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Spatial distribution of groundwater quality in connection with
the surrounding land use and anthropogenic activity in rural areas

Cristina L. Popal, Petre Bretcan®’, Cristiana Radulescu3, Elfrida M. Carsteal,
Danut T anislavz, Simona I. Dontu’ and Ioana-Daniela Dulama®

Water quality is essential for ensuring humane living conditions for inhabitants around the world. In this context, an important aspect
that must be taken into consideration is the water quality in rural areas. Special attention must be given in such cases due to a large number
of possible pollution sources, from industrial or agricultural, to wastewater resulted from human use of water supplies. This paper provided
valuable information on the status of a number of groundwater sources (60 wells) throughout Targoviste Plain, Romania. An extended study
of the spatial distribution of groundwater quality in connection with the surrounding land uses was achieved. The results obtained using
fluorescence spectroscopy have been completed by chemical studies in order to better establish the influence of nearby land use on well
water quality. It was concluded that external influences, such as soil type or land use, had a significant effect on the chemical content of the
shallow groundwater that supplied the wells. High concentrations of different pollutants found in shallow groundwater are determined by
anthropogenic activities, industrial an agricultural, conducted in rural villages and their surrounding areas. High concentrations of humic-
like organic matter (OM) were observed in a sparsely populated region, with a forest located nearby, thus evidencing a terrestrial input to
the water system. On the other hand, in the region where the highest concentration of protein-like OM was registered, the land was used for
agricultural purposes.

Keywords: water quality; fluorescence spectroscopy, chemical analyses; rural area.

Introduction

One of the world’s pressing problems is referred to as the “global water crisis”, which does not always
imply the lack of water. The quality of water to which people have access is an emergent issue. The problem of
poor water quality represents a daily concern, especially in developing countries, being considered a parameter
for establishing the social and economic development of the countries (Draghici et al., 2017; Diaconu et al.,
2017). In developing countries, inhabitants of urban and peri-rural areas rely on water wells as sources of
drinking water and agricultural use (Lapworth et al., 2012; Cartwright et al., 2019). Therefore, innovative
monitoring methods (Wittenberg et al., 2019; Yang et al., 2019) have to be developed and regulated for the
microbiological, chemical and physical assessment of water (Jang 2013; Rotaru and Raileanu, 2008; Pavelescu
et al., 2013; Zhou et al., 2016; Othman et al., 2018; Soler et al., 2018; Sakizadeh et al., 2019; D'Aniello et al.,
2019). Contaminants produced by different anthropogenic activities (Ionus, 2011; Boengiu et al., 2016; Shaad &
Burlando, 2019; Diaconu et al., 2019b) such as nitrates and pesticides caused by fertilization of agricultural
fields as well as untreated human and animal wastes may leach into the groundwater, altering the quality of the
water sources (Palmiotto et al., 2018; Thomas and Famiglietti, 2015). This increases the risk of contracting
diseases associated with pathogens originating from faecal sources, such as cholera, dysenteric and enteric fevers
(Bain et al., 2014; Sorensen at el., 2015).

During the last couple of decades, the attention of scientists has been directed towards the study and
development of a rapid technique for investigating the composition and dynamics of organic matter (OM)
present in every type of aquatic environment. Recent studies (Hudson et al., 2007; Sorensen at el., 2015, 2018;
Nowicki at el., 2019) emphasized the importance of using fluorescence spectroscopy for testing water quality
and its potential to be used as a tool for monitoring the microbial activity in aquatic media. The results of their
research suggested that the study of peak T, according to Coble nomenclature (Coble, 1996), can be linked to the
presence of pathogens, thus providing a tool for accurate assessment of the aquatic system water quality.
Furthermore, fluorescence spectroscopy has proved to be able to offer valuable and reliable information on the
type of OM content present in various water sources, either of proteic or humic origin. This method allows the
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identification of different characteristic markers which suggest the presence of bacterial matter or the terrestrial
influence on the studied water systems (Hudson et al., 2007).

This study aimed to provide scientific data for characterizing and evaluating the water quality of shallow
groundwater from an extended rural area in Romania. To this purpose, 60 wells were chosen in order to cover an
area of around 1,000 km2. The experimental results obtained using fluorescence spectroscopy have been
correlated with chemical studies in order to better establish the influence of nearby land use on well water
quality. The chemical tests performed on the samples targeted specific chemical compounds that pose a danger
to human health. The novelty of this study consists of a large number of wells investigated spread throughout a
large rural area in Romania. The information obtained upon analysing the water from wells spread on an
extended area could provide insight on the characteristics of the groundwater in that region (Avram et al., 2018;
Dontu et al., 2018). Thus, the premises for more extensive research regarding the water quality assessment in
rural areas in Romania would be created.

Materials and methods

Site description

Targoviste Plain is situated in the South-central part of Romania (Dambovita County), with a surface of
1,061 km” and 200,000 inhabitants (60 % living in rural areas). In the rural side of Targoviste Plain wells are
still being used as drinking water sources. The water quality provided by these wells must be monitored
continuously due to contaminants resulted (Ionus 2011; Minea et al., 2016; Minea 2017) from domestic and
agricultural activities (i.e., crops and livestock farming) and climatic factors (Official Report of the Ministry of
Health, 2016; Marinica et al., 2016; Pravalie et al., 2016; Minea and Croitoru, 2017; Andronache et al., 2017;
Romanescu et al., 2014; Dunca, 2018; van Engelenburg et al., 2018; Grigora & Uritescu, 2018 ; Gohar et al.,
2019). Targoviste City is the only urban centre in the studied area with intensive industrial and commercial
pollution. Targoviste Plain is defined mainly by meadows and broad terraces along the Ialomita and Dambovita
Rivers, and by its gravels and sands content, covered by loess deposits. The altitude of the studied area decreases
from north to south, from 400 m to 200 m. The phreatic layer is situated at depths of 1-3 m in the meadow, 4-6 m
in the low terraces of lalomita and Dambovita Rivers and 25-26 m in the high terraces of the Dambovita River.
Anthropogenic involvement on both rivers (for example, dam reservoir, fish ponds, etc.) leads to modification of
the hydrological regime with direct implications on the transit of alluvial deposits from the bedrock and on the
supply of the aquifer (Sencovici, 2014). The predominant activity is agriculture (53% of the area is arable land,
9% grassland and meadow, and just 25% forest), the region is famous for vegetable crops (Sencovici &
Costache, 2012; Costache et al., 2014; Costache&Sencovici, 2015; Dunea et al., 2018). The water samples
originated from 60 wells located throughout the Targoviste Plain will be hereafter referred to as W0-W59
(Figure 1). Their association with the studied area is depicted in Table 1.
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Figure 1. Map of samples location and the land use in the Targoviste plain
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Table 1. Water supply status in Targoviste Plain
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Targoviste city WO 79,610 35,886 35,417 233 236 34,106 955 75 750
Baleni Sarbi W1-W5 4,707 2,374 - 1,702 672 - 1,184 99 1,091
Bucsani W6-W12 3,667
Habeni W13 1,439 2,309 1,175 506 628 - 1,236 37 1,036
Racovita W14-W15 1,263
Comisani, W16-W19 3,480
Lazuri W20 W21 1.920 1,835 743 717 375 - 1,068 3 764
Decindeni W22-W23 2,502
Mogosesti W24 566
Rancaciov W25-W26 1.996 3,064 2,167 533 364 70 1,492 43 1,459
Ungureni W27 1,315
Dragodana W28 1,373 2,327 1,290 620 417 - 1,178 29 1,120
Gura Ocnitei W29 3,160
Adanca W30-W31 1,826 2,748 1,546 611 591 148 1,522 38 1,040
Sacuieni W32 1,830
Lucieni, W33 2,544 1,303 650 403 250 - 626 80 597
Nucet W34 2,162
Cazaci W35 1,396 1,463 225 697 541 - 649 14 800
IIfoveni W36 499
Persinari W37-W38 2,750 934 - 483 451 - 252 12 670
Raciu W39 1,566 1,505 1,018 233 254 - 609 102 794
Razvad W40-W42 4,266
Val'ea ' W43 3.023 3,403 1,838 1,036 529 219 2,055 19 1,110
Voievozilor
Teis W44 2,489 2,247 1,498 405 344 174 1,129 130 814
Colanu W45-W46 289
Nisipurile w47 79
Udresti Was 316 1,570 989 392 189 - 1,003 42 525
Viisoara ‘W49-W50 1,370
Vacaresti W51-W54 3,173
Bratestii de Jos W55-W56 666 1,664 57 1,240 367 - 763 63 838
Bungetu W57-W59 1,407

Sampling, sample preparation and analytical techniques

The water samples were collected in sterile plastic bottles and preserved in a cool box, at maximum 4°C,
until analysis. All the samples were measured within 48 hours from the collection in order to minimise the risk
of degradation. 60 wells (i.e. W0-W59) spread throughout Targoviste Plain were chosen for the study. The water
analysis, including pH, electrical conductivity (EC), salinity and total dissolved solids (TDS), were performed by
using pH/ISE meter inoLab® pH/ION 7320. Nitrate was determined using Dionex ICS-3000 Ion
Chromatography system equipped with lonPac® AS9 analytical column with AG9 guard; the eluent was 1.8
mM Na,CO;/1.7 mM NaHCO;5; the flow rate was 2.0 mL/min, and the sample volume was 25uL. The analysis
and quantification of elements (i.e. Cr, Fe, Co, Ni, Cu, Zn, Cd, and Pb) were performed by Inductively Coupled
Plasma - Mass Spectrometry (ICP-MS) by using iCAP™ Qc device (Dulama et al., 2017). For ICP-MS analysis,
the samples (about 15 mL) were digested with aqua reggia on a hot plate by using a TOPwave Microwave-
assisted pressure system, according to the procedure proposed in previous studies (Radulescu et al. 2016;
Radulescu et al., 2017). After the digestion process, the PTFE-TFM vessels with samples were cooled for 1 hour,
and then the solutions were transferred with distilled water to 25 mL volumetric flasks. Finally, the clear solution
samples were analysed by ICP-MS. The quantification of this technique was performed by a standard curve
procedure. Metals calibration curves showed good linearity over the concentration range (0.1 to 10.0 mg L™),
with R* correlation coefficients in the range of 0.996 to 0.999 (Chelarescu et al., 2017). Calibration was
performed using standard aqueous solutions (Merck). The measurements were performed in triplicate mode. The
relative standard deviation (RSD) was less than 5%.

Fluorescence spectroscopy was used in order to highlight the characteristics of OM. To this end, excitation-
emission matrices (EEMs) were recorded using FLS-920 Edinburgh Instruments spectrofluorimeter which
operates with a 450 W Xe lamp. Upon their recording, the spectra were analysed for distinct excitation/emission
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wavelengths. Specific fluorescence maxima were identified, using the peak picking method and associated with
different types of OM present in the tested water samples (Coble, 1996). The EEMs were registered using
excitation wavelengths in the 230-400 nm range and emission wavelengths between 250 and 500 nm, with steps
of 5 and 2 nm, slits of 4 nm and an integration time of 0.2 s. The water Raman peak was recorded before each set
of measurements in order to establish the stability of the instrument. The spectra were recorded in triplicate, and
average values were used in the analysis.

Topographic, hydrological, hydrogeological and statistical information were processed and digitized using
ArcGIS 10.4.1, the resulted thematic maps is based on a spatial database. The spatial distribution of the values
was determined using non-parametric and linear geostatistical methods for estimating the spatial variation of the
variables (Joumel, 1983; Chica-Olmo et al., 2014; Secu et al., 2015; Diaconu et al., 2019a).

Results and discussion

Chemical analyses

For a proper understanding of the water quality in the studied area, a number of chemical investigations
were performed (Table 2). A slight acidic tendency could be noticed, as most of the samples had pH values
slightly lower than 7. The lowest pH value (6.53) was registered for water sample W2, while the highest value
(7.39) was recorded for sample W55. Given the fact that the pH values were in the 5-7 interval, it should not be
considered as an impact factor for the differences observed in the fluorescence intensities. Reynolds & Ahmad
1995; Patel-Sorrentino et al., 2002; and Spencer et al., 2007, evidenced that when at pH values comprised in the
5-7 interval there were no significant differences in the fluorescent intensity signals. With regard to the electric
conductivity, elevated values were measured for three samples, W6, W8 and W12, originating from the same
village - Bucsani. High conductivity values indicated high concentrations of TDS (Figure 2), which were
charged minerals in most parts. International agencies such as World Health Organisation (WHO) and the United
States Environmental Protection Agency (EPA) established a maximum TDS level that must not be exceeded in
drinking waters of 500 mg/l (www.epa.gov, WHO Guidelines for Drinking-water Quality, 1996). It could be
observed that almost all of the water samples presented TDS concentrations higher than the maximum accepted
value, which suggested the presence of charged ions, including salts and metal ions. As could be expected, the
highest salinity values were also registered for the same well samples W6, W8 and W12. Our results revealed
that in the majority of cases, high concentrations of hydrogen carbonate were obtained, compared to the value
used as a standard by global organizations such as EPA and WHO. The lowest concentrations were recorded for
three out of five samples collected from Baleni village (W1, W2 and W3). Past studies (Rylander, 2008)
suggested that waters with concentrations of hydrogen carbonate higher than 110 mg/l are more beneficial to
human health.
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Figure 2. Spatial distribution of TDS in the study area

With regards to the concentrations of nitrates, sulphates, chlorides, calcium and magnesium from the water
samples, the registered values were compared with the maximum allowed values, according to the Romanian and
European Committee regulations (Romanian Law no. 311 from 28/06/2004; European Committee Directive
2006/118/CE). The results obtained indicated that well W18 registered the minimum Na, Ca, Mg, K, Sr and Ba
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concentrations, while W38 had the maximum values for Mg, Ca and Sr concentrations out of all the recorded
values. These areas are situated in the proximity of vineyards. Certain types of grapes used in the wine industry
need soil with different concentrations of nutrients. This could explain our findings, the mass cultivation for
obtaining wines being responsible for the alteration of soil composition and thus of the groundwater quality
parameters. The greatest Ga, In and Tl concentrations were recorded for well W6. An explanation for these
results was the exploitation practices in the surrounding area. Beside agricultural practices, the region
surrounding Bucsani was known for oil and natural gas extractions. Therefore, the presence of heavy metals in
the groundwaters was tightly linked to the human activities nearby, among which was the manufacturing of
mechanical components.

The chemical analysis revealed that all the sulphate and chloride concentrations were much lower than the
maximum allowed values, the highest being 31.25 mg/L (W15) and 98.75 mg/L (W6) respectively. In the case of
nitrate concentrations, the majority of the registered values were below the maximum allowed by law. However,
for sample W2 it was recorded a concentration of nitrates of 60.4 mg/L, this being the highest value. Such values
could signify a potential of exposure of the population to the risk of developing methemoglobinaemia in new-
borns and adults with deficiencies of glucose-phosphate dehydrogenase. Given the fact that W2, W15 and W6
were found in regions characterized by arable land and construction sites, it was assumed that the high values for
the sulphate, chloride and nitrate compounds were determined by the agricultural uses of the land (mainly corn,
wheat and sunflower crops).

The spatial distribution of nitrate concentrations was presented in Figure 3a. According to a study
performed by the World Health Organization (WHO), the natural nitrate concentration in groundwater under
aerobic conditions could reach a few milligrams per litre, but must not exceeding 10 mg/l, depending on the soil
type and the geological background (WHO Guidelines for Drinking-water Quality 2011). However, as a
consequence of different agricultural activities, the nitrate concentration may increase by 100%, an extreme
example being an agricultural area from India, where the nitrate concentration from groundwater reached 1,500
mg/L (Jacks and Sharma 1983; Nitrate and nitrite in drinking-water WHO, 2011). Intensive agricultural practices
in the area might explain the relatively high levels of nitrate represented in Figure 3a. Although nitrate content in
water can have a significant influence on human consumers, there are other threats that can be found in the
groundwater supplies. Among these dangerous substances, heavy metals must be mentioned due to their
cumulative effect. Lead is a cumulative poison, which has a strong effect, especially on children as well as on
pregnant women and their fetuses (Lead in Drinking-water — WHO 2011). It is considered that an intake of a
maximum of 5 pg/l from drinking water should not pose immediate health issues. In this context, it could be
observed in Figure 3b that some areas were more affected than others, especially the ones corresponding to
samples W1-W5. Comparing the two maps presented in Figure 3a and Figure 3b, it could be noticed that the
same approximate area had high levels of lead and nitrate, possibly coming from industrial chemical waste. We
could suppose that previous anthropogenic activities caused high levels of lead and nitrate now found in the
groundwater system.
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Figure 3. Accumulation of nitrates (a) and lead (b) in the water samples
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Table 2. Information on sampling location and hydro chemical characteristics

Depth of TDS Cr Fe Co Ni Cu Zn Cd Pb
hydrostatic Sampling Temperature Conductivity Salinity (mg/L) (ng/L) (ng/L) (ng/L) (png/L) (pg/L) (ng/L) (ng/L) (pg/L)
n=60 level (m) depth (m) (°C) pH (uS/cm) (%o0)

Mean 6.02 9.04 13.58 6.88 1.397.98 0.69 680.00 49.93 341.04 0.93 37.40 13.44 44.06 021 18.86
Eﬁgfard 0.65 07 0.15 0.02 99.36 0.05 51.31 1.69 19.06 0.05 2.62 1.09 4.41 0.07 1.99
Median 475 715 13.50 6.87 1.225.00 0.60 590.00 51.33 303.95 0.83 30.24 10.12 3421 0.10 15.88
Mode 5.00 450 13.00 6.95 1.244.00 0.60 565.00 63.19 556.21 1.31 68.13 20.14 35.03 0.10 24.14
Is)té‘ji‘ii‘irgn 503 555 L16 0.16 269.60 041 394.12 12.28 138.72 0.35 19.06 7.94 32.09 0.50 14.51
f,*:::grlie 253 3078 135 0.03 592,286.15 016 | 155327.14 | 15072 | 1924446 0.12 363.35 63.00 1,029.61 025 | 210.61
Kurtosis 2.99 1.84 034 | 105 10.50 10.58 10.88 4.08 -0.05 3.12 0.44 118 0.00 2011 | 042
Skewness 1.61 137 049 | 0.63 2.95 2.97 3.02 142 0.56 0.90 1.00 132 1.07 07 0.76
Range 24.00 24.50 450 0.86 4421.00 230 | 2:265.00 70.12 682.54 224 87.84 34.84 126.42 332 50.46
Minimum 100 3.00 12.00 6.53 599.00 0.30 285.00 0.12 14.32 0.04 0.10 0.17 2.94 0.00 0.02
Maximum 25.00 2750 16.50 7139 5.020.00 260 | 2.550.00 70.24 696.86 228 87.94 35.01 129.36 332 50.48
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The accepted maximum concentrations of different metal ions, in groundwaters are regulated by national
and international laws enforced by different agencies (Ministry Order 621/July 2014, Romanian Law no. 311
from 28/06/2004; European Committee Directive 2006/118/CE and U.S. Environmental Protection Agency).
The spatial distribution of some heavy metals concentrations was shown in Figure 4. Our studies showed that the
tested samples have Cr concentration close to the maximum accepted value, with the lowest concentration
registered for sample W18. Co, Cu, Cd and Pb concentrations remained within the allowed range, while the iron
concentrations were close to the maximum allowed limit. Also, 95% of the samples presented high
concentrations of Ni, the highest value being registered for sample W37, over three times greater than the
maximum allowed value. The high concentrations of Ni which were found in groundwater bodies could be a
result of ore-bearing rocks found in the vicinity of the water sources, this supposition being also backed-up by
research undertaken by WHO concerning the influence of ore-bearing rocks on the environment (WHO 2011).
With regards to the Zn concentrations, in three cases, W26, W42 and W56, the registered values exceeded the
maximum allowed limit. The high concentrations of this particular compound could have originated from the

Roads Rivers Roads Rivers
Lakes Lakes
Villages Villages
Cr (ug/l) Ni(ug/l)
e e
- —

Fluorescence spectroscopy

Fluorescence spectroscopy was used in order to identify the presence of protein-like and humic-like
components of OM. A graphical illustration of the geographical distribution of the fluorescence spectroscopy
data is presented in Figure 5. The protein-like signature in the fluorescence spectra is given by peaks T
(tryptophan-like) and B (tyrosine-like), while the humic-like marker is exhibited by peaks A, C and M (Coble,
1996). Peak T was recorded in the region A,=230-240 nm/A.,=325-345 nm, while peak B was determined in the
region A,,=230-240 nm/A.,;=300-310 nm. In the case of humic-like substances, the wavelengths domains were
Aex=230-250 nm/A.;=405-430 nm for peak A, A,=300-350 nm/A.,,;=410-435 nm for peak C (Carstea et al., 2013)
and A,=312 nm/A,,=380-420 nm for peak M (Carstea et al., 2013; Hudson et al., 2007).

