not only for tevelopment
of relevant policy concepts in the country but dtsothe national and international benchmarkindiri et al.,
2017).

The mineral wealth of the Slovak Republic is thepgarty of the state, and thus the state itselfnalthe
use of this wealth to individual organizations, ghiare obliged to pay fees for this use if the Hjgeclegal
conditions are met. The legislative framework foe use of the state's mineral wealth is determimethws,
decrees, government regulations and other gendeglblly binding acts. Mineral wealth is exploitedmany
industries, and some industries would not exisheut minerals. Strategic intentions and directionthe use of
the state's mineral wealth are defined in the Raatekals Policy, from which subsequent generallydbig
legal acts should be derived. These strategic tioten need to be updated on the basis of geomlitic
developments but also on the basis of scientifictanhnical progress, new knowledge and other facto

The role of the state is to protect mineral weddilt, also to create suitable conditions for itforad! use.

Literature review

Many countries in the world run their economieshwitinerals in various forms, be it mining, impogtiar
exporting minerals. The more developed a countthigsmore it uses modern raw materials and masemalich
until recently were considered unnecessary wastbttee less the country has its own resources némais, the
more important it is for it to approach the raw emtls policy. One of the important criteria infitulating rules
and principles on securing the country with mingralthe maturity of the country.

Today we know full well that, for example, it iseally futile to monitor the cleanliness of the asiploere,
waters and soils, if you do not at the same timeb dhose who pollute them. There must at least be
understanding of the simple systemic rule "thinkbgllly and act locally", which is addressed to gver
responsible citizen in our age and stresses trerdi@pendence of the many factors that stem from’'sman
intervention in the environment (Bednarovéa et2018). However, the decision-makers must also mézeghat
sustainable development, which imposes the incatfwor of criteria for the protection of natural,ltcwal and
social capital in every policy whether public orivate, is nothing more than the necessary and ddlay
application of systemic thinking in making decissoof all kinds. However, although that is how thErggand in
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the new science of sustainable development, the s@ed to implement systemic methodology also £xist
the Law of Sustainable Development (Decleris, 2000)

The mining industry can be critical to a natioré¢smomic well-being. Impacts may be felt on a natlcor
regional level, with their significance dependenpart on the resources under development as walkisting
government policies. The changing character of mginis today opening up new opportunities for foneig
investment and technology assistance (Dorian £1294).

Mining activities divide communities and countri@Sray, 2018) due to different geological, legisiati
political, social, and economic conditions. Therefoanalysis of mining activities must be regardedn the
view of the growth economy, encouraged by goverrimiols — together with ecological integrity
(Gentry&Neil, 1984).

Openness, transparency, and public participatiothefstate is a longstanding issue. The state aucgt
such decision to public participation with the abm prevent mining activities from harmful impact to
environment, society, and economy. Therefore, aiscareas of mining principles of corporate, social
responsibility must be regarded (Curran, 2017).

The new Circular Economy package contains a cortibmaof both legislative and non-legislative
elements, such as new and revised legislative padpmn waste, clear targets for waste reductisuch as the
common EU target for recycling 65 per cent of mipatwaste by 2030 — and proposed actions to “cthee
loop” and tackle all phases in the lifecycle ofraguct: from production and consumption to wasteaageament
and the market for secondary raw materials. It amatains a list of proposed actions that will &rgiarket
barriers in specific sectors or material strearmashsas critical raw materials, as well as horizbrmtaasures in
the areas of innovation and investment.

Critical Raw Materials have also been identifiedaagriority area in the new package. Accordinghe t
European Commission, existing EU legislation enagas the recycling of electronic waste, includimgtgh
mandatory targets; but only high-quality recyclran ensure the recovery of critical raw materialsa result,
the EU is focusing on improving the economic vidpibf the recycling process and encouraging mershses
to promote the recycling of critical raw materiaists revised proposals on waste. As a resultGbmmission
is taking a series of actions to encourage thevexgoof critical raw materials, including produciagreport on
best practices and options for further action nognith critical raw materials from 2018.

Developed countries use different strategies totntlee needs of minerals. On the one hand, it is a
slowdown in the extraction of domestic resourced arsignificant import of minerals, in order to erethe
needs of the country in the event of poorer avditalf resources. On the other hand, it is mutpakeneficial
international cooperation, which includes: geolagiexploration, and mining in a developing countigd the
establishment of joint enterprises for the processf minerals, including the training and employmef
workers in developing countries. Japan is one elampthis strategy, which it has been pursuingddong
time and successfully.

The efficient use of domestic mineral resourcestisrfered with by internal and external factdrgernal
factors interfere with the quality and volume ofopen geological reserves, the maturity of the itrkals
infrastructure in the mining zone, the mining caiwis. External factors that interfere with the hibty of
domestic mineral resources are mainly based oriltkealization of the market for commodities of mial
origin, world market prices. Also, in terms of daaility and contingency, offset them from a donesburce,
including secondary raw materials. From the poiftview of socio-political intentions declared ineth
Constitution of the Slovak Republic and the couofeintegration into the EU, raw materials policy shu
seriously have the social and ecological focus afket policy in mining and processing of mineratsalso
takes into account the careful use of natural nessu The EU's dependence on imports of energyraimes
highly critical, where the EU's dependence on irtgizr up to 54%.

Based on this, it is absolutely crucial to:

« diversify sources of supply of energy commoditiespecially from the point of view of suppliers,

* reduce energy intensity in all spheres of life,

« increase the share of the use of renewable esegyges (biomass, wind, water, sun),

« save their own energy resources (41 regions iBUgountries mine coal),

« support the search for new deposits of mineratggncommodities (uranium, shale gas),

* support science and research in the developnier@ve types of fuels (hydrogen and others).

The current legislation should be replaced afteisatiation of individual regions and strengthenatiamal
responsibility, as well as the encouragement obrmbtion exchange between countries. Relationseptes
various supplier-consumer, legislative, propergrspnal, economic, political, and other relatianghie frame of
the system, as well as relations with its surrongsli System of “Slovakian raw material industryégents a
subset in the vertical level of European and woididwaw material industry. In horizontal levelpitesents part
of the Slovakian national economy.
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Methodology

Minerals policies are sometimes not clear and #ffecenough because they are either dispersed among
other policies or have no public and implementatsupport. Coordination and implementation of mitera
policies at different levels (EU, Member Statesiagrgl, local) and horizontally with other sectorfallicies is
often not straightforward and therefore, in somsesacontradictory and time-consuming.

Even in the cases where Member States (MS) hawmntligcissued a modern minerals policy strategy,
adapted to the needs of society and the econonsyctlild prove to be ineffective if this policynst strongly
linked with other national policies such as an appate land use planning policy, environment ppiitcluding
biodiversity and mine waste management and aldo avitommon understanding and categorization of raine
deposits of local, regional, national and EU impoce.

Legislation should facilitate innovation. Compatiti is vital to the flourishing industry in Europada
should remain a top priority. In addition, it mdm ensured that competition law allows the estaivient and
development of research partnerships.

Policy and legislative processes need to undehg@rcompetitiveness of industry when it comes t@ssto
and trading in raw materials, by means of harmdiumaand bottom-up orientation. A cumulative impact
assessment, which evaluates the impact of mulppliies, should form the basis for a comprehen&ite
industrial policy which coordinates the individyadlicies and ensures a level playing field. Thid anly be
possible with a consolidated vision across Eurapeé, a clear understanding of the needs and camoitieach
member state and region, as well as the synerg@stiring to the EU’s internal market. This migbtjuire
more institutionalized consultation processes wik European Economic and Social Committee (EESC)
mention in Strategic implementation plan for thedean innovation partnership on raw materials.

The raw materials policy deals not only with reable resources but also with fuel, energy, ore raomd
ore and construction raw materials from primaryweel as secondary sources. Secondary resourcesdarm
important part of raw materials policy, not onlyterms of saving primary resources but also in $eofnsaving
costs and energy for the treatment and processipgroary raw materials. It follows that raw matds policy
is not only directly linked to energy policy but ¢osely linked to it. Few countries have so mayget of
minerals to cover their domestic consumption, &y tire dependent on imports. Conversely, many desrdre
dependent on the export of minerals to other coesjtivhether raw or already processed. Thereforitagral
part of raw materials policy is the issue of impamtd export of minerals.

The environmental activities are carried out in ldgislative frameworks, which also create a platfdor
setting up regulatory and stabilization mechanigmthe area of environmental, economic and soaidities.
Our goal is to harmonize the legislation of thevalo Republic and propose changes in the case ettdir
payments from mining in the most affected areasmbny permitting procedure segments, especiallthat
local/regional level, qualified personnel may bessimg or be insufficiently trained. Transparenoyareling the
permitting procedures as well as the level of pting fees, royalties, etc., is not always sufiintieThe
permitting procedure would be enhanced if the EWerdl potential were considered in the design dibnal
mineral and land use planning policies. Rational afsmineral wealth means that we will allow apaltits to use
mineral wealth in accordance with laws and regotetj permits and restrictions that will be defingdring the
permitting process. Rational means reasonable soethat everyone can benefit from this procetseSn the
form of fees and taxes, employees in the form ofegafor work performed, employers in the form affits.
Customers who obtain primary raw materials forrtipeirposes. Intervention into the rock environnanist be
thoughtful, systematic, the most modern methods aputoaches must be used to make the interventon a
considerate as possible. The state should suppdntisse of mineral wealth, i.e. it must create stmiditions
that mineral wealth can be used rationally.

There are several examples where rational use easpbken of only partially or not at all. From the
systematic view, there is possible to considelSfoakian raw material industry as a single systeél@mments of
the system present all research, mining, processingtallurgical, recycling, education, environménta
organizations, as well as state and administraitistitutions. Relations present various supplienstoner,
legislative, property, personal, economic, politiGnd other relations in the frame of the systaswell as
relations with its surroundings. The classificatioihithe sectors was based on the SK NACE Rev. 2¢hwh
represents the classification used in the conditiohthe Slovak Republic, formerly referred to aKE®
(Sectoral Classification of Economic Activities)c@ording to this classification, we have selecti@ mining
and quarrying for our use. For further processihg@anomic parameters, we performed a financialyaisa
within selected companies as well as an analysfnahcial flows, on the basis of which we can cdmjan
overview of fees for mining space.

In the contribution, we will deal with the desdiigm of individual system elements interests, fearaple,
miners, applicators of raw materials, consumers/irenmentalists, politicians, etc. However, frometh
systematic point of view, there is necessary toedittke that all such interests together presentsethef interest
that has its very complex structure, in which sadnterests contradict each other, others are ingamiatic
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relation, some have only objective or only subjexttharacteristics, some are short term or longsteesp.
permanently applied.

Results
Payments for the use of earth resources in Slovalepublic compering the other V4 countries

A major problem at the legislative level is theigas authorization procedures, which are lengthtinre
and the information required for authorizationsammbiguous. The permitting procedure is often lepgthd
involves many authorities with potentially overlaqgp and even conflicting requirements. Thus, theoleh
permitting chain sometimes does not have a clearseosince various, and sometimes repetitive requnts
are requested based on different pieces of lemginlaSome of the required information is frequentigt
available to investors at the time of permit apgiiicn on the one hand, and on the other permiticgifmns
frequently lack the required information, which altbbe provided by investors.

In the case of Slovak legislation, we deal withesal/ problems. Each organization that has a desidna
mining area is, according to par. 32a of Act 448.@®ll. Mining Act, as amended, obliged to pay a fer the
mining area. The fee is 663.88 EUR for eaclf ktarted. As mentioned before, 20% of the feedsrévenue of
the state budget, and 80% is the revenue of thacipatity or municipalities in whose cadastral tmies the
relevant mining area is located.

Another fee is the fee from the extracted minefdle method of calculation as well as the fee rate i
determined by Government Regulation 50/2002 Catll. payment for mining area, payment for extracted
minerals and on payment for storage of gases oidlg Reimbursement for extracted minerals is dated for
each quarter of the calendar year as the produtieofatio of the costs of mining the mineralshe total costs
of making products from the extracted mineralseraxes from sold products made from the extractegtrais
and the reimbursement rate. What we need to meigjosp the payment is the income of the Envirortaien
Fund.

The obligation to pay compensation for extractederal has been in our legal system since 1991elf w
compare the system of fees for extracted minerdl méighbouring countries, we will find that thessym is the
same in the Czech Republic. Rates are higher,dimesminerals up to several times. However, theegysif
fees in Hungary is different and is based on deteng the value of extracted mineral (Governmengation)
and the percentage rate, which is 5% for surfacging] if we compare these fees with fees in thevé&@lo
Republic, we find that for some commodities fees several times higher as in SR. In the Polishesyst
however, there is a significant difference in thetfthat in the Geological and Mining Act, the rafeghe fee is
directly determined, and the fee is the producthef extracted amount of mineral and the rate offéee
However, what is also different is who is the résmip of this fee. The distribution of the fee aating to the
recipients is given in Tab. 1.

Table. 1. Distribution of fees according to V4 cies

State % payment share Recipient of charge
Slovak Republic 100% Environmental fund
) 25% National budget
Czech Republic — - —
75% Municipality according to the cadaster of thaing area
Hungary 100% Office of Mining and Geology
40% National fund for environmental protection
Poland — - —
60% Municipality according to the cadaster of thaing area

source: XV. Odborny seminar SZVK; Zbornik predn&ink31 - 42; Atrium hotel, Novy Smokovec 42; Wgsbatry; 24. — 25.10.2013

It follows from the above that the recipient is #tate only in Hungary and Slovakia. In Slovakie fees
are the lowest. The highest share, up to 75% ofetador extracted mineral, will be obtained by thenicipality
in which the mining area (MA) in the Czech Repulididocated. In this context, it is important to/shat the
immediate environment is in the immediate vicinifymineral extraction. These loads are mainly noikest,
vibration, soil and water pollution as well as Ieahused by traffic services. However, as for dipagments in
the Slovak Republic, the municipality in which timening area (MA) is located will receive only 80%tbe fee
for the mining area, which is in most cases 53EWUR / year, because most of the mining area haeao§ up
to 1 km2. Tab. 19 presents the distribution of piegits of fees for mining space and extracted raingr
selected DPs of the company LBK PERLIT, Ltd. andMBNERALS SK, Ltd. for 2017.
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Table .2. distribution of fees LB MINERALS SK, hattd LBK PERLIT, Ltd.

any Fees for
Mining area Comp Payment for extracted Total fee Village State
MA mineral
Lehdtka pod LBK PERLIT, 664 € 7045 € 7709 € 531 € 7178€
Brehmi Ltd. 7% 93%
5 LB 1062 € 6489 €
Sastin MINERALS 1328€ 6223 € 7551 €
SK, Ltd. 14% 86%
LB 531 € 5147 €
ToméasSovce MINERALS 664 € 5014 € 5678 €
SK, Ltd. 9% 91%
LB 531 € 8510 €
Rudnik MINERALS 664 € 8377€ 9041 €
SK, Ltd. 6% 94%
LB 531 € 2288€
Rudnik Il MINERALS 664 € 2155 € 2819€
SK, Ltd. 19% 81%
LB 531 € 14 378 €
Micharany MINERALS 664 € 14245 € 14909 €
SK, Ltd. 4% 96%
§ LB 531€ 2437 €
Tahanovce MINERALS 664 € 2304 € 2968 €
SK, Ltd. 8% 82%

source: LB MINERALS SK, Ltd., LBK PERLIT, Ltd. (Kigin2019)

As can be seen from Table 2, the distribution obme from fees for mining activities is dividedtkat the
municipality that bears the most burdens due tangiactivities, obtains by direct payments fromsfé®m 4%
in the case of MA Michizany to 19% in the case of MA Rudnik Il. Paradoxicahe more the mining company
benefits, the relatively lower the share of dineayments from fees for the municipality. Systemugein this
way the distribution of income from payments forning activities appears to be unfair and makes it
significantly more difficult for mining companies thegotiate in the mining licensing process. Mypdtties
usually no longer agree with mining activities. W&tyould they also, when 100% of negative consemqseare
borne by municipalities, but they have from 4% 884lof the fees in the case of the MAs listed intHid#e. The
municipality, as a participant in the proceduredamining activity permit, mostly on the basis efjuests from
citizens, proposes various measures to eliminasetimegative impacts, which are many times intoéetar
difficult to solve and highly costly. They proposestrictions on production and transport servigeeti
construction of bypass roads, prohibition or retitsh of blasting works, various environmental meas even
beyond the relevant laws. Mining companies, onather hand, try to eliminate these negative consecgs of
mining activities with various concessions or seesi for the benefit of the municipality. We belighat the
state in politics charges is failing and should rgea this policy. A municipality that is affected Iloyining
activities must feel that, in order to bear thesgative consequences, they have advantages ttiagdish them
from other municipalities, for example, lower taxiee transport, free kindergarten, a significahigher share
of fees for mining activities and others. They mbst positively discriminated against compared toeot
municipalities that do not feel these negative egngences of mining activities.

The position of the mining industry in Slovak socity

The extractive industry occupies a special posiiorong industries, as it provides raw materialsotber
industries. So, in that industrial chain, the indpss at the very beginning. Only metallurgy hasirailar special
position from the point of view of industries, j.eetallurgical primary production, which is in teecond place
in the chain. The importance of the extractive stduis assessed from two basic perspectives:

- economic - its share in the gross domestic prpduc

- nation economic.

No extractive industry can be characterized onlyeirms of economic inputs and outputs, because the
extractive industry requires significant investmémuts and produces outputs with very low addeldes0
added value) (Mendel, 2019). It serves primarily aasupporting type of industry for other downstream
industries. The share of the value of mining isyvilerw in individual countries in relation to grogd®mestic
product. Globally, this ratio is around 5%. In diént European countries, this share of value restsifitself
differently and depends on the value of mining giveen country and the structure of industries. pbsition of
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the mining industry in comparison with other indigdtand industrial areas in the Slovak Republishewn in
Table 3.

Table .3. SK NACE rev. 2 - selected indicators6201

Gross production Employment
SK NACE -
mil. EUR % number %

Sum 197 075,7 100 2321049 100

Mining and quarrying 535,6 0,27 6 525 0,28
Manufacturing 76 640,3 38,89 508 814 21,92
Construction 14 646,6 7,43 166 132 7,16
Other 105 253 53,41 1639578 70,64

source: own processing form SK NACE selected irdtiom

As shown by the data in Table 3, mining and quagyare of only marginal importance for the national
economy of the Slovak Republic in terms of GDP a&mnaployment. This can also be attributed to the low
political influence in negotiations with partnees well as the weak enforcement of bills that waqarotect or
support the extraction and processing of mineFas.example, 134,483 employees work in healthc2teitnes
more than in mining and quarrying) or 171,875 emgés in education (26 times more than in mining and
quarrying). However, we dare say that these stigISK NACE rev 2.) have certain shortcomings and
inaccuracies in terms of interpreting the sharenwfing and quarrying in total gross output as wadl
employment. For example, the production of cemiémg, concrete or magnesite is carried out unddustry
and not undermining and quarrying, which can sigaiftly distort these statistics to the detrimentnining and
quarrying.

Mining and quarrying are closely linked to othedustries such as the chemical industry, the petmoatal
industry, the energy industry, the rubber industhge metallurgical industry, the construction inmgysthe
automotive industry, the glass and ceramics ingluint also the electrical engineering industrythwit the
minerals that are the inputs to these industriesse industries could not exist. What would it méanthe
Slovak economy if we immediately stopped mining, éxample, building materials such as gravel, sand
building stone, or non-metallic raw materials sashlimestone (cement and lime production) and weldvbe
completely dependent on the import of these raverias from abroad. The prices of these commoditiesld
become several times more expensive because teegirthese commodities would be significantly etiéel by
the purchase price but especially the transpotiede commodities. 30 € / t. This increase wouldeflected in
the price of building stone products such as cdacmaortar or bituminous mixtures, and this, imtuwvould
affect the realizable price of the buildings. Thesguld also be a deterioration of the environmaitich would
be enormously burdened by increased traffic, thevald be more significant wear and tear on thesjpart
infrastructure, which we would have to rehabilithtam public resources. This means that the mimdgstry is
much more important for the economy and life of $#t@vak Republic than is presented in the staibtiata. It
is certainly necessary to think about redefining itinerals for which fees are levied. Many minictj\aties, in
particular gravel mining or building stone mininghich are not reserved for minerals but have a high
environmental impact on the environment, should &ls included among the minerals for which fee$ mél
paid. On the one hand, a certain injustice woul@lbainated, whereas, for strategic reasons, cedaposits of
building stone or gravel have been classified asrieed deposits. Regarding the number of fees,emgioned
above, in comparison with neighbouring countriée fees in Slovakia are lower and a certain adjestm
upwards, in the event that the redistribution aipints of fees is adjusted, such as, for exanipléhe Czech
Republic, would certainly improve the permittingopess for mining activities. The calculation of fee for the
extracted mineral, which gives room for certainatindty of accountants in mining companies, is also
questionable, and the state mining administratishich controls these calculations, does not havaugm
professionally qualified inspectors to detect théseks. The fee system in place in Poland or Hupga
certainly clearer and less sensitive to manipufalip mining companies.