The acquired data revealed that the humic signature (peaks A and C) was more intense than the proteic one
for most of the samples. The highest values registered for these peaks originated from the sample wells W26 and
W41 located near forests or pastures, while the lowest values corresponded to the water collected from W38
where arable lands and construction sites could be found. Peak M, usually found in areas that have recent
biological activity (Coble, 1996) had the highest intensity for sample W22 situated on the green area, while the
lowest value corresponded to a well situated in an area where the land was predominantly used for vegetable
plantation and greenhouses. Lapworth et al. (2012) showed that greater quantities of OM reach shallow water

79

10,5 14 f 10,5 1¢
ke e
Legend Legend
\ ° Roads Rivers
§ %ﬁg@:resu:r?@n
. i )
\;5 \ci Villages y - Villages
2Zn (ug/) 0 X CulWg/l)



Cristina L. Popa, Petre Bretcan, Cristiana Radulescu, Elfrida M. Carstea, Danut Tanislav, Simona I. Dontu and Ioana-Daniela
Dulama: Spatial distribution of groundwater quality in connection with the surrounding land use and anthropogenic activity in rural areas

tables (~1.5 m below ground) compared to deep aquifers. Apart from a natural OM contribution, nutrients from
the agricultural activities could infiltrate into shallow water beds through rainfall and surface runoff.

Peaks T and B were commonly associated to microbial activity (Hudson et al., 2007), and recently,
Sorensen et al. (2015) found a relationship between peak T and enteric pathogens in drinking water sources. This
relationship depended on the water source proximity to toilets, the depth of the well, the type of bedrock and
season. The highest intensities for peaks T and B were registered at the water sample W26. According to
Sorensen et al. (2016), 91% of water sources contaminated with thermotolerant coliforms were located within 10
m of a toilet. Pit latrines and septic tanks are commonly used in the rural area of the Targoviste Plain, and
therefore it could explain the results.
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Figure 5. The distribution of fluorescence peaks associated with protein-like and humic-like substances

For determining the predominant OM fraction of each water sample, the ratio between peaks T and C was
evaluated (Figure 6). As mentioned before, the results suggested that the majority of the tested samples were
predominantly comprised of humic or fulvic-like material with the T/C ratio less than 1. Only twelve out of 60
samples presented values higher than 1 for the T/C ratio, suggesting that in the case of these samples, the
microbial signature was more significant. We observed that the sites where the water samples presented the
highest T/C values (W6, W12, W24, W26, W40 and W57) were located in the vicinity of mostly arable lands. In
the region where the samples were collected, there were also a few construction sites, but the arable lands were
predominant. This could explain the contamination of the groundwaters with soil enriched with organic fertilizer
which may have led to an increase of bacterial activity in the soil. Another possible explanation could be the use
of organic fertilizer, thus causing higher fluorescent intensities for protein-like peaks. This assumption was
supported by studies which suggested that in recent years, the focus has been directed toward organic farming,
using animal waste among other practices (Lori et al., 2017). In the case of wells W6 and W12, there was
another possible explanation for the high intensities registered for peaks T, B and M. These wells were located in
an area with former oil exploitation activities. Previous studies (Carstea et al., 2012) demonstrated that water
samples containing traces of petroleum had characteristic fluorescence signatures, giving rise to higher
intensities of peaks T, M and B. Therefore, with regard to samples W6 and W12, the most probable explanation
for high values of the peaks B, T and M was the presence of petroleum in the groundwater samples. This
hypothesis was supported by the chemical analysis performed on samples W6 and W12. Also, there were high
concentrations of heavy metals usually found in the composition of petroleum products (Akpoveta and Osakwe,
2014). Moreover, sample W6 had the highest concentrations of Co and Cd from all the tested samples, while the
concentration of Pb from sample W12 was high. These results, along with the knowledge of the previous use of
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the land suggested that the intensity of peak T might have been influenced by petroleum content, microbial
content, or even both.

The lowest values of T/C ratio (T/C <0.5) were registered for samples W14, W17, W21, W23, W56 and
W58. In these cases, the surrounding environment was comprised of forests (W14 and W56), pastures (W17,
W21, W23 and W58) and inland waters (W17 and W58). Well W57, which had a prevalent microbial-like
signature, was closer to the forest, while well W58, which exhibited predominant humic-like markers, was
situated in a region of the same village, farther to the forest land. It could be concluded that forests, pastures and
inland waters had an important contribution on the groundwater systems, in these cases, the humic-like signature
found in the fluorescence spectra being more prominent than the microbial-like markers.

In the region where the highest concentration of protein-like OM was registered, the lands were used for
agricultural purposes (arable land and a vineyard) as depicted in Figure 1. In contrast, the area where the T/C
ratio was lowest, thus suggesting a high concentration of humic-like OM, a region with reduced human
interaction was remarked, a forest being located in there.

Legend TiC
I 0.38-056 061-0.78

0.56 - 0.61 0.78 -1.51

P 151448

e S I < 48 -16.54
Ad:
e Gl
Dirgoiu )
St

Cotapu %Mﬂac&l
(v

ioAra

Cu;

\ (oda
Cath o i ;@L—/\/_/
0 3 6 9 12 T
] i -
- Bragulesti
Kilometers N~
Ll

Figure 6. T/C ratio, evidencing the protein-like and humic-like character of the studied wells.

In order to evaluate the degree of OM hydrophobicity, the emission wavelength of peak C was determined
for each sample (Figure 7). According to the studies conducted by Baker et al. (2018) low wavelengths,
registered in the 400-420 nm range, are associated to relatively hydrophilic OM, while high wavelengths,
ranging from 430 nm to 450 nm, are characteristic to waters with hydrophobic OM tendencies (Baker et al.,
2008). Most of the samples presented a tendency towards hydrophilic OM. Mixed hydrophilic — hydrophobic
and mostly hydrophobic matter was predominant in areas with fruit trees, forests, meadows and vineyards.
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Figure 7. The distribution of the hydrophobicity degree of groundwater OM.
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Table 3. Correlation matrix of the selected 23 Physico-chemical parameters determined for the left bank of lalomita River.

Conductivity Salinit| TDS| SO, [ HCO| Na | Mg | Fe | Co | Ga | Sr cd In Ba | T | Pb I;S‘ka P(Z“ﬁ’[ [Z“f)c I;S‘ka I;S‘Z‘)T CE(’"n’rij’O” 7/C
Conductivity 1
Salinity 1 1
7DS 1 1 |1
S0, 0.59 0.59 [0.59] 1
HCO; 027 | 028[0.28]0.63] 1
Na 0.33 0.33 [0.34]0.64]0.95| 1
Mg 0.64 0.62 10.64]0.36/0.19]0.30] 1
Fe 0.40 | 0.38 [0.40[0.23[0.30[0.42[0.84] 1
Co 0.75 | 0.74 |0.76|0.31{0.39]0.45]0.780.76| 1
Ga 0.85 | 0.85[0.85]0.55[0.51]0.56]0.67[0.46]0.80] 1
Sr 0.87 | 0.86 |0.87[0.43[0.17[0.34[0.67[0.56|0.82[0.73] 1
cd 0.87 | 0.870.87]0.55[0.54]0.62]0.63[0.51]0.88]0.93] 0.81 1
In 0.84 | 0.84 [0.85/0.500.53]0.62]0.65[0.58]0.93]0.90] 0.83 | 0.99 1
Ba 0.61 0.61 0.62]0.24]0.44]0.48]0.60|0.68]0.86|0.67| 0.73 | 0.76 | 0.83 | 1
7l 0.86 | 0.86 |0.87]0.4910.52]0.58]0.62[0.52]0.90]0.91| 0.84 | 0.98 | 0.99 | 085 | 1
Pb 20.08 | -0.09 -0.09-0.04-0.211-0.22[0.28]0.05]0.02-0.03] -0.04 | -0.08 | -0.11 |-0.14] -0.13 | 1
PeakA(a.u) 017 | 018 [0.17[0.11[0.21[0.21[0.20[0.12[0.09[0.29] -0.03 | 0.28 | 0.24 | 017 | 0.24 |-0.24| 1
PeakM(a.u) | 0.43 0.44 0.43]0.3110.43]0.4610.40]0.33]0.41]0.57] 0.27 | 059 | 0.57 | 046 | 0.56 | -0.31| 0.92 1
PeakC(a.u.) 0.02 0.03 [0.02]-0.0710.00]-0.02[0.04]-0.061-0.08{0.13] -0.21 | 0.0 | 0.05 |-0.02] 0.05 |-0.17| 0.96 0.80 1
PeakB(a.u.) 0.78 | 0.78 [0.78]0.50[0.57]0.63]0.51[0.50]0.81]0.81] 0.78 | 0.90 | 0.92 | 0.86 | 0.94 |-036| 0.33 065 | 012 | 1
PeakT(a.1t.) 0.77__ | 0.77]0.78]0.51]0.55]0.62]0.58[0.53]0.77[0.83] 0.71 | 0.89 | 0.90 | 0.80 | 0.91 [-034] 0.55 0.81 | 034 | 0.96 1
CEmission
(nm) 0.05 0.05 10.0510.2510.0910.0110.2110.001-0.0810.12) -0.17 | 0.01 | -0.08 |-0.16| -0.05 | 0.62| 0.04 0.02 | 006 | -0.18 | -0.11 1
7/C 0.72 0.72 [0.73]0.40]0.36[0.40]0.45]0.47[0.74]0.65] 0.82 | 0.73 | 0.79 | 0.86 | 0.83 |-0.34] -0.03 030 | -022] 0.89 | 077 -0.27 1
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Due to the various industrial activities that occurred in the surrounding area of the villages situated on the
left bank of the lalomita River, a correlation between the chemical analysis and the fluorescent data has been
made and is presented in Table 3. This particular region was subjected to oil exploitations, and there might be
some residual pollution related to this type of land use. On the other hand, there are villages, such as Razvad
(W40-W42) and Bucsani (W6-W12) where the water quality of the wells could have been impaired due to the
diverse industrial influences in the region. From agricultural practices to waste resulted from the pharmaceutical
industry and the manufacture of mechanical equipment, the soil and groundwater system were exposed to
contamination with various chemical compounds, dangerous for human consumption.

As it could be observed, there was a good correlation (r>0.7) between peaks T and B and some heavy
metals (Co, Ga, Sr, Cd, In, Ba and TI). It was interesting to mention that the best correlation was registered
between peaks T and B and Cd, In and T1. These heavy metals are a major concern when found in drinking water
sources, and their strong relationships with specific fluorescence signatures could signify that fluorescence
spectroscopy could be used as a forefront investigation for determining the quality of groundwater sources,
although more research should be undertaken before affirming with absolute certainty that there is a direct link
between them. The concentrations of T, In and Cd in this area could be linked to the activities performed in the
nearby plant that is specialized in manufacturing mechanical components.

It is important to monitor the groundwater quality, especially in regions where people rely on this kind of
water supply for their daily use. The present studies generated a platform for further data, regarding the ability to
monitor and identify potential health threats that people might come in contact to. The increased number of
studied wells as well as the extent of the area which was investigated, bring new light into the mechanisms that
influence the contamination of groundwater systems by external influences, such as soil or land use activities. In
this context, our results offered new information on the status of various wells distributed across an extended
rural area that relies mostly on well water for daily consumption of household and agricultural endeavours. It is
necessary to maintain permanent control of these wells, considering the agricultural activities and exploitations
undertaken in the surrounding area, which can lead to alteration of the water quality.

Conclusions

This study presented an evaluation of well water quality from private and public wells located in a rural
area from Romania, with industrial and agricultural inputs. The study of chemical parameters and fluorescence
indicators was useful to illustrate the impact of soil particularity and anthropogenic activities on groundwater
quality. Environmental information regarding the land use in the vicinity of the wells suggested that due to
agricultural activities and former oil exploitations, the water quality decreased, in some areas posing a real
danger to the population who uses the wells for drinking water.

It was observed that external influences such as soil and land use had a major effect on the chemical content
of the groundwater that supplies the wells from Targoviste Plain. Thus, in 95% of the cases, high concentrations
of Ni were detected, as a result of ore-bearing rocks found in the vicinity of the water sources. Moreover, the
present and former exploitations of the land could have determined an excess or a lack of chemical compounds
in the water. An example was the impact of vineyards on the water quality parameters, different types of grapes
needing different types of nutrients, influencing the concentration found in the soil and the underground water.
In the same manner, the water coming from wells found in regions where oil extractions are common practices
had traces of heavy metals.

Low concentrations of hydrogen carbonate, and high concentrations of lead (50.48 pg/L) and nitrate were
found as the result of anthropogenic activities in construction sites and arable lands. High registered values for
the sulphate, chloride and nitrate compounds were determined by the soil enriched with organic fertilizer, which
also may have led to an increase of bacterial activity in the soil. In the region where the highest concentration of
protein-like OM was registered, the lands were used for agricultural purposes, while a high concentration of
humic-like OM was present in a region with reduced human interaction, a forest being located there. It could be
concluded that there was a strong connection between land uses surrounding wells in rural areas and the water
quality they provided. Moreover, the large number of analysed wells spread throughout an extended area
provided an overall image on the status of surface underground water sources in a particular area of Romania.
These findings could create the premises for even larger experiments in order to gain an accurate understanding
of the mechanisms that influence water quality in rural areas.
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The Influence of Parameters of Drilling and Blasting Operations
on the Performance of Hydraulic Backhoes at Coal Open Pits in Kuzbass

Maxim Tyulenev', Oleg Litvin', Sergey Zhironkin’ and Magerram Gasanov’

The article describes a problem of increasing hydraulic backhoes performance on the open coal pits depending on the parameters of
drilling and blasting operations. When developing coal-bearing zones of complex-structured coal deposits, due to the design features of
working equipment, mobility and autonomy, hydraulic backhoe excavators are able to perform both mining and overburden operations more
efficiently than rope shovels. Hydraulic backhoe excavators are extracting machines with downward scooping, which determines the
working out of shotpile of the blasted rock in several layers. Therefore, the primary technological directions of increasing the efficiency of
backhoes’ operations are the justification of parameters of drilling and blasting operations to ensure a rational degree of rock crushing and
rational parameters of the face for maximum realisation of the design features of excavators. As a result of research, the specific
consumption of explosive and the diameter of explosive boreholes are among the most significant controlled technological factors that affect
the quality of rock crushing. The substantiation and practical application of rational technological parameters for hydraulic backhoes at the
open coal pits can provide higher technical and economic indicators on the backhoes application, compared to the rope shovels. The
research was based on the data from Kuzbass (Kemerovo region, Russia) coal deposits being developed by open pits.

Keywords: drilling and blasting operations, the performance of backhoes, the diameter of boreholes, specific consumption of explosive,
excavators

Introduction

More than 110 excavators of hydraulic backhoe type with a bucket capacity of more than 5 m’ are currently
in operation at Russian open-pit mines at overburden operations (Kolesnikov et al., 2018). About 60 machines of
this type operate in the open-pit mining of Kuzbass coal deposits. In particular, at the open-pit mines of coal
company “Kuzbassrazrezugol”, the number of overburden mining and transport complexes based on hydraulic
backhoes (produced by Liebherr, Caterpillar, Terex, Hitachi) with a geometric bucket capacity of more than 5 m’
was about 20 or 12% of the total excavators’ pool at the end of 2011. During 2015, they have excavated and
loaded more than 100 million m® of the rock mass (Tyulenev et al., 2019). Over the coming years, the number of
excavators of hydraulic backhoe type is expected to significantly increase and bring the annual volume of work
with their use to 150 million m® of the rock mass. The average bucket capacity will be more than 14 m’.