Raw material security and rational use of mineral vealth

The role of the state is not only to protect thenenal deposit but should create the conditionsstarh
deposits not to be speculatively blocked because the state loses the benefits that it could nligiactively
using such deposits. Application of the conceptnoheral deposits of public importance as to feaiét
investment in similar way as for hydrocarbons buosuging that mineral property rights are sufficignt
protected. Slovakia is also relatively well geotadly researched in comparison with the most deexo
countries in the world, and we do not expect toccalier any deposit of world importance here. But the
occurrences of some elements, which were includeaing the critical elements defined by the EC, weldo
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find here. In the past, these elements were nampertant as they are today and were consideredllatgnt
rather than a useful mineral. Today, geologicall@gtion is funded almost exclusively from privaeurces,
but many investors are discouraged by the unstagislative environment. Some changes in the ldecathe
significance of the results of geological work. &sexample, we can mention the already mentionekava
deposit or the gold deposit near Detva or Kremni¢a.are of the opinion that the state, as the owharineral
wealth, should care to have thorough informationudbmineral wealth and how it could benefit fromTihe
state should finance the geological survey fromstia¢e budget. The survey should focus on thosieatrraw
materials defined by the EC. It should certainlyifreested in a survey focused on the use of enardhe
earth's core, where the Slovak Republic has grehhiaherto untapped potentidll the above information has
one common denominator, and thus there is insafficiegislation in the field of mining activities avell as
fees associated with iThe update of the raw materials policy as of 3tddeber 2003 and the evaluation of the
fulfilment of the objectives of this update as df Becember 2018, i.e., after 15 years, broughtlosiuns that
lead to the following conclusions.

The main objectives of the raw materials policy evétre following:

* Liberalization and organization of the mineralrket

Status: In 2003, there were no market barrierbecstle of mineral commodities.

« Coordination of the use of minerals in termshdit lifespan

Status: There is no legislation coordinating the efsminerals for their lifetime.

* Sustainable development of the company whildatsame time the efficient use of domestic rescunfe
mineral resources

Status: Declarative task, not implemented in agjslation.

» Reassessment of the methodology for classifyimgral resources according to the UN methodology.

Condition: Not implemented.

» Evaluation of mineral deposits, so-called fedisjbstudy before their use, which will determirteetvalue
of the deposit for the investor as well as theestat

Condition: Not implemented.

« Stabilization of the workforce in regions withviédoped mining.

Status: Declarative task.

« Attenuation programs for unpromising mining intties.

Status: No attenuation program was adopted aftdr232003. A decline in mining activity and liquieat
of the Bdia Dolina a.s.VEky Krti§ (Government Resolution No. 1037/2001).

This evaluation of the main objectives of raw mialer policy (as amended in 2003) shows that the
objectives have not been met after 15 years. Thectes of the raw materials policy did not reable
implementation and realization through general@aley binding acts of the Slovak Republic. This gests that
such an understanding of raw materials policy igueaand legally ineffective. Raw materials polisyrather
just an academic work that has no or almost no @npa minerals in the Slovak Republic. Even soméhef
measures that have been taken are at odds witlmeterials policy, such as radioactive minerals.réhie no
mention of radioactive minerals in the raw materg@blicy or in its 2003 update. Nevertheless, apradment to
the Geological Act was adopted in 2013, where pagay 24 a) was inserted. Unless raw materials yolic
becomes an integral part of the legal system ofsthee, its creation or updating is only an academwork,
which has only a marginal influence on the reaivagtof the state, mining companies and the publite dare
say that whether or not we have a raw materialEyalill not change in reality. In no legal Act die Slovak
Republic is the phrase Raw materials policy, nalleggulation refers to raw materials policy. Ire tGzech
Republic, the Mining Act is in the comment procegluwwvhich will directly refer to the raw materialsligy.
Such anchoring of our raw materials policy wouldtaialy increase the seriousness of such a work, an
politicians could no longer ignore it as it is now.

As we have already stated in the previous poihts)dst update of the raw materials policy is fr2004 as
of 31.12.2003. This means that for 15 years no tgpkdas been made, resp. issued a new raw mateoity.
This condition is definitely incorrect and has seveeasons. Greater efforts were expected by thmsivly of
Economy of the Slovak Republic, which is the creaod guarantor of previous raw materials policlesvas
probably not enough political will to act more fefally in this matter, which is certainly caused ttng weak
political influence of the miners, resp. excessifience of conservation associations. Indeedgticeuld be a
real risk that the raw materials policy, as parthaf inter-ministerial commentary, would be subjectneasures
that would not be aimed at protecting and promothmg use of raw materials. Greater efforts sholdd ae
made by the professional public; if the state isawtive in this matter, then the initiative shoblel taken by the
one who is least satisfied with this situation. fehare several professional organizations sucth@sStovak
Mining Company, the Slovak Association of Aggregateducers or the Association of Metallurgy, Minigugd
Geology, which have the support of mining in Sldaak their statutes. We also had stronger expecisfrom
the academic community, which knew this situatiod &ave enough experts to create a raw materidilsypo
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model. Table 4 contains findings that are, in oigwy critical for the raw materials policy of thdo8ak
Republic and the EU. Since we most areas in prevparagraphs devoted in the table to individualifigs,
adding the draft measures to eliminate the negatipact on the investigated area. We consider ¢hdisn of
these areas to be key within the solution of teag@sof mineral resources in the Slovak Republic.anéeof the
opinion that if these findings are not satisfadyoaddressed, the situation with regard to minerails not
improve; on the contrary, the situation will wors@f these areas, we consider the following to bsohutely

most important
« fees,
* energy raw materials.

If the fee policy does not change, the companygsvwan mining and mineral processing will not change
either. Both the Slovak Republic and the EU hav@gh and even poorly diversified import dependeane
energy minerals, which could have fatal consequefmeour and the EU economy in the event of getpal

tensions.

Table. 4. Critical areas of the raw materials pyliof the Slovak Republic

Area

Detection

Proposal for measures

Binding nature of the raw material poli

The raw materials policy is not enshrir|
in any legally binding one document ¢
the Slovak Republic if we do not consi
the Resolution to be legally binding of
Government of the SR. Experience &
shown that such legal force is for bindi
Insufficient raw materials DO lies.

Secure the raw materials policy in the legal oafe|
the Slovak Republic, for example, in the Mining A
which would refer to the Raw Materials Policy.

Raw materials policy update

The raw materials policy has not beg
updated since 2003.

Continuous updating of the raw material policy
proposed by the National technology platform fi
research, development and innovation in the fig
minerals. Strategic goals they must have such I
force that they change will only be subject to lorg
society-wide professional discussion. To avoid
frequent changes strategic objectives of the ra
material policy, we propose its approval in parksit
by a constitutional majority.

Dr
Id
cgal

- =

The long - term sustainable raw mater
policy

Change in the laws that concerned

minerals such as gold or radioactive

minerals are not consistent with the

current one raw materials policy. Law

protecting the environment they make

difficult but impossible to all objectives
raw materials policy.

To prepare a wide society discussion on the cong

between the use of the raw material potential ef
state and environmental protection. Establish t
agreement in the legislation of the state.

th
he

Energy resources

Currently, except the coal, there arg
almost no usable energy sources ir|
Slovakia. Geothermal energy is a one
possible source, but under current
conditions it has no legislative support
its use is hindered by trade agreeme

Reduce import dependence on energy raw mate
by support renewable energy sources as well
rational use of their own raw- neatal resources su
as uranium or geothermal energy. Brown coal ag
only one currently in existence to protect the ra

material energy source as a strategic reserve.

rials
AS

the
N_

Fee

Present policy fees settings for the us
the mineral wealth of the Slovak Repic
is not optimal. From point of view of tf
negative consequences, which minin|
processing, transportation serviceabil
during mining and processing minera|
brings, are very low.

Simplify usage calculation mineral wealth and
eliminate a differentiated approach to reserved
non-reserved the mineral. Amount of fees for min
areas as well as for extracted minerals is toottolg

a more significant resource income. Recipienteef

should be above all those who are mining, an
processing of minerals and with it associateditra
load, noise and dust loads and other negativeri
the most load.

and
ing

d
ff
cto

The position of the mining industry in|
society

The mining industry consists on
negligible share in the GDP of the Slo
Republic. However, the iportance of ra

materials as a primary source for
industries is underestimated. The pub
considers it their natural right to havg
access to raw materials. The problem
that they do not even think about the
impact of mineral extraction on the

It is essential to raise awareness to laic pu
about the importance of minerals for everydayifif
modern society. How would the abandonment of]
use of minerals affect the lives of every inhakitar

the Slovak Republic or the EU.

plic

D

the

environmet.
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The state protects mineral wealth thro
the Institute of Protected Deposit territ{ The state should not only protect minerals wealtt) b
and the Mining Area. The state does I also create appropriate conditions so that we san u
create an enough stable legislative| mineral wealth rationally, of which would benefit a
environment for investors, which woul involved social groups. The state should invest|m
be able invest to the geological surve your own geological survey to have knowledge [of
The state does not have effective tool{ raw- materials potentials that he would know then
take away mining areas to organizatiojappropriately and in line with strategic interesttshe
which block them from speculative Slovak Republic.
reason.

Rational use of mineral resources

source: own processing
Conclusion

Raw materials policy must be a general consensusm@rall stakeholders involved in its creation. lish
be a compromise between environmental protectidnttaa need to secure minerals for the proper fanitg of
the state. The state, the people of the state lapdréicipants in this process must benefit frdistprocess. The
safest access (safe raw materials) is to the rateriaks that we can find in our territory, they afesufficient
quality, and we have enough of them. In the cood#iof the Slovak Republic, limestone, dolomitegnesite
and building materials can certainly be considesafé® minerals. The most dangerous (critical) apgrds to
raw materials that we do not have, but they aresgary for the functioning of society, and withthese raw
materials, we could not exist. In the conditionstlnd Slovak Republic, it can be said with certaititst all
energy raw materials such as oil, natural gas, @oatanium can be considered as these. The SRealblic is
very vulnerable in terms of the need for these maaterials, without which life in Slovakia would resgtopped
and due to the fact that we import almost all these materials from Russia. Any political tensiancause the
cessation of these supplies, and the Slovak Repuwiuld, in the long run, find it very difficult téind a
replacement for these supplies. By application ef tegislative, we should also improve the transpay of
information on raw materials through public repagti This will allow prudent use of existing andure mineral
deposits, as well as former mining site to be renapul if appropriate and to contribute to developiranitoring
systems on raw materials, flows and early warnirgjesns on EU dependency on certain raw materials.
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Abstract

The paper analyzes the potential of secondary apdtita anc
online usergenerated content. Special focus is dedicated dals
networks and travel platforms, respectively thgiew applicatior
programming interfaces as tools for usthgd party platforms with
the combination of open machineadable data for raisir
awareness about geo and mining heritage. Existowd goractise
within harvesting of open access machieadable data from tt
social network Facebook, the hybrid map servicegbo®Plaes and
the travelers' application Foursquare was useddaostructing the
current partial online image of the Zemplin geopaska selecte
example area with a higher density of geosites abjpkcts of
mining heritage. Subsequently, based on the pigults, the
harvested data's suitability was analyzed for Hothism services
consumers' satisfaction and geosites' visitors' eeapces
monitoring,and the creation of feedback for selected geolbgicd
mining heritage points of interest. Even tho the current volumes
of records representing geosites and mining heritagthin the
analyzed platforms are low, the results could telptrengthen th
relationship between tourism service providers gadsites as a
essential part of primary resourcesithin the shared onlin
communication environment.
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Introduction

The necessity to integrate continuous collectiod analysis of own, open and big data into destimati
management organizations’ planning and decisionimgafrocesses for establishing destination knowdedg
structures has been in the scope of several tyfjpesearch (Ritchie and Ritchie, 2001; Baggio aapdarello,
2005; Ritchie and Ritchie, 2001; Chang and Liao@@aggio and Cooper, 2010; Fuchs et al.,2011; ¢Kiain
al., 2014; Fuchs et al., 2014; Sabou et al.,201%)general knowledge infrastructures were defingd b
Edwards et al. (2010) a%obust networks of people, artefacts, and ingtitug that generate, share, and
maintain specific knowledge about the human andimahtvorlds". In terms of tourism knowledge structures,
data may be considered as a central asset in aeéstirmanagement (Pesonen and Lampi, 2016).

The European Commission (2011) based on the DiBiitdin report, acknowledged data as the knowledge
economy's currency. The role of data in tourismvidedge management has been recognized for seveaes.y
The issue of monitoring tourism and its sustairigblhas been a topic for over two decades. Fucét’al.
(2014) pointed out the fact that for a long-timestainable tourism used to be misused as a pélitatahphrase
with several definitions but remaining a blurredncept. Delaney and MacFeely (2014) and many other
emphasizes that consumption and expenditure instouare dispersed across a wide range of industries
transport, accommodation, catering, entertainmeulture, sports, and other related services. N&y ahthe
destination level, but in general, tourism statsthave become consequently difficult to comparth wther
economic sectors (Delaney and MacFeely, 2014) sian€2014) pointed out another issue that thereases of
inappropriate use of tourism indicators or witheombinations of related indicators. Thus, the tssaf the
analysis are put out to the danger of inconsisteQuantifiable data has become an essential ass@nty in
destination management but also in the processe®rducting evidence-based policies impacting soari
Already in 1995, concepts of Tourism Satellite Aaets were designed to increase and improve knowledg
tourism’s relationship to overall economic actie#tiat the level of member states (UNWTO, 2008)prasent,
national partial tourism data, data from relatedlustries, data about related social a demograptsces of EU
member countries are open and accessible at Noatarelof Territorial Units for Statistics (hereiteafNUTS)
levels 1- 3 level (European Union, 2017). For lodastinations represented by destination managemen
organizations (hereinafter DMO) uniting local pebdind private stakeholders operating at distrietdimafter
LAU 2) levels, this data is only partially usablehere have been efforts with the aim of buildingpkfedge
structures based on down to top principals usifgrmmation and communication technologies (hereeraftT)
and data mining methods to fill the gaps at locadtohation management. Examples of tourism inetiap
systems may be identified all across Europe. Thedsskh DMIS for advanced observation of destinafioe,
the TourMIS Austrian marketing information systeor tourism managers, European Travel commission’s
dashboard demonstrate the power of reliable datdestination management (Fuchs et al., 2015; Saitbou
al.,2016; ETC, 2017).

Due to tourisms' nature, most of the related indest products cannot be tested (for example,
accommodation, meal, ride in an amusement parl, ecline feedback has become one of the main rfscto
within potential visitors’ decision making. With@&billion active monthly users, the social netwéikcebook
may be considered as the global environment faxtiorg user-generated content (Clement, 2020). Toege
search engine covering more than 60 % of all mgntldsktop searches worldwide, is the global ledder
online information distributing (Netmarketshare2@). For the above mentioned, Google and Facebwokbe
considered the essential platforms for the momprof customers’ level of satisfaction and othemiso of
interests’ visitors’ experiences. Service providerthin tourism are capable of communicating thateat of
their products via their own or secondary commuigcachannels. Without active marketing of geo ariding
heritage carried out by local administrators astida8on managements organizations, protected ‘areas
management organizations, museology institutiorlecal governments, the content of these objeqtsimarily
distributed by visitors communicating their expade within their communities or via online user-gexied
content (hereinafter UGC) concentrated on socialiapeand travel & tourism related platforms. Whilglly
communicated experiences of visitors are recordeth® person receiving the information, open actéSE€
may be used for continuous monitoring of both temrservices' consumers and visitors of geo a miméngage
points of interest. Tourism service providers aepahdent on primary tourism resources, which, targe
extent, comprise of geological heritage and sttthe landscape. In terms of Slovakia's miningdmisiand its
anthropogenic results, objects of mining heritagetiibute to the total value and potential of priyntourism
resources in several local areas. For the reldtiprisetween the tourism industry and primary resesiito result
in natural and sustainable tourism developmens, itecessary to work with both local economy daich data
related to geo and mining heritage (Newsome andlingn2018).

The global aim of the paper is to analyze the Uitalnif open governmental data with the combinatadn
social media and travel & tourism related web aggtions’ data accessible via open application Enogning
interfaces (hereinafter open API) for raising awasss about and monitoring of points of interestated to
geosites and objects of mining heritage.
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Materials and Methods

The protection and preservation of natural objectandscapes and their attributes as geologinattstres
or relief form as parts of global heritage are e8akfor future generations’ opportunity to stuphanet Earth’s
geological history and admire nature’s astonistieguties (Strba a Rybar, 2015). Covering sevepgas of
this issue, as geology, geomorphology, tourism,agament, and economy, the most complex approactmay
found in the concept of Geotourism (Strba a RyBad45). In terms of Geotourism, an object with ataier
potential for Geotourism is referred to as a geo@eynard, 2008; Bujdosé a kol., 2015; Strba adRy2015).
More specifically, Strba & Rybar (2015) define gées as geological or geomorphological objectst Have
achieved scientific, cultural, historical, esthetic social-economic value due to human percepiiarse.

Mining tourism resources connect aspects of indalstechnological, cultural, and ethnographic taaye
into a cognitive educational and experiential fafiourism (Rybar, 2013). Rgcki & Dryglas (2017) indicate
a missing unified agreement within the academic roamity, whether mining tourism is identical to irsdital
tourism. While industrial tourism mainly relates ttte industrial nature of the visited object oraarmining
tourism covers several aspects related to the guimdustry (Réycki & Dryglas, 2017). According to Rybar
(2013), the variety of mining heritage relevanthiitmining tourism are objects and phenomena tratige to
see and get to know:

* mining technologies,

» processes explaining mining and raw material @seing,

» historic mining objects,

» stories of historical personas with a significampact on the mining industry,

e mining traditions (Rybar, 2013).

Mihali¢ (2013) focusing on environmental resources' paréorice in destinations has identified several
approaches and perspectives of tourism resouregsyarization. Some authors emphasize environmental
attractions and attractors as primary resourcestaumism services as supportive resources; sontmglissh
primary resources as non-reproducible and secoratargproducible (Tisdell, 1991; Ritchie and Crqu{(03).
From these perspectives, among primary tourismnpiatemay be included natural preconditions andicsoc
cultural results of anthropogenic activities (MiliaR013). In terms of tourism resource categoriratimth geo
and mining heritage may be placed among primarguregs. Geological heritage objects can be classHs
natural tourism resources, and geological processe@rimary preconditions (climatic, geomorpholagic
hydrogeological). Objects of mining heritage mayalssigned to anthropogenic sources (technicalraasirial
objects, museums) and intangible aspects relatdbtraditions of mining to cultural and sociakats.

Strba et al. (2018) within their comparison of nimethods of assessing geosites identified intésect
among indicators binding to objects' uniquenesaservation status, economic potential, added aptiyenic
and cultural value, accessibility, added functioralie, representativeness, vulnerability, ecollgialue, level
of protection and observation conditions. While a@ve-mentioned indicators were identified in mibian half
of the methods, less than half of the methods usdidators related to information availability, @iace from
tourist centres, nature of the surrounding countigifing rates, marketing, road infrastructuraffic capacity,
and educational value. One of the methods withn ¢bhmparison, constructed by Strba and Rybéar (2015)
focuses comprehensively on the evaluation of gesdibth in terms of scientific value and in terrhgooirism
(in the form of geotourism) and its marketing. Vifittheir method, one object is evaluated in teegaties, but
the maximum value of the criteria in individual @gbries is identical. This way, the maximum valfieriteria
such as physical accessibility, availability ofadmnhation, relevance for tourism, the value of tlegviees
provided is in balance with the criteria tendingrento scientific and environmental value.