At the initial stage of implementation at Kuzbass open-pit mines, the performance of backhoes for stripping
work was significantly less than the productivity declared by the manufacturers. This was explained not only by
the lack of practical experience in operating hydraulic backhoes, but also by the lack of recommendations on the
basis of which it would be possible to create the most favorable conditions for the realisation of the high
potential of backhoe-type excavators (only a few researches in this area were performed) (Bhaveshkumar and
Prajapati, 2013; Prakash et al., 2013; Nam and Drebenstedt, 2004; Nam and Drebenstedt, 2009; Conigliaro et al.,
2009; Moore and Paredis, 2010; Zhang et al., 2011).

The functional dependence of the performance of the excavator on the parameters of drilling and blasting
operations is a necessary element of the optimisation model for substantiating its rational value (Hrehova et al.,
2012; Mattis et al., 2012). There are various methods of establishing the dependence of the performance of an
excavator on the parameters of drilling and blasting operations, differing in the detail of taking into account the
initial factors. For example, the excavator's performance is calculated depending on the diameter of the middle
piece of the blasted rock mass and the associated excavation parameters (rock loosening coefficient, bucket
filling ratio, duration of individual operations of the excavator's production cycle) (Matushenko, 1975; Litvin
and Nikiforova, 2008). Along with this, there is a less detailed approach, in which only the average diameter of
the rock piece, the coefficient of rock loosening in the shotpile and the share of the oversized fraction are
involved in the calculation (Alabuzhev et al., 1966; Molotilov et al., 2009). The use of a particular approach
determines the range of factors that can be researched using an appropriate calculation model and, therefore, has
the defined purpose.

Therefore, the challenge remains to justify the dependence of the excavator’s performance on the
parameters of drilling and blasting operations based on the specific consumption of explosive, which, in turn, is
determined by the strength of the explosive rock, the diameter of the borehole charge, and the model of the
excavator. Correct determination of specific consumption, in turn, can allow achieving the optimum degree of
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crushing of overburden, which is an essential factor determining the performance of excavators.
Passport excavator performance (Q,, m’ / hour) is set from the formula (1):

_ 3600 XE

Qp = (1)

tep

where E is the geometric capacity of the excavator bucket, m’;
t., is the passport cycle duration when rotated through an angle of 90°, sec.

The technical performance of the excavator (Q, m’ / hour) depends on many factors, the main of which are
the characteristics of the size and state of the exploded rock mass. In turn, the characteristics mentioned above of
the quality of explosion preparation of the rock mass are determined by the combination of technological
parameters and the strength properties of the rocks. These include:

- specific consumption of explosive (g);

- borehole diameter (d,,);

- the geometric capacity of the excavator bucket (E);
- coefficient of rock hardness by Protodyakonov (f).

The indicator of the efficiency of the excavation process is the ratio of the technical performance of the
excavator in specific mining conditions to the passport performance (excavation efficiency coefficient, C,,):

Q
Coe = Q—p @)

The excavation efficiency coefficient has the following properties.

1. The efficiency coefficient is an asymptotically increasing function up to 1 according to the parameters of
specific consumption of explosive and the capacity of the excavator bucket.

2. The efficiency coefficient is a decreasing function according to the parameters of the diameter of boreholes
and the strength of rocks.

3. The partial derivatives of specific consumption and the capacity of excavator bucket with ¢ =0 and £ =0
are equal to zero.

4. The mathematical design of specific consumption of explosives, borehole diameter and rock strength in
combination with the dimensional magnitude of the acceleration of gravity are the dimensionless value and
characterises the ratio of the significance of these factors, which is experimentally confirmed by the overburden
crushing model (Katsubin and Makridin, 2018). It should be borne in mind that the indicator of the rock hardness
actually has the dimension of pressure.

On this basis, the functional dependence of the excavation efficiency coefficient C,, is taken as an exponent
(Litvin and Nikiforova, 2008):

Coe =1—exp [—a X ( )b X EC] (3)

dwXf

By mathematical transformations, the expression can be reduced to a linear model with three unknown
parameters @, b, ¢, which were determined by multivariate analysis methods using actual data on 78 mass
explosion projects at Kuzbass open pits in 2011-2015. These values were defined as the following: a = 840, b =
2,¢=0.5.

Materials and Methods

An important role in achieving the maximum performance of an excavator is played by the degree of
crushing of rocks by an explosion. Imitation calculations confirmed that the rational degree of crushing depends
mainly on the operational parameters of the excavator, the blockiness of the exploded rocks. The rational degree
of crushing Z, depending on these factors can be calculated by the formula (4) (Kovalev and Litvin, 2012):

ni
de

EN2 +n3

Z, =1+ 4)

where d, is the diameter of rock fracture without displacement, m (the distance between the adjacent cracks in
the rock array);
nj, ny nz are the constant parameters characteristic of the considered excavators (hydraulic backhoes), n; =
2.0, n,=0.13, n; = 0.93.
The value of 1, = 0.13 confirms the conclusion made when analysing the actual performance of hydraulic
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backhoes and their power characteristics that, as the bucket capacity increases, the rational degree of crushing
changes to a lesser extent than when using old models of rope shovels (for rope shovels n, = 0.9).

The rational values of the specific consumption of explosive in the preparation of overburden for hydraulic
backhoes are 20-50% higher than the values, recommended for rope shovels with a corresponding bucket
capacity (Scott et al., 2010; Hummel, 2012). Herewith the actual values of specific consumption of explosive are
higher than calculated ones by 10-30%. For comparison, Table 1 presents data on a rational degree of crushing
for the rope shovels (ECG excavators) with a bucket capacity of 5-20 m® with the most common rock hardness
ratio for Kuzbass open pits /= 5-9 (Tyulenev et al., 2017).

Table 1 — Rational degree of crushing for explosive rock preparation for basic models of rope shovels

The rock hardness ratio by The geometric capacity of the excavator bucket, m’
Protodyakonov
5 10 20
5 1.40 1.36 1.32
6 1.58 1.52 1.46
7 1.79 1.71 1.63
8 2.03 1.92 1.82
9 2.30 2.17 2.04

According to Table 1, in the considered bucket capacity and rock hardness, the degree of crushing for
hydraulic backhoes Z, = 1.53-2.53, and for basic models of rope shovels Z, = 1.40-2.04. At the same time, as the
bucket capacity increases from 5 to 20 m’, the degree of rock crushing for hydraulic backhoes decreases by 4-
6%, and for rope shovels by 9-24%.

Hydraulic backhoes require a higher quality of explosive crushing of overburden, which predetermines the
need to increase the specific consumption of explosives by 4-15% compared with the basic models of rope
shovels with comparable bucket capacity (Table 2).

Table 2 — Rational degree of crushing of explosive rock preparation for hydraulic backhoes

The rock hardness ratio by | Backhoe model, the geometric capacity of the excavator bucket, m*
Protodyakonov
Liebherr-984C Liebherr-994 Liebherr-|  Terex
9350

5.2 6 7.5 10.3 11 13.8 20.6

3 0.9 0.9 0.9 1.18 1.18 1.18 1.17

4 1.34 134 | 1.33 1.32 1.32 1.31 1.30

5 1.53 1.53 | 1.52 1.50 1.50 1.49 1.47

6 1.77 1.76 | 1.74 1.72 1.72 1.70 1.68

7 2.04 2.03 | 2.01 1.98 1.98 1.96 1.92

8 236 | 235 | 232 2.28 2.28 2.25 2.21

9 2.72 2.70 | 2.67 2.62 2.62 2.58 2.53

10 3.13 310 | 3.06 3.01 2.99 2.95 2.89

11 3.58 3.54 | 3.50 3.43 341 3.36 3.28

12 4.07 | 4.03 | 3.97 3.89 3.87 3.81 3.71

According to Table 2, the rational degree of crushing for the rock with higher Protodyakonov hardness ratio
for hydraulic backhoes is 15-25% higher than for rope shovels. Compared to the same dependence for increasing
the bucket capacity for both types of the excavators, it confirms the fact that hydraulic backhoes are the
excavation equipment that is very sensitive to the quality and uniformity of explosive crushing of rock. It is
known that the diameter of boreholes is a parameter of drilling and blasting operations, which significantly
affects the quality of explosive preparation of the rock mass. Therefore, the justification of the model of drilling
rigs, working in complex with hydraulic backhoes should be made taking into account the technical indicators of
the drilling, blasting and loading operations.

In the theory and practice of explosive preparation of overburden to excavating and loading operations,
there is a fundamental principle — more even distribution of explosive in the rock array contributes to improving
the quality and uniformity of rock crushing. From this point of view, the use of explosive boreholes of smaller
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diameter has a more favourable effect on the quality and uniformity of crushing of the exploded rock mass.
At the same time, at present, at Kuzbass coal open pits, there is a steady tendency to increase the volume of

drilling of explosive using drilling rigs with relatively large diameter boreholes (more than 240 mm). The reason
for this is considered to be the higher performance of powerful drilling rigs both in the total length of the
boreholes and in the volume of drilled rock. Over the past 10 years, the average diameter of blast holes has

increased by more than 15% (Fig. 1).

80
70
60
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40
30
20
10 I
0 || —_
216 244 270 320
2012 Borehole diameter, mm

2002
Fig. 1. Dynamics of drilling borehole diameter (the share in all boreholes — based upon the data from authors’ surveys and calculations).

As can be seen in Fig. 1, by 2011, up to 20% of the boreholes at Kuzbass open pits had the diameter of 270-

320 mm, while in 2002 there were none of them. The increase in the diameter of the boreholes entails an
increase in the specific consumption of explosives. In addition, there is a need to increase the over-drill as a part
of the borehole (Fig. 2). Over-drilling of boreholes is carried out with the purpose of developing the bench floor,
which ensures the possibility of maintaining the horizontal level of the lower working platform. Low quality of
the rock mass preparation at the bench floor is due to the low loosening rate of the array in this zone. The
possibility of increasing the loosening rate at the floor level is possible, in particular, by increasing the length of

the over-drill (/,,.,). It also means an increase in tamping length (/4.
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Fig. 2. Conventional charge pattern at different borehole diameters (source: own processing).

The diameter of the boreholes determines the uniform distribution of the total amount of explosives in the
exploding rock array (Chung et al., 1991; Benselhoub et al., 2019). With the existing principles for calculating
the tamping of boreholes, it is known that a more uniform distribution of explosives in the array corresponds to

smaller values of the diameter of the boreholes (Wu et al., 2006; Sun and Deng, 2014; Wang et al., 2018).
Practical experience, experimental and theoretical studies indicate that the uniformity of placement of

explosives in the array, achieved by reducing the diameter of the boreholes, contributes to increasing the
uniformity and degree of crushing of the rock mass (Litvin and Nikiforova, 2008; Kovalev and Litvin, 2012).
This fact applies to all categories of overburden and all types of explosives used at Kuzbass open pits. For
illustration in Fig. 3, the qualitative influence of the diameter of the charge on the output of the oversized

fraction of blasted rocks of various categories by explosiveness is shown.
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Fig. 3. Influence of charge diameter on the output of oversized fractions for hard and medium shooting rocks (based upon the data from
authors’ surveys and calculations), %.

As it can be seen in Fig. 3, the lower borehole diameter provides higher blasting quality both for tough-
shooting and medium- tough- shooting rocks. The effect of charge diameter on the quality of crushing at
different specific consumption of explosives manifests itself with different intensity, and in order to maintain the
degree of crushing at a certain level with increasing borehole charge diameter, it is necessary to increase the
specific consumption of explosive.

So far, in the methodological part of the standard projects of mass overburden rocks explosions in Kuzbass,
the following recommendations were made for the use of boreholes of different diameters drilled by rigs
developed for rope shovels in 1980-1990s (Oparin et al., 2012):

1. For easily shooting rocks of homogeneous blockiness, it is possible to use boreholes of relatively large
boreholes diameter (250 - 350 mm).

2. For middle-shooting rock category, borehole diameters up to 250 mm are preferred.

3. For tough- shooting rocks that are not uniform in blockiness, the most appropriate are relatively small
diameters (150-190 mm).

However, currently, there are no sound recommendations on the choice of the size of modern high-
performance diesel drilling machines, working complete with hydraulic backhoes.

The increase in the specific consumption of explosives with an increase in the diameter of the boreholes is
due to the existence of two regularities. The first is related to the need to ensure a rational degree of rock
crushing for the applicable size of the excavator’s bucket. This pattern is reflected in the previously established
and statistically justified formula (3) (Litvin et al., 2009), which is the basis for calculating rational values of the
specific consumption of explosives in the development of projects for mass explosions at many Kuzbass open
pits.

The second regularity is that as the borehole diameter increases, it becomes necessary to increase borehole
over-drill in order to maintain high-quality explosive development of the bench floor. In the methodological
recommendations made for Kuzbass open pits, the length of the over-drilling of boreholes is related to their
diameter in accordance with the formula (5):

lover = 3dy X de +1 &)

where d,, is borehole diameter, m;
d, is the diameter of rock fracture without displacement, m
As the diameter of boreholes increases, not only the design specific consumption of explosives increases
but also the actual specific consumption — the ratio of the mass of the charge in the borehole to the rock volume,
bounded by the dimensions of borehole grid and the depth of borehole (not including over-drilling). Fig. 4 shows
the calculated dependences of the design and specific consumption of explosives on the borehole diameter.

92



Acta Montanistica Slovaca Volume 24 (2019), number 2, 88-97

1,2
1,1

0,9
0,8
0,7
0,6
0,5
0,4
0,3

0,2
100 140 216 244 320
= Design specific consumption Borehole diameter, mm

—&— Actual specific consumption

Fig. 4. The characteristic dependence of the specific consumption of explosives on the diameter of boreholes, kg / m’* (based upon the data
from authors’ surveys and calculations).

As can be seen in Fig. 4, both the design and actual specific consumption, providing the necessary degree
of fragmentation, increase almost in proportion to the increase in the diameter of boreholes. It fully corresponds
to the dependence shown in Fig. 3 (decrease in oversized fractions output with lowering the diameter of the
boreholes).

Results

Regularities of changes in the specific consumption of explosives (Fig.4), the productivity of drilling
machines depending on the diameter of boreholes, and the correspondence with the cost parameters of drilling
and blasting allowed us to establish the pattern of its influence on the excavators’ productivity.

The output of the rock mass can be calculated as:

PXk
v =2 (6)

where: p is the capacity of 1 m borehole, kg;
ky, s the fill factor of the borehole 0.7 - 0.75);
q is the specific consumption of explosives, kg / m’.

The capacity of 1 m borehole is defined as:

dZ
P=="xp ()
where p is the bulk density of explosives, kg / m’.
The output of oversized fractions (¢) is set from the following expressions:

¢ = exp(—0.82%5) (8)
_ v

A= o )

I = 0.8E033 (10)

where /y is the average diameter of an oversized piece of the rock mass (along with an excavator bucket), m;
d,, is the diameter of the middle piece of the blasted rock mass, m;

E is the excavator bucket capacity, m’.

The diameter of the middle piece of the blasted rock mass is determined by the formula (11):

5dyyxd,
doy =
5dy,+qxde

(11)
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The behaviour of the excavation efficiency coefficient C,, and Technical performance of the hydraulic
backhoe excavator (Q,) during the excavation of blasted rock was researched for the following conditions for
drilling, blasting and excavation works:

- overburden rocks have the hardness ratio by Protodyakonov of 3-12;

- the drilling of rocks is made by boreholes with a diameter d,, = 0.216 m;

- regulation of the width of shotpile was carried out by the schemes of millisecond-delay blasting and with
the use of explosions with a retaining wall;

- the specific consumption of explosives has its own range of changes depending on the category of rocks by
blockiness (Markov et al., 2018) (Table 3).

Table 3 — Range of specific consumption of explosives
Category of rocks by blockiness
(the distance between the adjacent cracks in the array, m)
1 n I w V
(<0.1) (0.1-0.5) | (0.5-1.0) | (1.0-1.5) (>1.5)

Indicators

The lowest value of specific

consumption of explosive, 0.1 0.2 0.3 04 0.5
kg /m’
The biggest value of specific
consumption of explosive, 0.5 0.8 1.0 1.2 14
kg /m’

A comparative assessment of the actual (really achieved) and estimated technical performance of hydraulic
backhoes Q, is given in Table 4. The reliability of the approximation of technical performance is 85%.

Table 4 — Comparative evaluation of the calculated and actual performance of the excavator (based upon the data from authors’ surveys and
calculations)

. The rock SP“’ﬁ" The technical performance of
Bucket Geometric . consumption of the excavator, m’>/ hour
X 3 hardness ratio by . ’
Capacity E, m Protodyakonov (f) explosives (q), kg /
v m’ Actual Estimated
52 5 0.48 307 310
6.0 9 0.82 342 282
7.5 9 0.75 301 337
10.3 5 0.45 496 531
9 0.75 420 474
10 0.66 499 430
11.0
11 0.71 490 432
12 0.8 533 444
13.8 5 041 607 700
5 0.29 842 901
6 0.55 835 930
20.6
9 0.75 791 870
10 0.71 971 926

Table 4 data analysis allows concluding that the discrepancy between actual and estimated data does not
exceed 17% with an average value of 11%. The specific consumption of explosive is one of the most significant
factors that affect the drilling and blasting preparation of rocks for excavation. The substantiation of the specific
consumption of explosives is carried out taking into account the influence of the rock hardness (Fig. 5), as well
as some other mining engineering factors.
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Fig. 5. Characteristic dependence of the passport excavator performance (m’ / hour) on the specific consumption of explosives (based upon
the data from authors’ surveys and calculations).

As can be seen in Fig. 4, the growth of specific consumption of explosives influences on the backhoe
performance in the maximum extent in the interval of 0.2-0.7 kg / mr’. It is true for both values of Protodyakonov
rock hardness ratio /= 4 (sandstone of middle hardness) and /= 12 (very hard sandstone, siliceous schist). The
following growth of specific consumption of explosives (0.8-1.2 kg / m®) leads to a slight increase in backhoe
productivity. This can be explained by the growth of borehole diameter, which causes the expanding of the
boreholes grid and worsening the rock crush.