For geoheritage conservation, education, and gaetoun an area a geopark may be established. The
United Nations Educational, Scientific, and Cultu@mganization (hereinafter UNESCO) defines geopak a
nationally-protected area containing many geolddiegitage sites of particular importance, rarityag@sthetic
appeal, that operates as an integrated concepbtaction, education and sustainable developméNESCO,
2006).

Based on the report of the Office Government of $tevak Republic (2016) about the Zemplin area's
potential of inclusion among geoparks, the Zem@&opark is located in the southwest of the Trebdistrict.

In the core of the area arises from the Tokaj wéggon in Tokaj hills. In the southern part and #estern part,
the geopark borders the Hungarian part of the Tokag region, and in the north, it borders the ZBmplills
(see Figure 1). In the eastern sector, the riveta®a flows into the river Bodrog, which furthervils across the
southern sector of the territory (see Figure 1)thiWithe scope of the paper, the report's thirceaarcontaining
the area's passport from the perspective is easeifitie passport contains 80 localities compridimogm 3
archaeological sites, 22 geosites, 19 mining hggibjects, 5 historical and 10 cultural-historieadmarks, 4
recreation zones, and 7 objects related to viticeltAll of the objects may be considered as paifitaterest.
Most of the objects are in the core of the geojautke Tokaj Wine Region. On the other hand, alniadt of
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the geosites are located on the outskirts of tlopaek in the village of Brehov. According to Krsékal. (2017),
the essential density of water elements in the fofm rivers, numerous wetlands, abandoned mearatets
other water structures, resources of water toudsald become in the case of meaningful cooperdiaween
the geopark, officials and local stakeholders tteasi future building block of sustainable touridevelopment.
From their perspective, the Somotor channel cormemanteresting potential waterway connection betwthe
core and east part of the theoretically extendegak (KrSak et al., 2017).

Several examples of online UGC's use within touri@search may be found from all around the world.
Dolan et al. (2019) used the Qantas airline’s mesiat Facebook for identifying, categorizing, amalgzing
patterns in customers complaining practices froe ghrspective of a brand’s co-creation and co-detbn.
Within a combination of textual and feedback andrudemographics extracted from data related tokshec
via Facebook at points of interest, Kerson et 201f) created personalized itineraries. Based o€ &&d
check-ins data from Foursquare, Aliandu (2015) ubkxive Bayes probabilistic classifiers for analggin
sentimental values of visitors' feedback Kupandphesia. Chorley et al. (2013) analyzed the visitoersonas
from the perspective of conscientiousness, extsawer friendliness, and neuroticism on a samplel 63
globally active Foursquare users. De Vries (20k&duive user data recorded by Google Places éatiiying
and monitoring user hotspots. Other authors focusweb data scraping techniques from tourism-related
platforms without and open application programmimgrface as Booking and TripAdvisor. Silva et (@018)
identified spatiotemporal patterns in the Hospiyalbased on ad-hoc routines for web data extraotioser
aggregations of point-based grids. The Python-b&mdpy framework was used for extracting usertbaekl
from Booking and TripAdvisor with the aim of conding sentimental analysis over textual user comment
(Martin-Fuentes et al., 2018)

Since data representing points of interest at booedia and travel & tourism platforms are register
mostly by tourism service providers for marketinggoses or by visitors sharing online their expesée the
availability of open access governmental data edlgb geo a mining heritage is essential. In thee oaf
Slovakia, the most complex in the field is the St@eological Institute of Dyonyz Stir's (hereinaf&GUDS)
web services accessing data mapping significanfogeal localities, old mining sites, and geomoriaigical
areas.
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Figure 1. Map of geo and mining hentage pomtsmérests extracted from SGUDS data

SGUDS's datasets were used as professionally selégput data for spatial representation of geckgi
and mining heritage from experts the point of vig#ee Figure 1). Besides the above mention regmagsport
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wast processed into a structured format projectiarnvector layers (See Figure 1). Most of the nuegd anc
other related research used third party applicatia® Ncapture, Netvizz, LikeAlyze a Karma fixtracting
UGC, which has limits in terms of geographical aagge. Sidor et al. (2019) within their effort toeidify
service providers with an obligation towards logatupancy taxes created a simple reusable wayttacexlate
from Airbnb, Booking, Feebook Places, Foursquare, Google Places, and dvipdx

For the paper’s aim, the Sidor et al. (2019) metivad used to create a radial grid layer (1 point}@90
meter) over the area of the Zemplin geopark (Sger€i2). The points of the layer w further used for makin
extraction calls to Facebook Places Graph API, Godjaces API, and Foursquare Venue . For the
purposes of senautomatic data extraction, a simple radial baseg iao Python connected the relevant APIs
was used. Afterwas] according to the daproviders categorgnd type identifiers, records relating to prim
natural and anthropogenic tourism resources weparated and aggregated from the users' interaci
Afterwards, the walking accessibility of the geesitandobjects of mining heritage enlisted within the a¢-
mentioned passport, from a sample of Points of@stewith a higher volume of interactions was t@stethe
environment of the Google Distance Matrix £

......

~ 1000 m radial grid
+ 1000 m point grid
LAU 2 boundaries of the area

Figure 2. Radial grid layer over the boundaries of the Zerﬁé@opark
Results and Discussion

Within the examinatiorof SGUDS’s map servic additional records of geo mining heritage were
identified (See Figure 1). The data set naiSignificant geological localitiesontained one object represent
a paleontological locality in the Brehov municipyaland a sedimentological and petrographic locdlityhe
municipality of Streda nad Bodrogom. Within the SB& map server, data set nameEducational geology —
Zemplin hill alsocontaining records of geosites (8 springs, 2 graisl - sand pits- clay pits) and mining
heritage (5 active quarries, 2 abandoned miningksyot4 idle quarries) with the are of the geopaiks
identified. Most objects are concentd in the municipalities Ladmovce (4), BySta (4),cklany (3), V&ka
Tina (3). Other municipalities contain two objects (&g, Brehov, Streda nad Bodrogom, Ma&d, Bara ol
one (Sirnik, KaSov, Somotor, Maly Kamenec,I'kfe Kamenec, Hfel, Cejkov). In inother data set of the
institute nameddld mining sites29 objects were identified, comprising ping moy#s), shafts (10), tunne
(2), and heaps (2). Most objects are concentratedhé municipality of Cejkov (10), followed by tl
municipalities of Véka Ta (9), Ladmovce (7), Bara (2) and gy (1). Based on the attributes of the obje
it can be stated that none of the objects neelds fahysically remediate

From the 324 extracted objects within the areadhefgeopark, extractefrom Faceboo Places Graph API,
104 records contained actual rating, with an awe@gll ratings per object and an average rating.@6. In
terms of tourism resources categorizing, 38 objeatsa category identifier belonging to Hospitaly of then
containedan actual rating with an average of 26 per object @ 4.75 average rating. While most objects
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highly rated, only two of them have more than 18f@ngs. In the case of natural and anthropogenidsm
resources, 28 objects were identified, from whinly @ were rated. One of the objects, the compfexfd wine
cellars in Mala Tha may be considered as an object of mining herig8ge Figure 3).
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Figure 3. Map of natural and anthropogenic POIﬁ’a(xtedh?rom Facebook Places Graph API

From the perspective of user check-ins, 186 objelitéed a user reaction, with an average of ckiesk
pre objects. Logically, most check-ins containecords of municipalities. Tourism service providesgerage
422 check-ins per object, most of them were reabratecafes, lodging and restaurants as Espressoogod
(3192), Zlata Puiia Restaurant & Pension (2448), TOKAJ MACIK WINERX188), Chateau GRAND BARI
(1377), Korona Etterem (1274), Penzion Aqua Mafia4Q). Objects of natural and anthropogenic ressurc
average 195 check-ins per record. Concerning tmaber of “likes” and check-ins (See Figure 4), best
results were achieved by the Tokaj Lookout Towaruanamed point in the village of HraRakoczi castle in
BorSa and the castle in ¥¢f Kamenec.
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Figure 4. The ratio of the number of check-ins kel of natural and anthropogenic objects withacebook Places Graph API
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Of the 305 Google Places objects identified ingeepark, 120 had an actual rating, on averagetingsa
per object, and an average rating of 4.2. Fromtaked number of objects, it was possible to unambigly
assign 17 records to tourism service providersytith 12 had an actual rating, with an average®faings
per object and an average rating of 4.4 points.|&\bst objects have a high average rating, origj@cts have
more than 100 ratings, namely Zlata iRut Restaurant & Pension (540.0) and Korona Remtay({315.0).
Within natural and anthropogenic tourism resourgesias possible to unambiguously identify 14 psiof
interest according (See Figure 5), of which 8 wated (average of 121 ratings with an averagegaifr4.65).
One object represents geological or montane heriflaineral spring in the municipality of Ladmovcéthvone
1 rating). In terms of the ratio of the numberatimgs, the criteria above 100 ratings, were meahbge identical
objects as in the case of Facebook Places GraphnaRiely the Observation tower Tokaj (572.0), Mandf.
Rakoczi Il. (213.0) and &y Kamenec Castle (173.0) (See Figure 6). Otheluated objects reached below
the number of five ratings.

R [T 5 =

i Administrativne hranice geoparku

Objekty prirodnych a antropogénnych zdrojov (Google Places, 2019)
® ['church’, 'place_of_worship', "point_of_interest’, 'establishment']
@ ['natural_feature', 'establishment'] H
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L @ ['tourist_attraction’, 'point_of'_ﬁnterest‘, ‘establishment']
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Figure 5. Map of natural and anthropogenlc POlsrasted from Google API
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Within the Foursquare Venue API, only 35 objectsendentified in the area, of which 18 objects colé
assigned to tourism service and only 7 objectdeelto natural and anthropogenic tourism resouiges Figure
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7). In both cases, the objects showed mostly zeedlfack values or very low values. One facilityhimtthe
Hospitality sector generated 19 on-site check-irak4j Macik Winery) with a high average rating (&t of
10), and the area's dominant in the form of thekibob Tower achieved 7 on-site check-ins with angtf 7.8
points.

Foursquare is actively used by almost 15 milli@véllers globally each month. The low level of fleack
on the platform may be subjectively caused by the of the Foursquare application mainly by useosnfr
countries that cannot be objectively included amthrggmain markets of inbound tourism in the Ko3iegion,
except the United Kingdom with a 2.2% share ofapplication.

Prirodné a antropogénne zdroje CR (Foursquare, 2019)
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Figure 7. Map of natural and anthropogenic POIsra«xtéd from Foursquare Venue APi\'

Due to a higher concentration of user-generateteobifcheck-ins, ratings) at the social networkdbaok,
the top 5 objects, in terms of check-ins on the s@ye selected for pilot testing (See Table 1ye€lof the five
objects are accommodation services providers, #riiva are part of the Hospitality sector. Thusmay be
assumed that their main target groups consistwfdis and one day visitors. Since the databaskeoGoogle
Distance Matrix currently does not contain walkirautes (cycling or hiking trails, sidewalks) betwethe
selected objects of geo & mining heritage and ttet get of objects representing Hospitality stakders,
generalized road routes within 5 km distance weszlu

The basic results (See Table 1) of the distandeindicate that three of the Hospitality stakehoddare
relevant in terms of geo and mining heritage olkjed¢nsity and user interactions at Facebook. TdprelSso
Bodrog café with over 1000 check-ins is situatedrrizgeosites (visible structures of Perlit anccanic glass)
and 5 mining heritage (abandoned quarries and iggaused as wine cellars) POIs with an averagaruist of
3.43 km. However, the disparity between a highenlmer of check-ins and a low number of ratings (0dihg
per check-in) may indicate that café is a hotspotidcal communities. The highest density of geanéing
heritage POls within 5 km was identified at thet@lRutia Restaurant & Pension in the municipality of \Ziyi.
The restaurant (0.08 rating per check-in) is sédatithin the limit to 5 mining POls (4 quarriesdannmined
perlite bearing) and 2 geosites (sites of volcayéss and obsidian). The Tokaj Macik Winery pronglialso
accommodation services (0.04 rating per checkdnituated within the limit to 5 abandoned quarrieise
winery itself has an underground system of histarige cellars in its immediate vicinity, which majso be
considered as an object of mining heritage, and Bllosest to the geopark's iconic watchtower other
tested objects did not achieve relevant results.
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Table 1. Basic results of the distance test ofeback POls and geo & mining heritage

Name Municinalit Number of Number of Average Number of geo & Average
pailty check-ins ratings rating mining POIs in 5 km| distance (km)
Espresso Bodrog Streda nad Bodroggm 3192 20 4.8 7 43 3
Zlata Puta
Restaurant & Vinicky 2448 207 4.8 8 3.75
Pension
TOKAJ MACIK P
WINERY Velka Tiha 2188 78 4.9 5 2.28
Chateas GRAND' | siovenske Nové Mest 1377 23 48 3 2.63
Korona Etterem Viky Kamenec 1274 108 49 1 2.8
Conclusions

Overall the largest volume of objects was iderdife¢é Google Places (500) and Facebook Places (U56).
terms of user interactions, with an overall aver@a§e200 check-ins per object, Facebook Places nmay b
considered the most suitable for pilot communigcatbthe 80 points of the interest from the geojsapssport.
Additionally, the 29 objects identified within SG33¥ dataset on old mines are for consideratiorughér
examination as suitable points of interest.

Due to the landscape of the area (large areasefards and meadows), most walkable trails to tdbjaic
geo & mining heritage is not recorded by web magliagtions as Google Maps or Apple Maps. This nuayer
the overall experience of a visitor or a geotouiisiorder to not to flood the geopark’s onlineissrvment with
geo and mining heritage objects at once. The feasonable step should be to assess the objeatstifr®
geopark’s passport by the methodology developedtoga & Rybar (2015). Afterwards, the paths to most
relevant objects' should be at least uploaded tog@oMaps. For both practical and research purpdbes
objects of geo a mining heritage within the passpbthe area should be updated as points of isténeall three
platforms. Firstly, to raise awareness about tlesistence and accessibility among users of the &
platforms. Secondly, to generate a critical masssef-generated content and feedback that coutdh reavider
online audience. Thirdly, to create an opportufotyadministrators of both the Tokaj Wine Regiorstiteation
and Zemplin geopark to monitor both tourists anotgerists satisfaction and feedback. If the objeelated to
geo and mining heritage were to be registered utiteraccount of one of the administrators of theaar
additionally all textual feedback (users’ writtegview) at the platforms could be extracted for iempénting
methods of sentimental analysis.

The possible issue of visitors in environmentallynerable areas and their irresponsible presenpevate
vineyards must be addressed by the public autbsridind local administrators. Even though the aegas
publicly accessible via officially marked trailsprtinuous on-site informing of visitors about cetrbehaviour
towards the local environment, communities andrthedperties is an essential part of developindasnable
forms geotourism.

Since none of the platforms' categorization of otg&ontains identifiers as geosite or mining heget the
use of appropriate combinations should be reasen&bl Google Places, it could be suitable to useifeed list
of identifiers ["tourist_attraction", "point_of interets”, "aural_feature"], but with different keywords as
geosite, mining, spring etc. For Facebook PlacespBAPI the identifier TOURS_SIGHTSEEINGand for
Foursquare Venue API the ligtNature Preserve", "Scenic Lookout", "Other Gre@utdoors"] could be
sufficient enough for the initial registration diet objects.

Even though data and feedback on geo and miniritapersites in the examined area of Zemplin geopark
were significantly absent, the results prove thainioring of both satisfaction in the tourism sectnd
monitoring of experiences from visiting geo and iminheritage points of interest is possible by rodthof
continuous machine extraction of data from the alocétwork Facebook, web application Google Plaues
travel platform Foursquare.
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Abstract

Aerial photography, monitoring and survaging small Unmanne
Aerial Vehicles (UAVS) is a modern, cheample, helpft and still
developing and improving area. For these purf the ongoing
research is focused mainly on the cameras and irpemgessing
methods and software. Howevas it was confirmed in the artic
a stabilized camera gimbal is also velgcessary to obtain quali
and bright pictures or video recordsd to allow the operator or t
tracking computer to track the camera’s line ohsig the point o
an interest.Because the camera stabilization is ey factor
influencing the quality of the pictures or videaslaconsidering th
application on the UAV@erforming the flights irthe low altitudes
and often also in the mountain terraithe wind conditions
turbulences, wind shears, which can varyther magnitudes and
directionssignificantly, the convenient stabilization of tbamere
gimbal can have a significant influenan the quality of the
obtained resultswhich are very important for the creation of
precise 2D or 3D models. Furthermore, itcrease the UAV
payload, it is important to use lightweighblutions.Due to the
onboard electronics of small UAVs, regarc the limited memory
and computational performancesmall microcontrolle including a
convenient, simple, and still fast enouggmtrol algorithm needs 1
be designed and implementéal.order to stabilizea camera gimbal,
it is needed to design a model of the actuatoravels as the
gearings, to propose an effective control algorittand to
implement the control algorithms intothe on-board
microcontrollers. This article deals with the modelling of t
actuator, conventional commercial servomotor usgda camera
gimbal stabilization and with the design and vedfion of the
improved control algorithm based on the inverseracteristics of
the actuator model. Due to thequirement of tt high-quality
images, wher¢he fast stabilization is needed, a dynamic coiva
feedback was implemented. And as tbhgroscopesare very
sensitive to the UAVs vibrations, theébrations ofthe camera
gimbal were eliminated bthe digital low pass filte The theoretical
background was experimentally verified by the ggmlal survey o
the stone pits in Sedlice, Vechec and KlatothimEastern Slovakia.
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Introduction

Unmanned aerial vehicles (UAVs) have been recamlyd in various applications. From the monitoring
and survey applications in regard to the miningasréRen, et al., 2019) as for example, object roani,
dump, surface subsidence, coal gangue heap, openiping pit or industrial site monitoring can bentioned.
In the terrain surveying and 3D modelling the tappiic changes are monitored, earthwork computaitaoe
perfomed, dynamic surveys of mine reserves ar@peagd, or soil erosion is estimated. From the egiofd and
environment monitoring and land damage assessnpgiications the tasks involving analysis of crolgi
decrease is very important, but also surface sahs& accumulated water, or soil destruction cambeitored
(Blistan, et al., 2016). In the case of geologmabther disasters, UAVs can be used for pollutimmitoring,
gas monitoring, coal fire monitoring etc. UAVs al§iad their applications in the land reclamationdan
ecological restoration assessment; they can be tmedxample, for the monitoring of the vegetattmverage
changes, for surveying of the land use or vegetatiassification (Ren, et al., 2019). Monitoring ahe
geological environment of mines is crucial itaproving mine environment and reducing amdigating
damage caused by exploitation (Li, et al., 2015)

For all of the above mentioned applications, agfetogrammetry, surveillance, and monitoring, tahg
the geological survey, monitoring of Earth resoarad the mining areas, monitoring of the ecologmaposes,
followed many times with the creation of the 2D &1l models, the utilization of a camera systemeisassary
(Blistan, et al., 2019), (Blistan and Kovanic, 2Dand (Lucieer, et al., 2014).

The accurate terrain data are not only the basthe®f3D modeling, but they are also important foe t
geological risk prediction, due to the fact thag thining exploitation also causes serious damagbedoth
land and the ecological environment (Ren, et @119, (Xiang, et al., 2018), (Fernandez-Lozanlgt2018).
The framework of UAV applications in the mining igites is presented in the Fig. 1.
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Fig.1. The framework of UAV applications in thexmg activities (Ren, et al., 2019 - modified byhaus)

The research in the above mentioned areas is misiollsed on the camera design and development and
related image or video processing methods and acdtKrsak, et al., 2016). The importance of theppr
camera gimbal stabilization is often forgottenhaligh it can have a significant influence on thaligy of the
resulting camera image or video.