Discussion

Hydraulic backhoes — the excavators that actively replace rope shovels at Kuzbass open pits, are more
depending on the quality of explosive preparation of rock mass, since the specific force on the cutting edge of
the bucket of hydraulic excavators is 1.5-2.0 times less, and the force applied to 1 ton of rock is 3-4 times more
compared with rope shovels. This makes hydraulic backhoes more productive machines, but their performance
greatly depends on the accuracy of drilling and blasting parameters defining. So they require a higher quality of
crushing of the blasted rock mass, which is less dependent on the model of the excavator as compared with rock
shovels with comparable bucket capacity.

At present, there is no uniform regulatory framework for explosive consumption for various types of
excavators in Kuzbass. Thus, for hydraulic backhoes Liebherr-994, Liebherr-9350, Terex (with a bucket capacity
of 10.3-20.6 m®) and the overburden rocks of the II" blockiness category, the specific explosives consumption is
0.45-0.6 kg / m’. At the same time, for a Liebherr-984C excavator in close conditions, the specific consumption
is 0.45-0.52 kg / m’. Reducing the borehole diameter makes it possible to reduce the specific consumption of
explosives due to a more even distribution of explosives in the array and a shorter over-drilling length relative to
the bench floor. However, there is a decrease in the productivity of drilling equipment both along the length of
the drilled boreholes and in the volume drilled. On the other hand, an increase in the borehole diameter is
associated with the need for an almost proportional increase in the specific consumption of explosives.

The expedient diameter of borehole charges in the preparation of overburden for excavation by hydraulic
backhoes with a bucket geometrical capacity from 5 to 22 m’ for small, medium and large blocks of overburden
is respectively 170-240 mm, 170-220 mm and 170-190 mm.

Specific consumption of explosives, achieved on the basis of production experience of Kuzbass open pits,
are characterised by significant fluctuations with a scope of this indicator reaching 1.5-2.33 times. For example,
several explosions for a Liebherr-984C backhoe extracting the overburden rocks with Protodyakonov hardness
ratio of 5 differ in specific consumption of explosives in 1.52 times. The explosions in the rock face for
Liebherr-9350 backhoe, according to the rocks with Protodyakonov hardness of 5-6 differ in specific
consumption of explosives in 1.74- 2.33 times. The wide scope of specific consumption of explosives, obtained
for different blasts, allowed maintaining the constant backhoe productivity with the dispersion of values not less
than 18%.
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Reduction of NOx formation under the limit combustion conditions
through the application of combined primary deNOx methods
on the gas boilers

Miroslav Rimdrl, Marcel Feda’kl, Andrii Kulikovl, Ivan C‘ornyl , Milan Abaham’ and Jan Kizek?®

The article deals with the issue of reducing the formation of nitrogen oxides in the boundary conditions of combustion. These
conditions occur at a high thermal load of the combustion chamber, while the amount of nitrogen oxides increases exponentially according
to the Arrhenius formula. Due to this, special attention must be paid to the combustion of natural gas, especially because there is a constant
demand for minimizing the formation of pollutants. The simulation model of a steam boiler with 4 industrial gas burners (heat output of each
is 17.8 MW) and the high thermal load of the combustion chamber (0.59 MW.m-3) is presented in the paper.

Simulation modelling and subsequent experimental measurements on a real object show how classical primary de-NOx methods
manifest themselves under extreme thermal loads. The result of the research is a significant reduction in NOx production, which was
achieved by a combination of primary methods.

Keywords: combustion, boiler, ANSYS, pollutants, NOx.

Introduction

Optimizing of combustion processes is an important task, considering efficient energy production. An
important area is the combustion of natural gas under the limiting/boundary conditions of the thermal load in the
combustion chamber, which relates directly to the formation of nitrogen oxides. There are many scientific papers
(Zeldovic 1947, Gurevich 1975, Segal 1966) which describe the mechanisms of NOx formation in the
combustion process, as well as articles on the chemical kinetics of combustion (Semenov 1930) and flame heat
relation to NOx formation (Fenimore 1972, Chen 2017).

As far as the combustion process itself is concerned, it is important to emphasize that high flame
temperatures are an integral part of combustion and are critical parameters in terms of burner or boiler
performance, as well as flame stability and heat transformation stability (Rimar 2014). Flames are more stable
and more homogeneous when the combustion air is preheated compared to normal air temperature
(Gopalokrishnan 2007, Lamoreux 2010).

Combustion in the thermal load limiting conditions of the combustion chamber is characterized by an
extreme thermal load of the combustion chamber (ETLCCh). The extreme heat load of the combustion chamber
means that there is a high temperature in the combustion chamber; this has a negative impact on the formation of
nitrogen oxides (Glarborg 1995, Yeh 2013, Rimar 2014, Durdan and Kostur, 2015).

According to the published works (Fackler 2015, Horbaj 2005, Yeromin 2018), the flame temperature is
one of the most important factors influencing the formation of NOx. A particularly critical situation of NOx
formation occurs under limiting combustion conditions. Since it is one of the European Union's objectives to
alleviate the impact of human activity on the quality of the environment (Hayhurst 1980), the reduction of the
formation of nitrogen oxides in the combustion devices is very actual (SR legislation 252/2016). According to
European Union legislation, emissions of nitrogen oxides must be significantly reduced (SR Regulation
442/2013).

Recent findings point to the flame geometry as an effective factor in influencing flame temperature and flue
gas presence time in the boiler combustion chamber (Basu 1999, Anderson 1995, Panda 2011, Xubo 2016,
Duplakova 2014). By setting the flame geometry, it is possible to minimize zones with a temperature above 1775
K, which is limiting in terms of the exponential growth of nitrogen oxides. According to Holoubek (2002) and
Rimar (2016), the geometry of the flame is one of the essential factors affecting the formation of nitrogen oxides
during combustion.

1.1 Nitrogen oxides formation

Total NOx emissions in the flue gas of steam boilers can be divided into two main compounds NO and NO,
(Miller 1996, Ferstl 2011, Flimel 2010, Jandacka 2015). Approximately 95-99% of NOx is NO, while the
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content of more toxic NO, is not more than 1-5%. Under the influence of natural factors, the largest part of NO
after exhaust to the atmosphere is converted to NO,. Therefore, the calculation of the NOx mass concentrations
and emissions is carried out according to NO,.

Thermal NO - the concentration of thermal NO is controlled by the molar concentrations of nitrogen and
oxygen and the combustion temperature. Such processes have a high energy consumption of 561 kJ/mol and thus
are dependent on the overall process temperature.

The required time for combustion of the methane/air mixture is approximately 102 to 10~ s for the
equilibrium NO concentration in complete combustion, but the required combustion time is 10 times less, i.e. 10°
*s. Nevertheless, hydrocarbon flames have sufficiently high NO concentration, as opposed to H, and CO flames
in the combustion zone (Flagan 1988). C. Fennimore (1972), based on many reactions, suggests that the rapid
NO formation scheme is caused due to the binding of nitrogen radical molecules with CH and C, in reactions
with low energy barriers. Many scientists (Saheed 2016, Ben Rejeb 2017, Choong-Kil 2011, Boukhalfa 2016,
Smeringai 2014, Jeffrey 2013) have conducted experiments and corresponding measurements in this area and it
can be said that the rapid nitrogen oxide formation scheme in the flame front is a phenomenon that is organically
linked to the properties of the hydrocarbon and carbon fuel flames (Klippenstein 2011, Salokyova 2016,
Kristensen 1996). Targeted NOx reduction is not yet fully resolved. The rapid oxidation of nitrogen in the flame
front is a reliable and well-known fact (Van Oijen 2016, Yu 2016, Fischer 2016, Panda 2014).

Known characteristics of rapid nitrogen oxidation in flames are: a) short process duration, resulting in the
formation of a NO (nitrogen monoxide) zone that is located in a small space around the laminar flame front; b)
combustion temperature; c) strong dependence on fuel/air input ratio (Zajac 2004, Wunning 1997).

The basic prerequisite for the formation of NOx as combustion products is the natural presence of
atmospheric nitrogen, which is an integral part of the combustion air, or presence of fuel nitrogen, which occurs
mainly in liquid and solid fuels. For this reason, the theory distinguishes between thermal nitrogen oxides and
fuel nitrogen oxides (Myles 2015).

The basic factors influencing the formation of nitrogen oxides in the combustion process are these: a) flame
temperature, b) flame geometry, c) partial pressure of oxygen, d) time of combustion mixture presence at NOx
formation.

1.2 Methods of NOx reduction in natural gas combustion

Currently used methods of reducing nitrogen oxides released into the atmosphere from combustion
processes are divided into primary and secondary methods. The application of primary methods is based on the
reduction of nitrogen oxides formation by Govert S. (2015), and Hua P. (2016), in the combustion process itself.

Based on the knowledge of the causes of nitrogen oxide formation, several methods have been developed to
eliminate them, of which the most important are: a) reduction of combustion air temperature,
b) substoichiometric combustion, c) flue gas recirculation, d) cascade combustion, e) adjustment of oxygen
partial pressure, f') reburning (Westbrook 2005, Bowman 1992, Boxiong 2004).

The above-mentioned articles (Varga 2015) have shown that the course of combustion temperatures in a
real plant points to a critical zone of the heat field with temperatures above 1775 K. The results show that the
nitrogen oxide growth zone corresponds to these temperature ranges (Young 2012, Adams 2016, Jablonsky
2015, Terpak 2007). In a case when several burners are installed in the same combustion chamber, the
interaction between them may occur (flames interact), thereby significantly increasing the high-temperature zone
and exponentially increasing NOx formation.

Taking into account the temperature as the decisive factor for the formation of NOX, it is also necessary to
consider the residence time of the flue gas in the combustion chamber of the boiler, in particular, the residence
time of the combustion medium in the high-temperature zone. The effective factor that affects both the flame
temperature and the residence time is the flame geometry. By adjusting the flame geometry, it is possible to
reduce the area of exponential increase in the formation of nitrogen oxides, to reduce the time during which the
combustion mixture remains in the high-temperature zone residence time, and to to minimize areas with
temperature above 1775 K. It is obvious that when the flame length is reduced, the flame is expanding or,
conversely, when it becomes narrower, its length increases. Shortening of the flame length has a positive effect
on the residence time of the mixture in the high-temperature zone.

Another reduction method is combustion with low excess air, which has several advantages. Reduction of
combustion air volume is made by the control before the burner. In this way, the oxygen partial pressure is
reduced. However, it is important to note that in applying this method it is necessary to have flue gas control
devices to avoid a drastic drop in oxygen in the combustion mixture, which would lead to over-limit CO
formation. The disadvantage of this method is that simply reducing the volume of combustion air in the power
industry burners will cause reduction of the swirling effect, as well as the fuel/air mixing. At the same time as
the amount of combustion air decreases, the risk of flame instability increases, there is also a risk of increasing
the formation of carbon monoxide and soot.
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Cascade combustion is a cascade supply of combustion air or fuel to the burner that is used mainly in low
emission burners, so-called LNB burners (Low NOx Burners) or cascade fuel feed and cascade air intake into the
combustion chamber — system “over fire air” (OFA) (Dunn-Rankin 2008, Gavlas 2013). Cascade combustion
technology not only reduces the amount of thermal NOx but also fuel NOx, as fuel and air can be more
thoroughly mixed.

There is another way to reduce nitrogen oxides — injecting water into the combustion air supply. The use of
this method is particularly suitable for burners (not LNB technologies) that use preheated combustion air
(Trisjono 2016). Injecting water into the combustion air results in the catalytic decomposition of H,O to
hydrogen and atomic oxygen in the zones with high flame temperature. The oxygen reacts primarily with carbon,
and the reaction produces carbon monoxide. Two hydrogen molecules from the original HO bond are able to
reduce nitric oxide— N2 + 2H ,0, thereby reducing NO content. The principle of this method is that atomic
oxygen reacts primarily with carbon and not with nitrogen. The disadvantage of this method is the fact that
chemically treated water must be available. Another disadvantage is the greater susceptibility to corrosion in the
combustion part of the boiler, particularly in areas with insufficient air or flue gas circulation.

2. Materials and Methods

The aim of the research was to assess the effectiveness of particular primary deNOx methods and to find
their optimal settings for real boiler operation under limiting combustion conditions. Also, the importance of the
interaction of particular deNOx methods and their influence on the overall efficiency of NOx removal in the flue
gas, as well as the efficiency of the boiler have been verified. The subject of the research was the heat production
unit with four burners installed in the common combustion chamber, as shown in Figure 2. The criterion for
comparing the efficiency of NOx reduction in combustion processes is the final concentration of nitrogen oxides
in the flue gas under normal conditions.

2.1 Real Device Description

The NOx reduction under limiting combustion conditions using combined primary deNOx methods
(CPdeNOx) were tested on a simulation model created in ANSYS Fluent, and simultaneously on a real device -
Steam Membrane Boiler OK 60 CKD Dukla (Figure 1).

There are 4 identical industrial burners installed in the boiler front wall. The burners can operate on natural
gas (NG) or heavy fuel oil. In normal operation, natural gas is used as a fuel. Burners belong to low NOx type.
The maximum content of nitrogen oxides, according to the manufacturer's technical documentation, per burner
should not exceed 100 mg/m’, provided that it is operated under normal conditions and operating on NG in full
range.

2000

G000
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1600
t

4000

Figure 1. Scheme of boiler OK 60 CKD Dukla.
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The basic technical parameters of the boiler and burners are given in Table 1.

Table 1. Technical parameters of the boiler and burners.

Boiler type OK 60 CKD Dukla
Manufacturer CKD Tatra Kolin
Highest overpressure 4.5 MPa
Nominal overpressure 3.8 MPa
Designed overpressure 4.0 MPa
Hearth type overpressure
Nominal steam output 60 th'!
Efficiency at nominal parameters 90%
Fuel NG/HFO
Minimum output 30 th!
Nominal steam temperature 720 K
Nominal feed water temperature 420 K
Burner type VKH-17.8-1P
Manufacturer PBS Trebic a.s.
Nominal thermal output 17.8 MW
Gaseous fuel NG consumption 1800 m*.h!
Nominal pressure of gaseous fuel - NG 50 kPa
Liquid fuel HHO consumption 1.6 th!
Nominal pressure of liquid HHO fuel 3.2 MPa
Number of air fans 2
Output of air fans 2x12m’s!
Output of smoke fan 37.6 m’s"
Designed under pressure in the hearth 20 Pa
Combustion air temperature 475 K
Number of burners 4
Burner type VKH 17.8 1P
Burner manufacturer PBS Ttebic¢
Max burner output 18 000 kW
Gaseous fuel consumption 1 820 Nm*h!
Burner regulating range at gaseous fuel 1:5
Gas overpressure before the burner 100 kPa
Combustion air pressure 1 600 Pa
Max. concentration of NOx (NG/HFO) 100/450 mg.m>
Max. concentration of CO (NG/HFO) 50/80 mg.m

2.2 Description of the Measuring Device

Measurements of gaseous pollutant concentrations of CO, NOx, SO,, CO, as well as O, were performed
using the HORIBA ENDA 680P emission measurement system. The principles of measuring NOx, SO,, CO,,
CO are based on modulated non-dispersive infrared detection in the gas flow cross section, and O, measurement
is performed by magneto-pneumatic detection. The continuous measurement of the observed variables was
performed on the basis of physical measurement principles and was evaluated as the average of half-hour values
of mass concentrations. The measurement chain diagram is shown in Figure 2.
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Figure 2. Measuring scheme: 1 — flue gas pipe, 2 — flue gas flow direction, 3 — probe with heated filter for solids, 4 — calibrated rod for
measuring pipe dimensions, 5 — thermometer, 6 — heated sampling hose (up to 200°C), 7 — pre-treatment unit with sample cooler and water
vapour separator, 8 — Teflon hose (unheated route of treated sample), 9 — HORIBA ENDA 680P multicomponent analyser with 2nd grade
sample treatment and vacuum pump, 10 — data logger, 11 — PC, 12 — calibration gases.

The location of the sensor of HORIBA ENDA 680P analyzer, the burners and the boiler OK 60 CKD Dukla
are shown in Figure 3. The probes of the measuring device were placed in the upper part of the boiler flue duct.

Figure 3. Boiler OK 60 CKD Dukla. Clockwise: one of 4 gas burners; the top of the boiler duct; height view of the boiler; label with
technical parameters of the boiler.

2.3 Description of the Experiment

The main idea of the experiment was to determine the boiler efficiency and to compare all primary deNOx
methods suitable for implementation on a given boiler type.

The following primary denitrification methods were selected for processing the experiment:

* Adjustment of oxygen partial pressure

+ Cascade combustion

* Injection of auxiliary substances

* Circulation
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Each of the methods was tested separately, to determine its effectiveness in the combustion process in terms
of nitrogen oxides formation. The whole experiment was divided into four stages.

The first stage is the creation of an accurate simulation model of the membrane boiler OK 60 CKD Dukla
with four burners VKH-17.8-1P using the ANSY'S software tool.

The main objective of the first stage is to create an accurate model of the combustion plant with the
following validation of the simulation results. Within this validation, the real measurements were performed on
the device under different conditions.

The second stage includes the implementation and testing of the primary deNOx methods using the
simulation model. The effect of the implementation of each method was evaluated separately by comparing the
simulation results with appropriate reference simulation.

In the third stage, the interaction effect of the combination of primary deNOx methods and their impact on
NOx formation and overall boiler performance was monitored and evaluated using the simulation environment.
Also, the measures have been proposed and simulated to reduce nitrogen oxides in the real plant.

The aim of the last stage was to confirm/validate the results of stage 3 using a series of measurements that
were performed in the semi-operational mode.

The diagram of the experiment is shown in Figure 4.

I stage
Model creation
and validation

IT stage
Testing and comparing primary
deNOx methods

III stage
Monitoring of interaction effect in
implementation of several deNOx methods

IV stage
Validation of established knowledge and design of optimal solution
for boiler in terms of NOx and power generation

Figure 4. Diagram of the experiment.

3 Experiment

The main idea of the experiment was to determine the efficiency and compare all the primary deNOx
methods, which are suitable for implementation on the given type of boiler.

3.1 Modelling

In order to compare the effectiveness of each deNOx method, a computer model was developed. Non-
premixed combustion was solved using the ANSYS Fluent simulation software. The CAD models of the boiler
and burners were created in ANSYS Design Modeller according to the technical documentation.

As a part of a model, the network has been created for Computational Fluid Dynamics (CFD) Fluent Solver
with Proximity, and Curvature Advanced Size functions. Due to the difference in input and output dimensions,
the minimum size of the element side was proposed 1.455 mm according to Proximity function, and the
maximum size was 500 mm. The element growth rate parameter was set to the value of 1.35. In accordance with
these settings, 60% of all elements had an orthogonal quality of more than 0.76, and the lowest value was 0.13,
with less than 1% of the elements. According to the skewness statistic, 80% of the elements had the quality of
0.38, with less than 1% of the elements belonging to the worst quality group of 0.7-0.97. The total number of
simulation model elements was 18,923,062.
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When defining the turbulence model, verification simulations were implemented using integrated modules
RANS and then LES. The results of the boiler simulations showed that from the point of view of the calculation
stability, the realizable k-epsilon model, which was also applied for the simulations, was the best.

The solved transport equation for the realizable k-epsilon model has the following form:

a 3 a we\ ok

a(pk)+a—xj(pkuj)=a—”[(u+a—;>a—)ﬁ]+6k+6b—ps—YM+Sk (1)
and

a

2 (pe) + (psu])——[(y+ﬁ—:)§j+pcls pczw_+ Cie s CacGy +Se (2)
where

C, = [043i] =sk s= /255 3

1 = max (V. s M=070 = ijoij (3)

* In these equations, Gy represents the generation of the kinetic energy of turbulence due to mean velocity
gradients.

* Gy is the generation of kinetic energy by turbulence considering buoyancy.

* YM represents a manifestation of fluctuating dilation in compressible turbulence to the overall
scattering rate.

e Cy, Cs,, and C, are constants.

* oy and o, are turbulent Prandtl numbers for & and e.

e Sy and S, are user-defined source formulas.

The formula for normal Reynolds stress of incompressible average flow results from the combination of
Boussinesq approximation and the definition of eddy viscosity.

u? =<~k —2v,— 4)

He = pCu= (5)
In the case of the realizable k-epsilon model, Cp is not a constant value:
C, = f(k,&,0,w) (6)

Where
Q — rotation speed tensor,
o — angular velocity.

The PDF model for non-premixed combustion had additional settings: equilibrium state relation, non-adiabatic
energy treatment with 102 325 Pa combustion chamber operating pressure, number of mean mixture fraction
points 40, the maximum number of components 30, number of enthalpy points 45.

The PDF compositions, like Laminar Finite-Rate and model, should be used to simulate chemical kinetic effects
with a finite extent in turbulent reaction flows. With a suitable chemical mechanism, kinetically controlled
elements such as CO and NOx, as well as flame extinction and ignition can be predicted (Boukhalfa 2016).

The transport equation PDF is derived from the Navier-Stokes equation as (Smeringai 2014):

(0P + 5= (i) + 3 (0SeP) = — o= [o(u[W)P] + 50 [0 (2% w) P (7

p 0x

Where
P — common composition of PDF and Favre,
p — average liquid density,

— Favre velocity vector,
S — the rate of reaction of k elements,
W — space composition vector,
u;”— vector of fluid velocity fluctuation,
Jix — molecular diffusion flow vector.
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Notation (...) indicates expectations, and (A | B) is the conditional probability of event A when event B occurs.
The turbulent scalar flow is not closed and is modelled by the assumption of diffusion gradient transition
(Song 2012):

O 1ol )P = 2 (2 2P
- a_xl [p(ui |¢)P] - 0x; (Sct axi) (8)

Where

4, 1s turbulent viscosity,

S.; 18 Schmidt number.

The Turbulence model specifies pt for the composition of PDF simulation.

For all flows, ANSYS Fluent solves the mass and momentum conservation equations. For flows that include heat
transfer or compressibility, another energy conservation equation is solved. For flows involving mixing or
reactions of the components, the component conservation equation is solved or, if the model is applied for non-
premixed combustion, the conservation equations for the mixture fraction and its dispersion are solved. In the
case of turbulent flow, additional transport equations are solved.

For the external surfaces of the model, boundary conditions of the second kind were selected. The heat
dissipated through the boiler peripheral wall was calculated using a separate model, the determined value is
0.57 MW.

To reduce the computational time, a steady model of combustion and turbulence was chosen. The time
processes were chosen as less important because the stationary calculation shows the most likely variation of the
combustion processes, as well as the most likely processes of the regular boiler operation mode.

The velocity specification for air and gas inputs has been proposed as a value perpendicular to input with an
absolute reference value; the turbulence specification was determined according to the intensity and hydraulic
diameter.

Figure 5 shows the CAD model of the burner. The geometry of the combustion chamber and part of the flue
gas duct was optimized in terms of calculation time without significant influence on the calculation accuracy.
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F igure 5. The CAD model of the burner.

3.2 Model Simulation

The geometry of the simulation model was drawn precisely according to the technical parameters and
dimensions of the burners and the boiler combustion chamber (Fig. 2 and Table 1), as well as the distances
between the burners in the horizontal and vertical planes. The combustion simulation parameters were
determined from the burner performance ratios and the corresponding amount of natural gas consumed as the
fuel and combustion air as the oxidant. The average composition of the natural gas used in the simulation model
(Table 2) was determined from the values representing the volume ratios of the individual components in the real
operating conditions of the boiler.
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Table 2. Composition of natural gas.

Composition of natural gas [mol %]

Methane

95.361

Ethane

2.5231

Propane

0.6437

Pentane

0.0407

Hexane
+other

0.0255

Carbon
dioxide
0.2351

The model validation was done by comparing the simulation output parameters with the real measured
values and the calculated values. All monitored parameters of the simulation can be divided into three basic

groups:

* Basic physical parameters such as temperature, velocity, pressure, density, viscosity, turbulence energy,
heat and mass flows;

* Input parameters: gas and air composition, the content of fuel and air partial elements;

* Output parameters: the content of CO, CO,, O,, N, NO, NO,, N,0, H,0 and other flue gas components.

A series of simulations (j) were performed with increasing iteration number (j * 10E3). The results of
which are shown in Table 3. With respect to the measurement method, the concentration values were determined
as the mean values at the output of the simulation model.

Table 3. Simulation results.

Exp. Max. temperature ~ Min. temperature NO \ NO, . N203 The volume of hi}gh I\.Iumb.er of
[K] [K] [mg/m’] [mg/m’] [mg/m’] temperature, [m’] iterations
1 2155.5 287 3472 16.32 0.00088 24 1000
2 2156.2 287 347.8 16.45 0.00091 24 2000
3 2156.1 287 348,1 16.67 0.00094 24 3000
4 2156.2 287 3483 16.68 0.00096 24 4000
5 2156.3 287 3485 17.14 0.00097 25 5000
6 2156.6 287 3486 17.18 0.00098 25 6000
7 2156.8 287 3489 17.21 0.0010 25 7000
8 2157 287 349,1 17.22 0.0010 25 8000
9 2157.1 287 349,1 17.23 0.0011 25 9000
10 2157.1 287 349.2 17.23 0.0011 25 10000

The graphical visualization of the combustion chamber interior displays processes taking place in the boiler.
Figures 6 and 7 show the simulation characteristics. The temperature field patterns are shown in Figure 6, and
the NO concentrations and kinetic energy are shown in Figure 7 in the horizontal and vertical plane inside the
combustion chamber.
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Figure 6. Temperature field patterns.
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Figure 7. The NO concentrations and kinetic energy patterns.

For the analysis of the mechanism, as well as for the determination of the worst spot for the formation of
nitrogen oxides in the boiler, the diagrams of NOx content were created along the horizontal axis of each of the 4
burners, as well as along the horizontal axis of the boiler in the area between the burners.

Figure 8 shows the distribution of the NO mass fraction in dependence on the horizontal distance from the
burner and from the horizontal axis of the boiler.
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Figure 8. The distribution of the NO mass fraction in dependence on the horizontal distance from the burner and from the horizontal axis of
the boiler.
3.3 Model Validation

With regard to the list of standard controlled values and the possibilities of the measuring technique, the
flue gas temperatures, oxygen content, carbon dioxide content, as well as the mass concentration of nitrogen
oxides in the flue gas were compared.

Table 4 lists the measured values as the mean half-hour values of volumetric and mass concentrations of
pollutants calculated for normal pressure, temperature, and the oxygen reference value of 3% at full boiler load.
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Table 4. Real measurement results.

Measurement time [h:min] %4155_ %1455 ) ?(;‘fg 11%255 - ll(iZﬁSS - Value
: : : : : max mean
Content [% vol.]
0O, 727 7,15 7,08 6,87 6,85 7,27 7,04
CO, 7,34 741 7,44 7,53 7,53 7,53 7,45
Mass concentration [mg.m™]
NOy 351 353 353 344 348 353 350
CO 3 2 2 6 3 6 3

When comparing simulation model output data with real data, the model was classified as appropriate,
including its boundary conditions, the number of repetitions, selected calculation modules, etc. From the
comparison of the simulation model results (Table 3) and the measured values (Table 4) of the mass
concentrations calculated for reference conditions (normal temperature T, = 293.15 K, normal pressure p, =
101,325 Pa) it can be seen that the simulation model shows high compliance level of parameters, especially
temperatures, also O,, CO, CO,, and NOx concentrations.

It can be seen in Figures 4 and 5 that the dimensions of the combustion chamber and the axial distances
between the boiler burners can cause the formation of limiting conditions. These conditions are characterized by
the extreme heat load of the combustion chamber Q, = 0.59 MWm™. The graphical visualization of the interior
of the combustion chamber shows that the burner flames have a direct impact on the back wall of the combustion
chamber and confirm the theoretical assumptions regarding the combustion under the limiting conditions
formulated in the previous section. Simulations have also confirmed that, because of the short distance between
the burners, the high-temperature area increases due to the interaction of the flames, especially when the boiler
operates at maximum power.

4 The Results
4.1 Simulation Results

In order to determine the effectiveness of separate primary deNOx methods, a series of simulations were
performed in ANSY'S Fluent.

4.1.1 Oxygen Partial Pressure

One of the important parameters in terms of combustion stoichiometry, as well as flow and mixing
dynamics, is the ratio of combustion air and fuel. From the literature (Varga) it is known that by setting the
correct combustion air/fuel ratio, nitrogen oxides production can be reduced by 10 to 15%. From the physic-
chemical point of view, the optimum amount of air in the combustion of natural gas is within the range of 102 to
107% of the amount required for complete burning (n=1.02 - 1.07).

Series of simulations was performed varying amounts of combustion air. On the basis of theoretical
knowledge, the effect of the combustion air ratio ranging from 90% to 110% of the stoichiometrically required
(complete burning) amount was tested. Based on the results of the simulations, the characteristic diagram
(Figure 9) was created.
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Figure 9. Characteristic diagram of the effect of combustion air ratio ranging from 90% to 110%.
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Based on the results of the simulation, it can be concluded that from the viewpoint of the stoichiometry of
combustion and NOx formation, the optimal combustion is at 105% from stoichiometrically needed air. At the
given value of n it is possible to use the fuel efficiently and also, in view of the NOx curve, there is no rapid
NOx increase due to higher temperatures in the combustion chamber, and there is no increase of oxygen amount.
The graphical visualization of the processes in the combustion chamber is shown in Figure 10.

n=0,55

EASa+ 00T
' 168504003

i 3 — —— ; R ——
Figure 10. Graphical visualization of processes in the boiler combustion chamber, at different O; partial pressures.

In comparison with the validation model, it is evident that the NOx content decreased by 12.5% to about

305 mg/m’. This decrease is mainly due to the reduction of the oxygen partial pressure, resulting in a decrease of
high-temperature range, and hence in the decrease of the thermal NOx. In this case, the CO content increased
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only by 1%, i.e. by 2.2 mg/m’, and the overall boiler output (calculated on the basis of thermal balance)
decreased by 0.5% to 59.5 MW.

4.1.2 Cascade Combustion

Using modern burners with combustion air distribution to the primary and the secondary air (cascade air
supply), it is very important to maintain their proper ratio. It has been established (Rimar) that, depending on the
shape of the combustion chamber, flame shape and other parameters, the ratio should be in the range of 65-35%
to 80-20%. Simulation without cascade air supply has also been proposed to determine efficiency in particular
conditions. Table 5 shows the values of primary/secondary air ratios for each simulation.

Table 5. Primary/secondary air ratio for simulations.
Ratio 50:50  65:35  70:30  75:25  80:20

Primary air [m?/s] 2.5 3.25 3.5 3.75 4
Secondary air [m*/s] 2.5 1.75 15 1.25 1

Simulation with the same primary and secondary air ratio is applied to determine the efficiency of the
cascade air supply in the boiler. Figure 11 shows the results of cascade air supply simulations.

500
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400
350
300
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200
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50-50 65-35 70-30 75-25 80-20

Figure 11. Effect of cascade air supply.

Based on the results of the simulation, it can be stated that the optimum ratio of cascade air supply is 70-
30%. When comparing the reference simulation of combustion with a cascade air supply of 70-30%, it was
possible to reduce the nitrogen oxides content by 20%, i.e. up to 290 mg/m’. At the same time, the boiler output
did not change. The NOx reduction is associated with lower temperature in the flame centre, and with an
increase of the flame length. The graphical visualization of the processes in the combustion chamber is shown in
Figure 12.
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Figure 12. Graphical visualization of processes in the boiler combustion chamber, at different combustion air ratios.
4.1.3 Injection of Auxiliary Substances

The analysis of the possibilities of applying the method of auxiliary substances injection in the real device
has lead to the following conclusions:

* Reducing the temperature of the combustion air or fuel would lead to a significant drop in boiler
performance.

» The addition of reacting agents into the combustion process has been assessed to be very cost-intensive
in most boilers because it requires the installation of a whole range of additional equipment.

For these reasons, the method of reducing the flame temperature of the burners by the addition of cooling
agents was chosen as appropriate. Water vapour was chosen as the cooling agent at 300 K, due to the type of
used equipment and the water vapour availability.

Discrete analysis of the effect of vapour injections was performed to demonstrate NOx reduction efficiency
and to test theoretical assumptions in the simulated environment. The injection water vapour volume for impact
analysis was applied from 0 kg/h to 120 kg/h with the step of 10 kg/h. The limit value of 120 kg/h was
determined as maximum possible on the given type of burner, in order to avoid a significant change of flow and
hence the flame dimensions.
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Table 6. Outputs of combustion simulation with water vapour injection into primary air of burners.

No X:lal: flievﬁlfgo/?lli ter%d;c?;l;?in Boiler IE;HGT ratio NO [mg/m3] N,O [mg/m3 1 Hi%gi;ﬁpﬁrr?]ure
oiler [K]

1 0 2157 99.37336 349 0.001 253
2 10 2143 98.75864 346 0.001 25

3 20 2131 98.92435 344 0.001 23.7
4 30 2120 98.12938 339 0.001 222
5 40 2089 97.40332 335 0.001 20.6
6 50 2064 96.52132 328 0.001 18.3
7 60 2012 95.70154 321 0.0009 16.2
8 70 1971 95.10803 312 0.0009 14.6
9 80 1929 94.33792 305 0.0009 12.9
10 90 1885 93.25225 299 0.0009 10.1
11 95 1839 92.89907 295 0.0008 9

12 100 1818 91.96816 290 0.0008 8.5
13 105 1783 91.28704 288 0.0008 7.9
14 110 1707 89.67808 274 0.0007 42
15 120 1643 85.03848 262 0.0006 3.1

It can be seen from the table that the critical point for the given boiler is at 100 kg/h of injected water
vapour. On the basis of acquired values, the analysis was carried out for the dependence of NOx amount on
water vapour amount, maximum flame temperature, and boiler output (Figure 13).
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Figure 13. Dependence of water vapour injection and maximum burner flame temperature on nitrogen oxide formation.

The area of overlap of dependence curves of the boiler power ratio and water vapour injection on the NOx
formation indicates the optimal level of water vapour injection in terms of boiler performance and nitrogen oxide
formation.

On the one hand, the injection of less than 90 kg/h of water vapour in the boiler results in a small reduction
in nitrogen oxides formation but does not substantially affect boiler performance. On the other hand, injection of
more than 110 kg h of water vapour has a significant impact on the formation of nitrogen oxides but also has a
significant negative impact on boiler performance.
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By injecting 120 kg/h of water vapour, the NOx content could be reduced by 25% to approx. 260 mg/m’ but
with such a volume of injected water vapour, there was also a significant reduction of the boiler output by about
15%.

Injection 10kg/h

Figure 14. Graphical visualization of the processes in the boiler combustion chamber, with different volumes of injected water vapour.

According to the results of the simulations and the theoretical review, the analysis of the effect of water
vapour injection at different thermal loads of the combustion chamber is shown in Figure 15.
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Figure 15. Influence of water vapour injection at different thermal loads of the combustion chamber.

From the results of the simulation, it was found that the decisive parameter in solving the problem of the
formation of thermal nitrogen oxides is the thermal load of the boiler combustion chamber. The critical value
with respect to the formation of nitrogen oxides was set at 0.33 MW/m’.

4.1.4 Flue Gas Circulation

The main idea of flue gas circulation is to increase the time which the flue gas retains in the combustion
chamber of the boiler. Based on the carried-out analysis, it was determined that one of the essential ways of
improving circulation is the boiler design change related to the location of the burners, or to the shape of the
combustion chamber.

The mass flow analysis in the combustion chamber has shown that the flames of the upper pair of burners
tend to bend upwards due to the influence of the lower pair, and thus about 40% of the flue gases go straight to
the exhaust of the combustion chamber. It was proposed to solve this problem by reducing the power of the
lower pair of burners by 150 to 300 kW, which is 1% to 2%. The simulation results are shown in Figure 16.

T -

Figure 16. Results of simulations when changing flue gas circulation.