It has to be also mentioned that the category efsthall UAVs has in comparison to the conventignall
used airborne systems many particulariti€gfhar and Jalovecky, 2010), as for example operdémnands
(Lipovsky, et al., 2019), dimensions, weight, comgpional demands and last but not least price efubed
systems, due to which a new interesting task hiasrarconstruction of a camera gimbal platform tbhgewith
the stabilizing and tracking control algorithmsfiflihg these requirements. Because without theveoient
camera stabilization the UAYV itself, the flight ntarvers and meteorological conditions, particuldhlg wind
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and turbulences in the mountain areas and duriadlight performed in the low altitudes above grddavel,
the quality of the images or videos can be dectkesgmificantly.

Recently multiple techniques for the camera gingtabilization have been developed. Some of them are
based on the PID controllers and on the enhanceofi¢héir parameters applying, for example, a feetoop
and steering parameters calculated from quatetnésformation angular velocities received fromaggopes
(Zych, et al., 2015) or evolutionary algorithms lsues PSO, GA (Rajesh and Kavitha, 2016) or on Hia g
scheduling approach with the gimbal model iderdifim the close loop manner by the PEM algorithm
(Golmohammad, et al., 2007) to reduce disturbaaoésprovide better performance and accuracy irsyseem
response due to their effectiveness, simplicity &asibility. As an alternative approach, the aiitd neural
networks can provide a more accurate model of tiwba system based on their non-linear mapping ¢deh
the inertial characteristics gyro-stabilized mgitinbal system (Layshot and Yu, X.-H., 2011). Othpproach
applicable for the micro and mini UAV category iasked on the DC servo motor control and a novelsbbu
control strategy employing the technique of undetyaand disturbance estimator (UDE) (Kori, Anarafed
Chandar, 2016). Other approach uses piezo mot@saéikov, et al., 2016) instead of the more comsemo
motors characterized by the higher bandwidth, iespponse and direct drive.

For the UAVs of mini and micro categories also gatshin the role of mechanical video camera staditiz
represent unacceptable payload, thus approachesl lmas the video stabilization using the computesiovi
techniques, software image stabilization (Wiriygataand Ruchanurucks, 2015), (Windau. and Itti,1201
(Pienizek, 2003) and video smoothing methodologies (Vazgund Chang, 2009) have been developed.

Our approach of the camera gimbal stabilizatiors . seommercial servomotor and the improved control
algorithm based on the inverse characteristicshef @ctuator model with the dynamic correction femttb
applying the angular rate signals from the gyrossop\nd thanks to stabilization, better input datéhe form
of the photos or videos can be achieved, and meage terrain models can be created.

Materials and Methods

Unmanned Aerial Vehicles

Nowadays, on the market, there are available mgmstof small UAVs. For the monitoring purposes, th
mostly preferred are flying vehicles from the catggof rotary wings, so-called “multirotors”. Thediffer
mainly in the number of rotors (starting from thretéors —"tricopter”). The usage payload is sliglihcreasing
with the number of rotors, the stability is alsdtbewhen comparing ie. tricopter versus hexacopttir 6 rotors
or octocopter comprising of 8 rotors. Flying timeostocopter OktoXL with installed 10 000 mAh baigs and
an additional payload of 1000 grams reaches stitenthan 15 minutes, what is enough for monitoihc
small area. An advantage of modular constructiosnadll UAVs is in the possibility of swapping baiés by a
spare (fully charged) in several seconds what gisethe ability to continue in the flight missiosurvey. In
Fig.2 octocopter predefined for carrying of the eaanwith the raised landing gear is shown. In tige E with
the number 1 protective hood is marked, 2 is maftr a 12" propeller, 3 is a rigger, 4 is a landiepr, 5 is a
battery holder and finally, as 6 a camera gimb&heled.
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Fig. 2. Octocopter OktoXL (sourckttps://www.mobilexcopter.com/files/ARF- Fig.3. Camera gimbal with the GoPro camera

OktoXL-Manual_%28en%29.9df

Camera Gimbal

Camera gimbals allow us to rotate the camera areaoH axis, so it is possible to track an objedhtefrest
and to have it still in the line of sight (Lozar9)10). There are many types of camera gimbals asmthd the
world. After the precise analyses of their paramsgteost, weight, and our requirements, the camienhdal with
two degrees of freedom was chosen (Fig. 3). Inrotdereach the highest precision in the positionargl
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smooth movement, the servomotors with the high bemof steps have been used (resulting in the angle
resolution less than 0.1°).

Considering the multi rotor application, the gimlall be used to compensate the roll and pitch esgif
the heading needs to be changed, a multi rotockeehan rotate around itsaxis, meaning that the third gimbal
axis is not necessary. As a camera, the high-qualitPro camera MagiCam SD21 was chosen. This caimera
predefined for such applications, as it can makekent and sharp images even if small vibratiozwuo.

To give the ground station operator the abilitysé@ online pictures from the flying UAV, the vebislas
equipped with the wireless video transmitter TS 8&yderating at the 5.8 GHz frequency), and in treugd
station, the receiver RC 305 was used.

Onboard Sensorics

To determine the UAV position and the camera gimpadition in the real time, the camera gimbal
platform was equipped with the IMU 9 DOF stifikertial measurement unit with 9 degrees of fresahe
66 channels GPS receiver Locosys LS20031 and tremedric pressure sensor BMP 102, the data of which
were processed by the mbed microcontroller. Thd irsrtial measurement unit includes a 3 axes anoeleter
(providing linear acceleration data), a 3 axes ggope (providing angular rate data) and a 3 axageiamer
(needed for the heading computation). All data wamboard stored to a micro SD card. To obtain &ebet
position determination and positioning precisiom an eliminate the noise and errors of the usedasn the
complementary filter was used for the INS and GB& €usion.

Servomotor Simulation Model

As a servo motor, we used the high-quality Power32D9TH servomotor (with the titanium gearings)ttha
allows us to rotate the camera gimbal in the rdngma —30° to +30°. It's dimensions are 40.3 mm x226m X
37.2 mm, its weight is just 57 grams, and the maximangular rate is up to the 750°/s. As it is vkelbwn, a
servomotor is a complex and nonlinear electromeichhrsystem. We didn't study servomotor’s internal
construction and gearing, but we modeled it aslackbbox” only according to the servomotor’s traiosi
characteristics measured using a special workstalibe servomotor was installed on a workstatiomnected
to the external rotational angle sensor (rotatiqgmatentiometer), which output data were sampledigushe
mbed NXP LPC1768 microcontroller at the 10 kHzra&s soon as the primary measured data were athlyz
the transport delay of 20 ms was determined. At tldment, we were aware of the difficulties thatwikk face
during the control algorithm design process (th&ahility when the regulator is fast, long reguatitime).
After additional precise analyses were completed,simulation model was designed and also simglifising
the Mason’s gain formula. The simplified simulatiorwdel of the Power HD 1209TH Servomotor in the Ilat
Simulink is shown in the Fig. 4.

I > %( > 480s+60000 |:|

input signal Transport s +133s2+3880s

Dela -
Y ’_b Transfer Function Scope

Fig. 4. Simplified simulation scheme of the POWHIR1209 TH servomotor

The obtained simulation results were compared thigéhreal measured data from the servomotor, and the
correctness of the proposed model was confirmedt isclear from the Fig. 5, where the resultarirthe step
responses are displayed, the simulation modekisigg enough.

For the quantitative evaluation of the proposed ehothe following statistical values were calcuthte
maximum absolute average error (MAAE), mean absduerage error (MAE), mean absolute percentage err
(MAPE) and quadratic integral error (QIE):

MAAE = 2.916°

MAE = 1.284°

MAPE = 0.0469 %

QIE = 9.1406.1¢

After the successful servomotor simulation modedigie, the complex model of the whole gimbal was
developed, considering the camera gimbal’s geanitiige roll and pitch axis, too.
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Fig. 5. Verification of the proposed POWER HD 1289 simulation model.

Results and Discussion

As it was mentioned earlier, used servomotors hbgetransport delay that makes the control algarith
design quite difficult. There are many robust cohtalgorithms primary designed for the systems wifth
transport delay, but usually, they are slow andehbigh computational demands. Considering the awboa
microcontroller that will be used for the camermlgél stabilization, our goal was to use as simfgerghm as
possible, obviously with the satisfactory resufisstly we decided for an open-loop control alduritbased on
an inverse function of the mathematical model. thertransport delay elimination, the correctivareat was
used. Based on the theory (Bakshi and Bakshi, 2@88)dynamic parameters of the controlled object loe
modified via a closed-loop corrective element. Tiain principle of the corrective element is to addlosed
loop, which needs to guarantee the stability arality) and to add an additional signal, initiallgtrused in the
control algorithm, that improves the controllingpopess (Madarasz, et al., 2009). In our applicatios dynamic
correction was performed; the angular rate sigf@m gyroscopes were added to the actuating sigpal
computed by the inverse model controller (IMC)tas illustrated in the Fig. 6.

w inverse Ur u i
model gimbal pitch

angular rate
gyroscopes

i
i
i
i
! .
i corrective element

..........................................

Fig. 6. Block scheme of the inverse model cohbap with the dynamic correction.

From the control algorithms theory, for the stapilpurposes, only the middle frequency asymptote is
important (it has to have the “~1” slope) (Bakshi @8akshi, 2009). The gyroscopes, as the anguiarsensors,
can be considered as a source of a high-frequdgogls- as they sense fast changes in the diredéionthe
reduction of the possible high frequency (distugbimoise (noise dynamics is considerably highen ttie
servomotors dynamics), the low pass filter was iegpfor the gyroscopes’ data. The low pass filtansfer
function is:

1
F(s) =
Ts+l (1)

whereT, is the filter time constant.
As the control algorithm was implemented in the thb@crocontroller, the necessity of the digitatefiing
algorithms creation and implementation in the ngordroller arose. Due to the high demands on thahjcs

and the lowest possible delay, the IIR (Infinitepitse Response) filter was chosen (Vaispacher, gadBréda,
Adantik, 2015).
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IIR Filter

The low pass filter, needed for the angular rat@ didtering, with the window size of 2 samples, sva
designed based on (Steven, 1997). The advantate ¢fR filters in comparison with the FIR (Finitepulse
Response) filters lies in the better filtering @pind the lower time delay. The main disadvantaigiR filters
is the possibility to be unstable.

lIR filter design approach: Consider the data thed to be filtered as an input signal for the ffjlia our
application, the angular ratgr. The output data from the filter are markedygs In the discrete-time domain,
the input data is one column vector (with the langtL), with samples numbered as 1, 2,.3L. Simple, the
IIR filter principle is based on the iterative afigbm. The output signal is computed from the achyput data
x(n), previous input datax((n—1), x(n—2), ....), and also the previous output dsa—1),y(n-2 ), ....).