From the figure, it can be seen that decreasing the power of the lower pair of burners by 1% resulted in
moving the flames of the upper pair of burners closer to the boiler axis. The improvement in flue gas circulation
associated with this effect has resulted in a reduction of NOx content by 2% while reducing performance by only
0.5%. Further reduction of the lower burners performances had the opposite effect in terms of NOx formation,
due to the flame interaction.
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4.2 Proposal for Burner Setting

On the basis of simulations described in the previous chapters (4.1.1-4.1.4), optimum boiler settings have
been proposed in terms of performance and nitrogen oxide formation. The following settings have been selected:

* Excess air coefficient: n = 1.05

*  Primary to secondary air ratio: 70/30%

* Amount of injected water vapour: 100 kg/h

*  Performance of lower burners: 99%

The simulation was carried out to confirm the boiler settings. The results of the simulation are shown in

Table 7.
Table 7. Simulation results (settings 1).

Maximum Boiler power NO [mg/m’] N,O [mg/m’] High-temperature
temperature in ratio [%] volume [m’]
boiler [K]
1812 90.87336 191 0.001 7.5

From the results of the simulation it is evident, that by the means of the proposed settings, the nitrogen
oxide content at the exhaust of the boiler combustion chamber decreased by 45%, while the boiler's relative
output decreased by about 9%. This reduction of NOx was mainly due to the significant reduction of the flame
temperature and hence the reduction of high-temperature volume where thermal nitrogen oxides are formed.
Even though by combining primary deNOx methods, the NOx content could be significantly reduced, the
effectiveness of each separate method in combination was reduced. Further analysis has shown that the initially
selected optimal settings for NOx reduction are no longer optimal due to their combination. The main problem
has arisen in reducing of the oxygen partial pressure in the primary flame burning zone. In this respect,
simulation with the modified primary/secondary air ratio of 72/28% was carried out. Table 8 shows the
simulation results.

Table 8. Simulation results (settings 2).

Maximum Boiler power NO [mg/m’] N,O [mg/m’] High-temperature
temperature in ratio [%] volume [m’]
boiler [K]
1812 90.63691 185 0.001 7.4

Table 8 shows that, by increasing the primary air ratio, a further NOx reduction of 3% to 185 mg/m’ was
achieved, although this led to an increase of NOx content in the stand-alone simulations.
Based on settings 1 and 2, a series of simulations were carried out to determine the effects of interactions of
primary deNOx methods. The simulation results are shown in Figure 17.
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Figure 17. Effects of interaction of primary deNOx methods at different boiler performance.
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The curves in the diagram show that the interaction effect is most pronounced at higher boiler output (from
85%). These performances result in a greater thermal load in the combustion chamber, creating a more sensitive
environment for the formation of nitrogen oxides. Consequently, combustion plants with the thermal load of the
combustion chamber of less than 0.25 MW are less "sensitive", which, in most cases, allows their pattern-setting
according to the defined parameters. In contrary, combustion plants with the thermal load of the combustion
chamber greater than 0.25 MW require individual approach and accurate operation parameters setting.

4.3 Measurement Results for Proposed Boiler Settings

Based on the selected optimal settings, a series of measurements were made to validate the results of both
groups of settings. The measurement results are shown in Table 9 and 10.

Table 9. NOx concentration measurement results for the first settings.

Measurement time [h:min] 8:45-9:15 9:15-9:45 9:45-10:15 10:15-10:45 10:45-11:15 Value
max mean
Contents [% vol.]
0, 7.31 7.23 7.22 7.75 6.88 7.75 7.28
CO, 7.32 7.42 7.38 7.48 7.54 7.54 743
Mass concentration [mg.m™]
NOy 198 196 196 187 191 198 193
CO 3 6 2 2 3 6 3
Table 10. NOx concentration measurement results for the second settings.
Measurement time [h:min] | 14:00-14:30 14:30-15:00 15:00-15:30 15:30-16:00 16:00-16:30 Value
max mean
Contents [% obj.]
0O, 7.34 7.32 7.33 7.22 7.33 7.34 7.31
CO, 7.26 7.30 7.27 7.38 7.27 7.38 7.30
Mass concentration [mg.m™]
NOy 189 181 186 185 189 189 186
CO 2 2 2 2 3 3 2

The results of the measurements confirmed the accuracy of the selected settings described in chapter 4.2
and also the presumption of the interaction of primary deNOx methods in their combination.

5 Conclusions

The performed experiments, simulations and discussions pointed to several important aspects, as well as the
facts about NOx reduction, verified by using a combination of primary methods in the limiting conditions of the
thermal load of the combustion chamber.

The simulation model was developed to determine the characteristics of boiler operation and the efficiency
of primary deNOx methods. This model was compared to the measurement results. The model showed a high
degree of conformity in particular measured parameters.

The model has confirmed the predicted causes of excessive NOx formation, especially in the conditions of
the extreme thermal load of the combustion chamber Q& 0.3 MW/m °. The results obtained by the standard
primary methods of reduction of nitrogen oxides applied in this work, pointing to their effectiveness even under
conditions of high thermal load in the combustion chamber, are as follows :

* Oxygen partial pressure — NOx decrease by 12.5%

* Cascade air supply — NOx decrease by 20%

*  Water vapour injection — NOx decrease by 25% (the level of reduction was affected by boiler
performance)

*  Flue gas circulation — NOx decrease by 2%

The third stage of the research pointed to the problem of interactions of primary deNOx methods, especially
the effectiveness of the reduction of individual methods. Thus, in the case of boiler operation according to the
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settings from section 4.1, the NOx content was reduced by 45% to 190 mg/m’. Further correlation of settings
resulted in a further 3% reduction of nitrogen oxides.

The most effective method for NOx reduction has been the water vapour injection method. Vapour injection
reduced the maximum temperature, eliminating the volume of high-temperature zones in the boiler combustion
chamber by approximately 65%. Injecting approximately 100 kg of vapour per hour reduces NOx by 20 to 25%
below the limit of 198 mg/m’.

The most appropriate parameters of primary deNOx methods can be better identified by simulation
programs than by direct measurements on the boiler because they are time efficient.

The results show that at present, the amount of NOx in large heat-producing plants will not be reduced by
using just a single primary NOx reduction method. To successfully reduce NOx emissions in these units, a
combination of two or more primary methods must be applied. According to the results presented in this paper,
the best option is to use the following methods: (a) improve the circulation of gases in the combustion chamber,
(b) adjust the partial pressure of oxygen, (c) inject water or steam or other compounds that lower the flame
temperature, (d) adjusting the cascade supply of combustion air.
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Positive Environmental and Economic Impact of Polyvinyl Butyral Waste
Material after Recycled Windscreen

.r 1 Mo . .1 . v 72 o1 . - 2
Marian Albert’', Jana Citbajovd’, Lucia Knapcikovd“, Marcel Behun' and Annamdria Behunovd

The development of the economy and the continual competition for the customer brings new impulses in the area of production, trade,
and consumption. Manufacturers are increasingly looking to meet customers, wanting to meet the needs of a wider range of consumers with
their manufacturing and sales strategy, with an emphasis on the environmental and economic impact of their products. Therefore, recycling
and re-use of raw materials are very important today. The paper is focused on experimental studying and testing of material relaxation of
recycled polyvinyl butyral (PVB). Polyvinyl butyral foil is one of the most important parts of the windscreen or safety glass as an interlayer.
Polyvinyl butyral carries a large amount of chemically bonded energy. Less harmful vapours are released during combustion of PVB than
when combustion of heating oil. However, the price of energy obtained from such a waste product is sometimes lower than the price of
energy obtained from oil. Given the global polyvinyl butyral waste production, the price for this attractive commodity is very reasonable. It
ranges from 0.25 € to 0.50 € per kilogram of this thermoplastics. After homogenization, the mixture polyvinyl butyral was compressed to the
test samples of prescribed shape and size under action of pressure and heat. Recycled polyvinyl butyral was investigated under tensile test
and material stress relaxation. Based on the results, it can be stated that the material had the max. values of a tensile stress 0.78 MPa, the
strain of the material subject to tensile strain was from 410 % to 520 %.

Keywords: Polyvinyl butyral (PVB), Safety glass, Cost savings, Sustainability, Mass Customization.

Introduction

The changes in the economic, socio-cultural, political, competitive and technological environment that have
taken place in the world in recent years have forced many companies to acclimatize in the "new economy"
environment, bringing new approaches to production strategies and a new philosophy in the marketing’s field
(Kotler, 2003). The long-term production focusing of the company, i.e. the production strategy of the company,
represents a summary of not only production but also commercial, innovative and other long-term prospective
tasks to ensure the strategic goals of the company. (Zhao et al., 2006) The frameworks are created for a very
specific production content of the company, whether in terms of product quality, volume, product mix and other
requirements (EuroEkonom.sk, 2015; Mandi¢éak et al., 2018). The implementation of materials from secondary
raw materials and their application to possible components reduces the economic and environmental aspects that
are very important today (Industrial Property Office of the Czech Republic, 2019; 2. Recycled polyvinyl butyral,
Schirmbeck GmbH, 2018). The aim of the work is to find areas of use of recycled polyvinyl butyral (PVB)
product, which is the product of windshield recycling (Figure 1), regarding the investigation of material
relaxation.

>

y .

Fig.1. Polyvinyl butyral safety layer in the car windshield Source: own processing

Nowadays, every vehicle and its windscreen are equipped with a polyvinyl butyral film that secures the
safety of the glass. The worldwide patent research (Recycled polyvinyl butyral, Schirmbeck GmbH, 2018;
Dhaliwal and Hay, 2002) shows the possible use of recycled polyvinyl butyral in practice. PVB film does not
contain additives classified as dangerous or harmful. PVB is primarily used as a multilayer foil in the
windscreen, all modern vehicles, passenger cars, trucks. (Asik, 2003) PVB film protects the glass from grinding,
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damage, crash, and the like. In some cases, PVBs are part of the glazing of buildings, especially in areas where
hurricanes are frequent, or, of course, in security windows of buildings. (Hidallana-Gamage et al., 2014) At the
Michigan Molecular Institute, for years, they have been trying to find applications for the use of PVB waste,
these applications are moving further into the automotive industry with efficiency in the US countries (Barry and
Orroth, 2000). After the separation itself, the PVB waste still contains glass particles, which, while decreasing its
use, but are still widespread in several industries. External storage of PVB material is dissuaded because
moisture and ultraviolet radiation generally degrade the properties of PVB (Sekisui chemical.com, 2018). Also,
the possibility of primary PVB contamination is increased. Due to the sticky and soft surface of the recycled
PVB film, it is assumed that when unsuitable for storage, the number of impurities can be easily adhered to the
surface, thereby reducing the quality of the use of the recycled product (Polyvinyl butyral, Kuraray, 2019). PVB
storage capacities are limited in many countries (Fischer and Héring, 2009). Accordingly, some countries are
already increasing storage costs and are trying to make producers of PVB encourage, that this type of waste to be
re-used, they returned it to the production process again. With regard to solar energy, there is a prediction that
the fastest growing area of the PVB end-user, with regard to the compound annual growth rate, is projected to
increase by more than 6% between years 2015 and 2023 (Mitalova et al., 2016; Knapcikova et al., 2016). In
terms of volume of PVB produced, Asia, in the year 2014, has contributed to more than 35% of PVB use within
the global market (Sekisui chemical.com, 2018; Mital'ova et al., 2016). The use of PVB film on the market in
Latin America, the Middle East, and Africa is expected to grow significantly over the next eight years, mainly
due to the increase in land transport and construction as end-users (Mohammadian-Kohol et al., 2016).

As we can see from the classification of PVB's usability in individual countries of the world, PVB has a wide
range, application variability in production conditions with an emphasis on the requirements of the final
consumer, the PVB processor to the final products. (Sridhara and Satapathy, 2015) Based on this differentiation
of countries, companies and their specific needs, it is possible to apply a targeted customization strategy where
pure customization cannot be achieved for the entire product portfolio, but the company can reach it for more
than one production area segment. (Iwasaki et al., 2007) The strategy is focused on the demands of consumers,
where the company produces its customers based on the specific requirements, but only in certain, targeted
markets. Analysing targeted mass customization explains why in some market’s companies produce a range of
just basic types, while in other markets businesses produce an expanded range of their products to meet customer
requirements. This means that a company that offers only a limited number of its products in one country allows
its consumers to "tailor to their products" (Cavusoglu et al., 2007).

Materials and methods

Polyvinyl butyral (PVB) (Mital'ova et al.,, 2016) is a special resin, mainly used as a raw material for
laminated safety glass in cars (Figure 1) and in the building construction industry. Application is mainly for
skyscrapers. PVB currently produces several companies in Europe and the world, each under its trademark. In
addition to the main application and thus the use of PVB films, PVB resins are used for the production of paints,
structural adhesives, dry toner paints and as binders for ceramics and composite fibres (Farzana et al., 2016). The
PVB foil has many excellent features such as high tensile strength, impact resistance, transparency and
flexibility, which is particularly useful in producing safety glass. Due to the alcohol, ester and acetate bond
content, PVB foil (Zhang et al., 2016; Valasek et al., 2016) can hold the glass firmly, even if the glass breaks.
The glass can adhere to the PVB film interlayer to prevent breakage. Sales of primary end-users of polyvinyl
butyral are dependent on the performance of the general economy, especially for safety glass, which is so
necessary for the automotive industry and in the construction industry - in architecture (Knapcikova, 2015;
Knapcikova et al., 2016). The PVB is exported to the countries with widespread automotive production, which is
characterized by a high level of mass customization - customization. According to Lampel and Mintzberg
(Lampel and Mintzberg, 1996), the last type of mass customization is customizing customization, in which
customers directly interfere with the production process and modify their "products" themselves. The consumer
here affects distribution, assembly and production, which has a significant impact on the company's final
production. Ultimately, by consuming the recycled PVB in the required condition, quality and characteristics, the
consumer obtains the feedstock, which is an essential ingredient for his further transformation process
(production). In his publication, D. Anderson (2004) divided mass customization into three primary groups:
dimensional, modular and customized. For this process is typically dimensional, this type of MC brings constant
changes in mixing ratios, scales, and can have infinitely many options. (Vasiliev and Morozov, 2001) Examples
of such customization with an infinite number of possibilities are shearing sheets, mixing chemicals, sewing
clothes, etc. Dimensional customization can be applied using CNC (Saad et al., 2006) machines that receive
instructions based on orders received.
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Recycled polyvinyl butyral
The key material of this study is polyvinyl butyral (Figure 2), which was obtained after windscreens
recycling. The flakes have a size from 2 mm to 20 mm, and the thickness is from 0.5 mm to 1.5 mm.

T

LI
Fig.2. Recycled polyvinyl butyral Source: own processing

This recycled polyvinyl butyral is contaminated with dust, glass fragments, so it is important to thoroughly
wash the material and dry it before starting laboratory work. Polyvinyl butyral as the thermoplastic material is
soluble in ethanol, butanol, ethyl acetate, butyl acetate, in a mixture of chlorinated hydrocarbons and insoluble in
aliphatic hydrocarbons (in gasoline) (Knapcikova et al., 2016). The polyvinyl butyral density used by the
research was 1.07 g.cm™, and the sales price of recycled polyvinyl butyral is from 0.25 € to 0.50 € per kilogram.
The economic potential of this "waste" material is very high.

Tab. 1. Material Advantages of recycled polyvinyl butyral for manufacturing

Recycled polyvinyl butyral

e Form flakes

e Size 20-30 mm

e Purity more than 97%
e Fire point None

e Glass temperature transition 130°C -170°C

100 — 175 m Pa*s According to DIN

e  Viscosity (dynamic) 53015

e MVR (Melt Volume Rate) 6 -7 cm®. 10 min™!

.
e MFR (Melt Flow Rate) 5—6g.10 min

Source: own processing

Material preparation

Before to compression moulding process technology, the thermoplastic material was homogenized used
double screw machine (Del Linz et al., 2016; Botko et al., 2018; Kulikov et al., 2018). Continuous mixing was
used to prepare the homogenized mixture (Knapcikova et al., 2016; Valasek et al., 2016). Homogenization of the
material (Figure 3) was carried out on a Brabender Plasti-Corder W 350 E (Valasek et al., 2016). Laboratory
investigations were performed at room temperature 22 ° C and 60% humidity. The homogenization process
lasted 15 min. The material was thoroughly mixed, and the formation of air bubbles that were undesirable during
the moulding process (occurring during compression, incomplete mixing, or incomplete filling of the
thermoplastic mould cavity) was avoided. (Sheng and Zhang, 2016) After homogenization of the recycled
polyvinyl butyral on a Brabender Plasti-Corder W 350 E, the material was carefully selected and prepared for
moulding. In compression moulding, thermoplastic or thermoset material (in the form of granules or flakes) is
melted in the mould cavity under heat and pressure, followed by cooling and part removal after it is cured
(Knapcikova et al., 2010). Table 2 shows the moulding characteristics used Brabender W 350 mould equipment.
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Tab. 2. Moulding specifications

Equipment Brabender W350
e Molding temperature 190 °C
o Pre-heating time 20 min
e Molding time 20 min
e Cooling time 20 min
10 MPa

e Molding pressure

Source: own processing

Stress relaxation of recycled polyvinyl butyral
Stress relaxation means the degradation of the material by cyclic (repetitive) stress and mechanical load

(Figure 3) (Knapcikova et al., 2016; Teliskova et al., 2018). If the amplitude of the stress is greater than the
fatigue limit of the material, it ultimately leads to crack initiation. If a crack is predicted or spread, then the test

specimen can break (Knapc¢ikova, 2015).

L 21

(]

T

Fig.3. Repeated cyclic relaxation of recycled polyvinyl butyral material. Source: Mitalova et al.,2016

The following characteristics are known from the above mentioned Figure 3(Mital'ova et al., 2016):
0, - maximum stress [MPa]

0, - minimum stress [MPa]

0, - medium stress [MPa]

o, - stress amplitude [MPa]

R - cycle asymmetry parameter [MPa]

Material relaxation was performed on the Zwick Z020 Universalpruefungsmaschine (Figure 4) (Valasek et
al., 2016), using a climate chamber where test conditions were set. The temperature ranges from -80 °C to + 250
°C was used for the climate chamber tests. (Cormie et al., 2009) The choice of temperature is given by the
internal and external factors of the investigation, whether the tests are at controlled temperature or the ambient

temperature test (Knapcikova et al., 2016).

Fig.4. Fixturing a sample of recycled polyvinyl butyral at relaxation during 5 min, 15 min and 25 min period. Source: Knapcikova et al.,
2016
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Results and discussion

The investigation of material relaxation was carried out according to the standard EN ISO 4892. In the case
of testing of samples from recycled polyvinyl butyral, a constant temperature of 23 °C was set in the climate
chamber (Farzana et al., 2016; Liu et al., 2012; Botko et al., 2018). The duration of the maximum stress at the
material relaxation is always 10 minutes (5 min, 15 min and 25 min for all tested period). All experiments were
repeated 10 times with triplicate samples for each group. Significant differences between two groups were
evaluated using a one-way analysis of variance (ANOVA) with a 95 % confidence interval. Underneath,
graphical representations presented the result of a tensile test carried out on a Zwick Z020
Universalpruefungsmaschine equipment.

Tab. 3. Measured material characteristics of recycled polyvinyl butyral during the relaxation test

No. Period Tensile stress Strain Stress at break Strain at break
[MPa] [Ye] [N] [%e]
0 0 0 0
5 0.451 400 234.597 281.358
L. 15 0.255 260 68.381 330.848
25 0.301 400 214.633 289.634
0 0 0 0 0
5 0.350 550 196.74 394.727
2. 15 0.350 480 168.185 179.929
25 0.300 500 240.024 343.954

Source: own processing

Tab. 4. Measured force characteristics of recycled polyvinyl butyral material during the relaxation test

Max. Max. Strain after Strain before
force before . .
. force after . relaxation relaxation
No. Period . relaxation ,

relaxation F coes €'ges € ges
F’eges [N] [1\%] [mm] [mm)]

0 0 0 0 0
! 5 4.708 9.775 21.120 21.121
' 15 4.628 9.175 21.031 21.020
25 3.754 8.173 21.080 21.070

0 0 0 0 0
’ 5 5.643 10.614 21.032 21.031
’ 15 4278 11.332 20.980 20.980
25 4.350 11.740 21.111 21.100

Source: own processing

By introducing the above measurement conditions (Teliskova et al., 2018; Botko et al., 2018), the material
manufactured by compression moulding from recycled polyvinyl butyral was tested for its ability to withstand a
continuous load of 10 cycles. The relaxation time (Farzana et al., 2016) was 10 minutes in all cases. It can be
seen from the graph that with a period of 5 minutes, the relaxation time of 10 minutes and a total number of
cycles at this stress, the sample was ruptured by strain results between 410% and 570%, tensile stress from 11.2
MPa to 11.5 MPa. By 15 min period testing, the relative strain values were from 260% to 460% and the tensile
stress from 9.3 MPa to 9.5 MPa. The testing cycle, which lasted 25 min, had a relative strain value from 435% to
520% and tensile stress from 10.1MPa to 11.9MPa (Figure 5).
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Fig. 5. Graphical representation of recycled polyvinyl butyral stress relaxation (by 5-, 15- and 25-min relaxation time)
Source: own processing

In Figure 6, the view of relaxation by 5-min and the number of cycles 10 can be seen. The tensile stress has
the max. value of 0.65 MPa by 5-min relaxation time. All presented curves; i.e. dependencies of individual
variables were evaluated by Origin Ver.6.

07 =
1# Sampleof recycled polyvinyl butyral
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o \
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Fig.6. Graphical representation of recycled polyvinyl butyral stress relaxation (by 5 min relaxation time)
Source: own processing

The cyclic relaxation of the material was by the regular relaxation of the material at a constant speed, and a
force of 5.01 N. Orange colour presented correction of curves (optimal condition) in dependence on the strain
and tensile stress. Neon green colour by 25-min relaxation is presented an optimal condition. Figures 7 and 8
show the material relaxation for 10 cycles and for all tested samples together.
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Fig.7. Graphical representation of material relaxation by the 5-min, 15-min and 25-min testing period (10 cycles)
Source: own processing
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Fig.8. Graphical representation of material relaxation under 10 cycles
Source: own processing

According to ISO 3384-1:2011 performed laboratory testing of recycled polyvinyl butyral show less manual
work and measurement can continue throughout the test after it is started. Advantages of this measurement are
no physical movement of the rigs after the test is started. With a comparison of our obtained results and already
published results, we have to observe the completion of regular cycles of 5-min, 15-min, and 25-min, the
material was brought to a state where it reached the tensile stress of the test material at failure. This is mainly
because the tensile stress amplitude was greater than the fatigue limit of the material. Ultimately, this led to
crack initiation. This phenomenon arises especially when there is a certain presumption of crack formation or its
potential, and there is a presumption of its assumption. After that, a test sample of moulded recycled polyvinyl
butyral was broken. We see the novelty of the presented paper in the testing of material manufactured with
recycled polyvinyl butyral.

Conclusions

Recycled polyvinyl butyral, as one of the most important parts of safety (for example, automotive) glass, was
investigated under material stress relaxation. Based on the results, it can be stated that:
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1. The material had the max. values for tensile stress of 0.78 MPa, the strain of the material for the tensile
strain was up 410% to 520%.

2. Upon completion of regular cycles of 5-min, 15-min, 25-min, the material was brought to a state where
it reached tensile stress at break oz which is also characterised as the tension of the test material in the
tensile stroke of the test sample.

3. The amplitude of the tensile stress was greater than the material fatigue limit. In the end, it has led to
crack initiation.

Recycled PVB is an important part of the production of new materials, and we can say that the variation in
the use of this type of material is high. It is characterized by very well:
+ clasticity,
» adhesion to various surfaces,
* good water resistance,
e economic investment,
* environmental friendly material.

According to the presented results, the advantage of this material is high compatibility with other polymers,
as well as very good processing and subsequent production of composite materials. Last but not least, the
economic potential of this new material is very important. Given the cost of this alternative commodity, which is
in the range of 0.25-0.50 € per kilogram of this thermoplastic and its physical, chemical and ecological
properties make it a very desirable raw material for the end-user.

Obtained results of our research:

. minimise deficiencies or problems with the raw material of car windscreens.

. Can be reused in the production process.

. New material can be implemented in selected engineering production, for example, indoor and
outdoor.

material’s cap, and not only there. According to its own of properties and processing is an open
application to the construction industry,
garden construction, road construction, for example, insulation material, facing panel,
. Manufactured materials based on recycled polyvinyl butyral save the company's initial investment

As part of the mass customization strategy, the manufacturer has the opportunity to apply this recycled raw
material to a wide portfolio of its products in order to maximise customer satisfaction, minimize production costs
while paying attention to the environmental ecology.
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Impact of land use changes on surface runoff in urban areas - Case study
of Myslavsky Creek Basin in Slovakia

Martina Zeleiidkovd', Adam Repel', Zuzana Vranayovi’, Daniela Kaposztasovd’ and Hany F. Abd-Elhamid’

The task of this work was to analyze the drainage conditions of the river basin Myslavsky Creek with the aim of proving the increasing
flood risk in the area of Hornad River Basin as a result of newly constructed built areas. Drainage conditions of the reference area were
compared on the basis of two time periods, for years 1980 and 2010. Two maps of land use were processed for two years. Total runoff
coefficients were calculated based on the processed maps, which differed because in 1980 the territory was not so built up compared to now.
The calculated results were also proved by using PCSWMM — Storm Water Management Model. The results prove that the maximum 2010
runoff at the area has increased by almost double from 1980. The increased discharge, therefore, requires flood protection measures in the
area.[]

Keywords: land use; runoff coefficient,; urban areas, Myslavsky Creek

Introduction

An accurate estimate of runoff from rain and snowmelt is one of the most important elements of the flood
forecast process (Weng, 2001). It is important for flood control channel construction and possible flood zone
hazard delineation (Bronstert, Niehoff, Biirger, 2002). A high runoff coefficient (C) value may indicate flash
flooding areas during storms as water moves fast overland on its way to a river or a valley floor (Zelenakova,
2018). Runoff coefficient is measured by determining the soil type, gradient, permeability and land use (Okkan,
2018). Hydrometeorological hazards, flood and drought especially, stand nowadays as some of the most frequent
and disturbing danger phenomena (Mititelu-lonus, Licurici, 2018). Urbanization lowers maximum potential
storage and increases runoff coefficient values (Wilby, 2007). As a consequence of increasing urbanization as
well as rainfall totals and intensities over the second half of the 20" century, signs of increased flooding
probability in many areas of the basins have been documented (Nirupama, Simonovic, 2007), (Kiss et al. 2014).
These changes affecting rainfall characteristics are most evidently due to an increase in westerly atmospheric
circulation types (Pfister et al., 2004). Land use changes, particularly urbanization, have significant effects in
small basins (headwaters) with respect to flooding, especially during heavy local rainstorms (Vranayova et al.,
2011) (Stec et al., 2017). The rainfall-runoff process depends not only on the space-time distribution of the
rainfall but also on the kind and the state of the basin (Sivakumar et al., 2000), which in turn, depend on the
climatic condition and vegetation states (Slezingr, Fialova, 2012). Therefore, what is really important is a unified
description of the complex behaviour of the dynamic system arising from the combination of all of its
components (Zelenakova et al.,, 2011) (Zelenakova, Rejdovjanova, 2011), (Blistanova and Blistan, 2014),
(Blistanova, et al. 2016).

To model runoff from urbanized areas, the SWMM (Storm Water Management Model) is successfully used
in different areas of the world. SWMM, a free-ride rainwater management model is a dynamic rainfall-drain
simulation model used to simulate the quantity and quality of runoff from primary urbanized areas (Lewis,
Rossman, 2015). Drainage modelling based on the principle of sub-basins that are exposed to precipitation create
drains loaded with pollutants (Diaconu et al., 2017a). The SWMM model can be used in the following situations:
drainage from the site, design and modelling of surface drainage, retention reservoir design, application of Low
Impact Development (LID) to the area and their impact on runoff, drainage quality, design and modelling
underground sewerage and drainage network, design and modelling of a single sewerage network, etc. (Gironas,
Roesner, Davis, 2009; Diaconu et al., 2017b).

There were compared the results of the LID editor with those obtained by a detailed demand-driven tank
model scheme used as a benchmark and developed using basic functions of SWMM. The comparison showed
the LID Editor-based model generally overestimates the benchmark model in the evaluation of both volumetric
and peak retention efficiency. The high variability of the results of the comparison suggested the use of the LID
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editor rain barrel option for long-term simulation but not for single event analysis. A sensitivity analysis revealed
that overestimation provided by the rain barrel option was significant for tanks smaller than 2 m’ tank sizes for
major collection of domestic rainwater (Campisano, Catania, Modica, 2017).

Long-term modelling of the green roof using SWMM presented the results of the monitoring of the
extensive green roof in Bologna (Italy). The model simulated the hydrological behaviour of the green roof over
one year and compared it with an adjacent impermeable roof of the same size. There was also a comparison of
rainfall retention in the green and also in the classical impermeable roof. The total retention of the green roof
was 48%, while the impermeable roof was only able to retain 11% of the precipitation (Cipolla et al., 2016).

In the study (Ouyang et al., 2012), runoff samples were collected and analyzed during rainy events in
Beijing. Indicators such as chemical oxygen demand, total suspended solids, or total phosphorus were analyzed.
In addition, the drainage water outflow from different substrates was analysed. The contribution expressed the
relationship between the impermeability of the substrate and the total amount of effluent. It was clear from the
results that in the sub-basin, which was made up of impermeable surfaces, the amount of runoff was almost
equal to the amount of rainfall (Ouyang et al., 2012).

Palla and Gnecco (Palla, Gnecco, 2015) analyzed the implementation of LID systems as a solution to slow
drainage during rainfall events. Their modelling explored the same territory with different scenarios of land use
and hard surfaces, including the use of green roofs and permeable walkways. Modelling itself was done using
SWMM. The authors stated that the suitability of the use of LID systems (green roofs, permeable walkways) in
the management of precipitation-runoff processes in urbanized areas had been confirmed, as their use not only
reduced the maximum runoff but also slowed down the overall runoff (Palla, Gnecco, 2015).

Rainwater system modelling is often used to manage rainfall-drainage processes in urbanized areas, in
particular, to estimate rainfall drainage and the quality of drained and retained rainfall. These models are usually
not adequately calibrated and verified due to limited availability of rainfall quantity and quality data (Sterren et
al., 2014). They described the calibration and validation of the rainwater tank model using SWMM, which used
data obtained from two systems of rainwater tanks in Sydney, Australia. The modelling takes into account the
maximum inflow and volume of the rainwater reservoir, as well as water quality parameters (total phosphorus
(P), total nitrogen (N) and insoluble matter). The authors suggested that the amount of P and N can be modelled
more accurately than the amount of insoluble matter in the effluent. It has also been found that a drainage
retention reservoir can significantly reduce the drainage of rainwater from the area (Sterren et al., 2014).

Tavakol-Davani et al. assessed the impact of climate change on single sewerage networks and the
possibility of reducing these impacts in Toledo, Ohio. The aim of this study was to evaluate the effectiveness of
rainwater retention in mitigating the potential impacts of climate change on sewer networks. For this purpose,
Coupled Model Intercomparison Project Phase 5 (CMIPS5) predicted future deductions based on historical
records. Subsequently, SWMM runoff modelling was used to determine how the existing single sink system will
respond to its expected impact in the future. The results of the study showed that 12% to 18% increase in the
volume of water alone in the sewer system during intense rainfall might occur in future climate change
developments. In order to mitigate these impacts, the study proposed a water retention plan in the country by
using a tank of 0.76 m’ (200 gallons) for half of the buildings from the whole area and modelling proved that
such a measure is able to ensure the proper functioning of the single sewer system also in the future (Tavakol-
Davani et al., 2016).

Application of permeable walkways and reinforced surfaces as systems to mitigate the negative impacts of
urbanization on the outflow of water from the territory was a case study in Southern Spain (Rodriguer-Rojas et
al., 2018). This was a project, where the hydrological performance of three types of permeable walkways had
been analysed. Passable walkways were investigated directly in the field, but drains were also modelled using
SWMM software. The pattern of such permeable walkways proved to be highly efficient, with up to 70%
reduction in runoff compared to conventional reinforced surfaces. Permeable walkways appear to be a more
appropriate alternative to green roofs from the results of this study since they are more effective, but also have a
wider application (Rodriguer-Rojas et al., 2018).

From the above mentioned, it is obvious that SWMM has a very wide application and was also used in the
current study. The aim of this paper is to evaluate the effects of surface condition and calculated runoff
coefficient on the degree of flood protection in low lying areas and design potential measures to stabilize
conditions in the drainage basin of Myslavsky Creek. The paper presents the current state of drainage situation in
the study area — part of Kosice City in Slovakia — taking into account the existing outlets of rainwater drainage of
the newly built constructions buildings, hypermarkets, etc.

Materials and methods

The methodology of the current research consists of the following steps:
1. Characteristics of the river basin of Myslavsky Creek.
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2. Collecting the input data from the Chief Architect Department, Kosice (DCAK) and Slovak Water
Management Enterprise, s.c. branch office Kosice (SWME), specifically:
e  Maps of land-use in the scale of 1:5 000 and 1:2 000; (source: DCAK),
e  Maps of land-use in digital form in .dwg (AutoCAD); (source: DCAK),
e The situation of the basin in the scale of 1:50 000; (source: SWME).
3. Processing of input data:
e  (Calculation of runoff coefficients,
e Calculation of the total runoff.
4. Propose measures to stabilize the drainage conditions into the stream basin of Myslavsky Creek.

Study area
The study area is situated in the eastern part of Slovakia (Figure 1) near Kosice City.

r—

Em Slovakia

Figure 1. Location map of the study area

Myslavsky Creek is the right-hand tributary of the Hornad River, which opens into the southern part of
Kosice (Figure 2) (Hornad River basin).

Myslavsky creek is the right tributary of Hornad River (Figure 2). It opens into the Hornad in 135.70 river
kilometre. Its catchment area is 59.67 km”. From the west, it is defined by a sub-catchment of the Bodva River
Basin. The highest point of the basin is at an altitude of 940 m above sea level; the lowest point is at an elevation
of 188.90 m above sea level (Zelenakova, 2014). Basic characteristics of the catchment are presented in Table 1.

™
X VODN;

Figure 2. Myslavsky Creek, the right tributary of the Hornad River
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Table 1. The basic characteristic of the catchment (Zelendkova, 2014)

Basin area The highest point The lowest point Runoff fr.om the Maximum flow
basin stream
59.67 km” 940 m asl. 188.90 m asl. 9.5 s km-" 52m’s’

Myslavsky Creek was regulated mainly within the boundaries of the city of Kosice and Myslava. A number
of unilateral purpose-built bank reinforcements and many different types of bridges were constructed by
landowners in the agricultural area. A large part of the basin is located in an urbanized area, which may
significantly alter hydrological conditions.

The most frequent occurrence of floods is during the summer months, due to storms. The last major flood in
the Myslavsky Creek occurred in May and June 2010 after long-term rains. The flood damages for Kosice city
were enumerated at 11.935 € for Kosice and 69.566 € for a rural area.

Runoff calculations

The Rational method of runoff coefficient (C) calculation is a function of the soil type and drainage of the
basin. The larger values correspond to higher runoff and lower filtration. The Rational equation is the simplest
method to determine peak discharge from drainage basin runoff. A rational equation is as follows:

Qmax :C'i‘A

Where: Omax = peak discharge (1.s™),
C = rational method runoff coefficient (-),
i = rainfall intensity (1.s".ha™) in time t (min),
A = drainage area (ha).

(Ls™) (M

Runoff coefficient for the whole area was calculated as weighted average as follows:

! ¢) 2

The rainfall intensity (i) is typically found from Intensity Duration Frequency (IDF) curves for rainfall
events in the geographical region of interest. The duration is usually equivalent to the time of concentration of
the drainage area. The storm frequency is typically stated by local authorities depending on the impact of the
development. A 10-yr, 25-yr, 50-yr, or even 100-yr storm frequency may be specified.

Runoff modelling

The PCSWMM modelling software, which is based on SWMM 5 model, was used for comparison of two
different scenarios from the view of runoff from the area. SWMM (Storm Water Management Model), a free-
ride rainwater management model is a dynamic rainfall-drain simulation model used to simulate the quantity and
quality of runoff from primary urbanized areas. The SWMM monitors the amount and quality of runoff in each
sub-basin, as well as the flow rate, water depth in pipelines and channels throughout the simulation time. The
program itself is therefore used to plan, analyze, and design a drainage water system. It is also used to design
uniform sewer systems and various rainwater management systems in the country (Cipolla et al., 2016).