In general, the formula for such IIR filter is knows a recursive equation:

Yur(k) = agxyp(k) + ayxr(k — 1) + axpp(k — 2) +
+azx;p(k —3) + -+ byyyr(k — 1) + byyyr(k — 2) + b3yyp(k — 3) + - (2

whereyr is the output filter datagr are input filter data (raw datdl represents the number of sampkgs,.a;
are coefficients, which the input filter data araltiplied by andb,...bs are coefficients, which the output filter
data are multiplied by.

The design of the used low pass IIR filter can yglaned on a simple example, where one output Eamp
and two input samples will be used. For a sampéguencyfs and a cut-off frequency, the following
relationship can be written:

— A—2Mfcl fs
Z=e (3)

where the criteriofi/f; falls into the interval (0, 0.5).
For the low pass filter, the coefficients can bepated as:

%=1-zb =2 (4)

In our application, the sampling frequerfgy 100 Hz was used. Based on the experiments argsasaf
the gimbal dynamics, the cut-off frequency wastedt = 1/6 rad.s' ~ 1 Hz. When the input signal is at the
frequency of = 20 Hz §/fs = 0.2), the attenuation of —9 dB occurs.

The filtering ability verification of the designéiR filter applied to the real measured angulae rdata can
be seen in the Fig. 7.
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Fig. 7. 1IR low pass filter verification (angulaate data as the input)
As it can be seen from the Fig. 7, the IIR filtdtefs out the high frequency ,noise", vibratiorisat

occurred at the time between 6—7 seconds. Whemth#-rotor realized a smooth movement, the IIRefil
passed the input data without any attenuation @#ailser, Bréda, Madarasz, 2015).
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Inverse Model Controller
Based on the aforementioned analyses, the invers#gelntontroller with the dynamic correction was
designed and simulated with the gimbal simulaticdet in the control loop (see Fig. 8).

\/ P In1 out1 + I:l

Sine Wave . + Scope
inverse model controller Saturationt

Gimbal model
Servo + gearing

1
1/6s+1

feedback correction sensorics
Fig. 8. The simulation scheme of the inverse mcaletroller with the dynamic correction

7 —Inverse model
—IM dynamic correction
15~

-—-Theta required

pitch angle [°]
]

-20¢ i I i i ey
0 1 2 3 4 5 6 7 8 9
Time [s]
Fig. 9. The inverse model controller simulatiomifieation

Running plenty of simulations of the designed camgimbal control algorithms with a variety of input
signals, the maximum time delay between the comnaarttl measured gimbal output of 13 ms (without the
dynamic correction), and only 1 ms with the dynagoerection was determined. Running the simulatidth
the steps input signal, the maximum steady-statar @f 0.04° in the pitch and 0.06° in the roll &mgvas
determined.

The correct inverse model controller behaviour s@sfirmed by the Fig. 9. A significant improvememt
the performance of the inverse model controllehwfite dynamic feedback correction against the catitveal
inverse model controller, especially in the regaolatime, can be seen from the the Fig. 9. Durlmg inverse
model controller simulation, the sinusoidal sigaalthe input signal (simulating continuously chaggpitch
angle with the amplitude of 20°) was used. Forrdwulator verification, only the sine wave sigreapresented,
as the sine wave signals represent the possiblemmawt of the UAV during manoeuver, climbing, destieg,
rotation around z-axes, or movement due to the wiimlvever, better results in the regulation timee do
angular rate signals used by the control law, weaehed for all input signals (step, ramp, etc.).

Tab. 1. Statistical errors for the controller viszation

IMC without the dynamic correction  IMC with the dymic correction

MAAE [°] 2.0497 0.2523
MAE [°] 1.3916 0.1510
MAPE [%] 0.6611 0.0180
QIE [] 2.3200 0.0280

From the Tab. 1 with overviewed statistical erroe1 be seen that in the case of the inverse model
controller with the dynamic correction, the deceeasthe achieved statistical errors, which meanmerease in
the quality of the control process, is obvious.
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Fig. 10. Hardware implementation

As the proposed inverse model controller was swfakhg verified by the simulation, it was implemedt
into the onboard mbed microcontroller (Fig. 10.3l accessfully tested on the real camera gimbahmtJAV
with the satisfactory results.

Geological Monitoring and Photogrammetry

When flying with the small and lightweight UAVs, @v a small gust of wind can significantly affecgith
flight, and the UAV has to compensate these distucbs continuously via changing the pitch and (mllyaw
angle) and position itself. To obtain high qualityages and videos, the camera gimbal is compegstairthe
UAV movements (position angles) as well as trackirgobject of an interest.

The proposed above-mentioned methodology was alsted experimentally. A geological survey was
performed using the UAV - Mikrokopter Okto XL in @peration with the Future Fly company that is amew
of the Aerial Work Operator Certificate No. SK/096,the stone, pits Sedlice shown in the Fig. ¥echec
(Fig. 12) and Klatov (Fig. 13) in the Eastern Skiga Based on the dimensions of the monitored grbkatos
were taken from the height of approximately 500 eret The camera gimbal stabilization and precise
positioning are extremely important as just smirations caused by the UAV's rotors, the noiseneftial
sensors used for the stabilization, or noise oftjpméng servo motors have a significant influergethe image
quality. Taken into account the 500 m height, \ilorgs in the camera line of sight with the ampléuaf just 0.1
degrees will result in the error of £0.9 meters andordingly blurred photos.

Image shown in the Fig. 13 was taken in the Klaoza from the height 150 m above ground level, and
subsequently, they were processed into the 3D magief the Agisoft PhotoScan software, as can ba se
the Fig. 14. In this area, the first set of testpigiures were taken without the enhanced stakiizeof the
camera gimbal (Fig. 15 and Fig. 16), and thesaumstwere then compared to the images taken wétlactive
camera gimbal stabilization (Fig. 17 and Fig. 183.can be clearly seen from the pictures, the pegand
tested stabilization of the camera gimbal leadhéottigher sharpness of the image and minimal noise.

Fig. 11. Aerial survey of the open pit mine Sedlic Fig. 12. Aerial survey of the open pit mine Vechec
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Fig. 13. Aerial survey of the open pit mine Klatov

Fig. 15. Photos taken without the enhanced cargeréoal Fig. 16. Detail of the objects of interest withtlwt enhanced
stabilization (A — building, B — grooved terrain). camera gimbal (A — building, B — grooved terrain).

Fig. 17. Photos taken with the enhanced camera gimb Fig. 18. Detail of the objects of interest withtlut enhanced camera
stabilization (A — building, B — grooved terrain). gimbal (A — building, B — grooved terrain).

In addition to the obviously seen functionalitytbé proposed camera gimbal stabilization from thetas
shown in Fig. 15 — Fig. 18., the correctness oftttemretical principles together with their implertation and
practical realization on the UAV was also provedtly fact that the resulting error of the imagehatson per
pixel was reduced in compliance with the theorétisgsumptions almost ten times.
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Conclusion

Aerial survey and monitoring using small Unmannestial Vehicles (UAVs) are modern, cheap and still
rapidly developing and improving the area, which ba used for a wide band of various applicatisash for
example aerial photography, photogrammetry, sdarak, and monitoring, including geological survey,
monitoring of Earth resources, of the mining ar@asnitoring of the ecological purposes, naturaasiers, etc.,
for which utilization of a camera system is reqdirBor these purposes, a stabilized camera gimbadessary
to obtain quality and bright pictures and to allth& operator or the tracking computer to trackddmera’s line
of sight to the point of interest. Considering thegpplications, a very challenging task is to desigproperly
stabilized camera gimbal, which can compensatevithrations caused by the UAV construction and ofana
itself, which is able to whitstand also the perfednmaneuvers and also which is resistant to thed win
conditions, that can cause significant problems wie stabilization, especially considering the Uldlization
in the low altitudes and in the mountain terramorder to stabilize the camera gimbal, it is neletdedesign a
model of the actuators as well as the gearingprdpose an effective control algorithm and to impdat the
control algorithms into the onboard microcontralleAs the payload of the used vehicle is importth&,small
and lightweight single cheap microcontrollers h&wée used. Due to the limited memory and computati
power of the small microcontroller, a convenienitne, and still fast enough control algorithm ned¢d be
designed and implemented. This article deals with modeling of the actuator, conventional commeércia
servomotor, used for the camera gimbal stabilimatend with the design and verification of the immd
control algorithm based on the inverse charactesistf the actuator model. As for the high-qualinages, the
fast stabilization is needed, dynamic correcticedfack based on the angular rates signals fromyttescopes
to the computed command was added. Considerintathdéhat gyroscopes measure fast rotational mowsne
they are very sensitive to the UAVs rotor vibrasprare noisy, and so the elimination of the undésr
vibrations of the camera gimbal applying the digibav pass filter for the angular rates signal éeded. As the
microcontroller is working in the discrete-time daim a discrete digital filter was designed.

UAVs nowadays are inexpensive and have wide applia also in the mining applications. The
correctness of the proper inertial sensors datsiorfiy data filtering, and fast camera gimbal sizéiion was
therefore proven experimentally in the geologiaaivey of the stone pits, using the UAV of the octoier
configuration, where bright pictures were obtainAd.UAVs are able to scan the terrain rapidly ahdaply,
also other experimental flights were performedhe stone pit area. In this case, the images olatdnoen the
UAV during the test flight without the enhanced eaengimbal stabilization were compared to the phodéen
with the proposed camera gimbal stabilization. Tésilts of the further image processing confirntexdtheory
and approximately ten times better results weréaed.

The further research will be focused mainly ondp&mization of the control algorithm also in couotien
to the fast-developing onboard sensors that carudmsl for the camera gimbal stabilization, whichl wil
significantly improve the quality of the images, ielhis determining for the further postprocessingaftware
used in the photogrammetry, for the texture infdiamain the topography and mainly for the creatidrihe 3D
terrain models in the areas, where the changesaations are monitored and evaluated.
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