In PCSWMM software, one sub-basin with the size of 431.961 ha was created. The runoff was modelled
according to the values in Table 2. A difference between scenarios was presented by the percentage of
impervious area.

Table 2. Basic characteristics of the catchment (Zelenidkovad, 2014)
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Ground cover Area in 12980 Partiql runoff Area in %OIO Partial runoff coefficient
A;(m) coefficient C; (-) A;(m") Ci(-)
Roofs 139 978.60 0.8 473 427.26 0.8
Roads and streets | 391 895.15 0.9 962 407.09 0.9
Cemeteries 14091191 0.15 174 441.46 0.15
Greenery 3587 398.15 0.15 2 649 908.00 0.15
Un-built areas 59 425.98 0.3 59 425.98 0.3
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Results and Discussion

Two maps were prepared for years, 1980 and 2010 for the whole catchment of the Myslavsky Creek. The
maps of the selected area of the catchment, exactly the area of Kosice city, where land use changed and human
activities are manifested as presented in Figures 3 and 4.

Figure 3. The selected area of Myslavsky Creek basin — land use in 1980
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Figure 4. The selected area of Myslavsky Creek Basin — Land use in 2010

Legend:
- greenery I - sclected object B - cemeteries

1 roofs * - un-built areas [ - parking
D e e roads, and paved areas - border of the catchment
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There were huge constructions in a given area during the period 1995-2005. The land use of the area is the
same nowadays as is presented in Fig. 4.

According to equation (2) runoff coefficients were manually calculated for the two time periods for
significantly influenced locality by human activities, with a different area of different land use of Myslavsky
Creek Basin. The value of runoff coefficient is changed by 0.10 over the 30-years. Based on the calculated total
runoff coefficients C, the drainage area of Myslavsky Creek and for a specific amount of rainfall was calculated
maximum runoff for both time periods year 1980 and 2010 according to equation (1). The results are presented
in Table 3.

Table 3. The maximum discharge Q for the year 1980 and 2010

C i A t 0
Year ©) (Ls".ha™) (ha) (min) (Ls™
1980 0.2412 139.8 431.9609 15 14 565.62
2010 0.3404 139.8 431.9609 15 20 556.12

For the selected part of Myslavsky Creek river basin in 2010, the above table of values indicates the
maximum runoff O, for 15 minute periods of rain was 20 556.12 1.s". Compared to 1980, when the Q value was
14 565.62 1.s™', it represents an increase of 42% for the same drainage area.

The results from modelling by PCSWMM software are as follows.

It was determined that there was 12.31% of the impervious area on the modelled sub-basin in 1980, whereas
in 2010, there was 33.24% of the impervious area. It is clear from this that the size of the impervious surfaces on
the sub-basin has more than doubled. The period of 15 minutes' rainfall with a constant intensity of 50.328
mm/min was used to obtain the results of total runoff from the area with the same conditions as rainfall in the
calculation method. Comparison of the total run-off from the model in 1980 (at 12.31% of impermeable areas)
and in 2010 (at 33.24% of impermeable areas) during a 15-minute rain of constant intensity is presented in
Figure 5 and Table 4.

2000

1850

Tolal irdfiow | mis)

Mian 25 1:00 200 300 400 5100
DateTime

Figure 5. Run-off from the modelled area using PCSWMM

Table 4. Run-off'in 1980 and 2010 using PCSWMM

Outfall 1980 | Outfall 2000

Maximum total inflow (m3/ sec) 10.9 19.93
Minimum total inflow (m*/sec) 0.1859 0.1897
Mean total inflow (m3/sec) 1.736 2.152
Duration of exceedances (h) 4.992 4.992
Duration of deficits (h) 0 0
Number of exceedances 1 1
Number of deficits 0 0
Volume of exceedances (m3) 31190 38670
Volume of deficits (m3 ) 0 0
Total inflow (m?) 31200 38670
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It is obvious that the maximum runoff at 2010 in the area has increased by almost double - as was the case
with the rational method.

There are 10 objects which drained rainwater from the catchment of Myslavsky Creek to the water stream
which are mainly business and shopping centres. From Figure 6, it is possible to see their location in the study
area.

Figure 6. Business and shopping centres in the study area

Individual objects are equipped with different types of oil separators or grease traps, through which water
from the surface runoff is purified before discharging into Myslavsky Creek. Some of the selected objects also
have retention tanks. The drained water of the objects significantly increases the discharge in Myslavsky Creek,
which resulted in the occurrence of the increased flow in the stream. Four drains were identified on the
Myslavsky Creek by a survey of the area, which diverts the water from the surface runoff from selected objects,
thus increasing the flow of the Myslavsky Creek Figure (Figure 7). Its level increases enormously and causes
flooding of the surrounding area. This is due to the fact that in the past there were no so many built-up areas as
today, and rainwater filtered into the soil, reducing the threat of a large flood.

Based on the changed outflows of the Myslavsky Creek, it is necessary to propose potential measures to
stabilize the runoff in the catchment area, thus increasing the flood protection in the lowland areas. Protection
measures may be environmental (removal of obstacles) as well as organizational (compliance with water
management decisions, design of retention areas).

Proposal of protection measures for runoff condition stabilisation with the aim of flood protection of lower
laying areas are the following:

a) non-structural flood mitigation measures- water management decision,
b) structural flood mitigation measures:
- directing the stream flow by removing sharp meanders
- removal of islands and random obstacles
- creation of longitudinal stream slopes, which creates a more steady-state of a river bed
- creation of a stream cross-section trough of a size and shape to harmlessly divert flow prior to such
fortification, preventing the erosion and flush out of the banks.

136



Acta Montanistica Slovaca Volume 24 (2019), number 2, 129-139

Figure 7. Drainage outlets to Myslavsky Creek

Conclusion

The world's population nowadays is concentrated in urban areas. This change in demography has brought
land-use and land-cover changes that have a number of documented effects on streamflow. The most consistent
effect is an increase in impervious surfaces within urban catchments, which alters the hydrology and
geomorphology of streams. In addition to this, runoff from urbanized surfaces as well as municipal and industrial
discharges result in increasing floods in urbanized areas as it decreases river bed capacity for flow. Nowadays,
when the urbanization and expansion of urban settlements are at the forefront, much attention must be paid to
water management, in particular, rainfall-drainage processes from the basin. One of the appropriate tools for
managing these processes in a river basin is the SWMM precipitation-out model, which is widely used to model
various situations that occur in urbanized locations. This model, as well as the rational method, was used in the
current study. The SWMM can be used to model the amount of drainage from the basin from different
underlying surfaces, and model design values for precipitation, sewerage and other phenomena associated with
precipitation-drainage processes. The model can be used either in the scientific sphere or directly in designing
rainfall-drainage processes in cities.
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This paper presents the current state of runoff condition in the study area of Myslavsky Creek Basin, taking
into account the urban development in the last 30 years, mainly of newly built hypermarkets. The goal of the
study was an evaluation of the surface condition, calculation of the runoff coefficient and propose potential
measures to stabilize conditions in the drainage basin of Myslavsky Creek located in the Eastern part of
Slovakia.

The drainage ratios of the monitored area were compared based on two time periods, for 1980 and 2010,
and two land use maps for both years were processed. From the processed land use map, total drainage factors
were found, which varied considerably, because in 1980 the area was not as urbanized as it is today. The runoff
coefficients for the different time periods 1980 and 2010 were compared. For 1980 the runoff coefficient was
calculated of 0.2412, and for 2009, the runoff coefficient was calculated of 0.3404. Such a difference between
the runoff coefficients results from the differences in the built-up area of the river basin in 1980 compared to
2010. The state of build-up area in the river basin at present is the same to 2010. In the past, rainwater has been
filtered into the land surface directly into the soil, and so extensive flooded areas have not occurred. The
situation is different nowadays because in 30 years the number of built-up and reinforced areas has increased
enormously and all the rainwater is captured and discharged by rainwater drainage through the drains into the
Myslavsky Creek. Due to the fact that almost all of the rainwater is diverted to Myslavsky Creek as well as the
rainwater from selected objects in the monitored area, the flow of the Myslavsky Creek is increasing, and
therefore its flow capacity for the corresponding amount of rainwater discharged is not satisfactory.

Based on the changed outflows of the Myslavsky Creek, it is necessary to propose potential measures to
stabilize the runoff in the catchment area of the Myslavsky brook, thus increasing the flood protection in the
lowland areas. Measures may be environmental (removal of obstacles) as well as organizational (compliance
with water management decisions, design of retention areas). Such potential measures can help in saving money
and the life of people.
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The procedure of choosing an optimal offer for a conical pick as an element
of realizing the sustainable development concept in mining enterprises

Lukasz Boloz' and Katarzyna Midor’

The contemporary market requires something more from the manufacturer than merely a good quality product. What matters nowadays
for the consumer and co-operator is the fulfillment of certain ethical standards by an enterprise, such as, for example, the ones proposed by
the sustainable development concept. This is particularly important for companies in the mining branch, which are frequently classified as
"3D" - dirty, dangerous and difficult. Sustainable development should be realized in three areas: social, environmental, and economical. In
the article, the authors present an engineering solution involving an optimal choice of conical picks, which realizes the sustainable
development concept in the economic and social context. This allows saving the financial resources of a mining enterprise while choosing a
high-quality product, which improves the working conditions. The article contains a description of a comprehensive procedure for selecting
the most favorable offer of a conmical pick, taking the geometry, material, durability, and the price into consideration. The procedure
optimizes the choice of a conical pick while taking into account the technical requirements as well as allowing the price share to be tailored
according to the current needs and financial possibilities of the user, which has been illustrated with an example of a mining plant where the
procedure has been used.

Keywords: conical pick, mine, procedure, choice of an offer, sustainable development.

Introduction

In today's world, the sustainable development of enterprises has attracted the interest of managers and
investors all over the world. The financial success of a company is no longer the only measure of economic
activity; now, it is also viewed through the prism of high ethical standards. Contemporary Europe, in particular,
the European Union, has decided that its strategic goal by the year 2020 will among others be intelligent
development, which allows investing in the economy based on knowledge and innovation, therefore, an activity
that enables increasing effectiveness while realizing the sustainable development concept in the mining branch.
Realization of sustainable development in an enterprise is based on activities in three areas: social, ecological,
and economical. Each of these areas needs the use of several tools. In this article, the authors present a tool that
enables the most optimal choice of an offer of a conical pick, which, in line with the sustainable development
idea, allows saving the company's resources and their rational managing in the future.

Conical picks, known in Poland as tangential-rotary picks, are typical tools used in underground mining.
Depending on the working conditions, their consumption ranges from a few to several dozen a day for one
mining shearer, and the unit cost of a pick ranges from PLN 60 to PLN 200. The mine's costs resulting from the
purchase of conical picks are estimated to reach several million PLN annually, which for underground mining
means a total of several dozen million. The users want to use the best accessible picks, but the choice of the most
favorable offer is complicated, as many factors determine the quality of a pick. First of all, an important thing is
resistance to abrasive wear as well as geometric and material parameters. Picks offered for coal mines vary
considerably in their price, which is often not adequate to durability. For this reason, a parametric methodology
for evaluating conical picks, allowing for the choice of an optimal offer, has been developed and implemented in
three Polish coal mines. The procedure utilizes the method of measurements and laboratory tests. The
methodology also involves control tests, which allow verifying the delivered picks' quality, and, in consequence,
enable maintaining a good quality of deliveries. Conical picks are also used to mine rocks (underground mines of
ores and salt as well as open-pit mines), concrete and asphalt (road building and maintenance, building works),
so the procedure in question has a significant application potential.

Sustainable development of enterprises

At the turn of the 20th and 21st century, the notion of sustainable development grew in popularity. The
concept began to be defined in the 1960s, when so-called Club of Rome, established in 1968, published four
reports:" Limits of Growth", "Mankind at the Turning Point", "Future in Our Hands" and "The Barefooted
Revolution", which was a pioneer attempt to forecast many global phenomena and problems as well as a serious
warning. In the report-manifest entitled "Limits of Growth", a team of researchers headed by Dennis Meadows
questioned the previous view that the development of humankind was not limited by anything, and the
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advancement of science and technology would break the environmental barrier. Further research conducted by
independent institutions in subsequent years confirmed the mutual relationships between demographic
phenomena, production, and natural environment. All that influenced the way of thinking and undertaken
activities. The increasing knowledge of highly developed countries about the consequences of a continuing
economy based solely on economic growth contributed to the concept of sustainable development. Global events
which played the most significant role in propagating the sustainable development idea include UN Conference
in Stockholm in 1972, UN Conference "Environment and Development” in Rio de Janeiro in 1992 and UN
Conference in Johannesburg in 2002. These conferences caused that highly developed countries, in particular,
UE states, started undertaking several activities to protect the environment and change the model of economic
development (Midor and Tarasinski, 2010).

Initially, the sustainable development concept referred mainly to the development of the world and
civilization. However, since Agenda 21 was published during the conference in Rio de Janeiro in 1992,
sustainable development has been applied to towns, communes, and other local units as well as enterprises.
Agenda 21 defines sustainable development as social and economic development which aims to meet the needs
of contemporary societies without affecting the possibility of satisfying the needs by future generations (Midor,
2014). Since the time of Agenda publication, there have been many proposals specifying the way such
development might be effected in the activity of companies. Currently sustainable development of enterprises is
associated with such concepts as: social responsibility of business (Habek, 2015), business ethics (Habek and
Brodny, 2017), triple bottom line or management of relationships with stakeholders (Zasadzien and Midor,
2015), design for manufacturing (DFM) strategies help companies to develop new products that are feasible to
manufacture (Jakubowski, 2014) and (Bozek, 2014).

On mature markets, the question about business style is asked more and more frequently. This question
began to determine the choice of a particular brand, product, or even an institution. As a result, the focus has
changed from moralizing arguments and social criticism of enterprise behavior to searches for the most effective
instruments of management (Midor and Tarasinski, 2012), (Brodny and Tutak, 2016), (Biaty, 2014). The most
important challenge for creating a new way of enterprise management, based on the sustainable development
concept is to introduce an appropriate channel for obtaining information about and from the environment.
Organizations which want to increase their profitability in the future should focus their activities on four entities
simultaneously: shareholders, society, natural environment, and finances. Devoting too much attention to one of
the entities mentioned above at the cost of the remaining ones may prevent companies from achieving long-term
success. The best method for implementing this multi-direction strategy is sustainable development. It allows
introducing innovative solutions, making proper distinctions, and achieving long-term success.

In Poland, the necessity of undertaking innovative activity should be aimed first of all at mining enterprises,
as hard coal mining is still a strategic branch of Polish industry. In coal mining, Poland has a 10th position in the
world and ranks 1st in the European Union. For Poland, coal is a guarantee of energy security and is currently
the primary source of electric energy production (Midor and Biaty, 2016), (Biaty, 2014). As the mining industry
is often classified as "3D" — dirty, dangerous and challenging due to the difficulties and constant changes in the
realization of the sustainable development idea (Gunarathe et al., 2016), solutions that will bring coal mines
closer to the sustainable development concept have to be searched for on many levels. In the article the authors
present a solution for an optimal choice of conical picks, which effects the idea of sustainable development in the
economic and social aspect, allowing the financial resources of a mining company to be saved while choosing a
high-quality product, thus improving the working conditions.

Conical picks

The exploitation of longwalls and galleries in global underground mining is mainly mechanical. Mechanical
mining involves direct using an extraction tool on rock mass. The most common is rock mining by milling with a
cutter loader and planning with cutting tools (Botoz and Krauze, 2018), (Botoz, 2018), (Krauze and Botoz,
2018), (Botoz, Krauze and Kubin, 2018). Currently, the global standard is to use conical picks in the mining
elements of heading machines and longwall cutter-loaders. Milling elements are crucial parts of mining
machines, and the durability of picks is essential from the point of view of operational costs, the time of machine
work and the energy efficiency of the process. Users' expectations, as well as increasingly hard conditions, cause
that mining machines have to meet increasingly strict requirements regarding their efficiency, safety reliability,
and staff comfort. Fulfilling these requirements largely depends on the proper selection of cutting tools with
handles and a mining element. This selection results from the milling process theoretical framework and is
known from the literature (Botoz and Kruze, 2018), (Krauze, Botoz and Wydro, 2015), (Botoz and Midor, 2018),
(Botoz and Leonel, 2018).

During exploitation, the conical pick contacts the excavated rock mass. It is the pick that is directly
responsible for the mining process. The shape and appropriate manner of fixing the pick in the handle allows its
free turn, which results in the blade's uniform wear. Due to the working conditions and the specific character of
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the mining machine, picks can differ in geometry (shape, size, manner of mounting), materials and the way of
protecting the body against abrasive wear. It is therefore crucial that the selected picks meet the requirements
which guarantee a proper milling process for a particular machine and working conditions.

The problem of conical picks' durability is the subject of many investigations carried out in research centers
around the world. Due to the construction of the pick, durability research is conducted in a few variants. The
standard conical pick, presented in Fig. 1, is built of an operational part in a conical shape, a cylindrical pin,
which is the holding part, and a blade in the form of an insert made of sintered carbide.

a)
\ pick edge
[ |

/ | operational part

holding part

Fig. 1. Construction and example solutions for conical picks a. construction of pick, b. typical pick, c. pick with an abrasion-resistant
coating,d. pick with a ring made of sintered carbide

The body can be additionally protected against abrasive wear with abrasion-resistant coatings, by weld
surfacing or with rings made from sintered carbides (Krauze, Boloz, Wydro and Mucha, 2017), (Chang et al.,
2017). These investigations are aimed at finding a solution characterized by the highest abrasive resistance.
Works are carried out to explore the mechanism of picks' abrasive wear (Dewangan et al., 2015), to predict the
wear (Gajewski et al., 2013), or a possibility to support the mining process (Kotwica, 2011). Investigations are
conducted for the material — sintered carbide (Nahak et al., 2015), (O'guigley et al., 1997), for a complete pick
(Dewangan et al., 2015), (Songyong et al., 2017) or picks which form a mining element (Kotwica and Krauze,
2007). As a result, we obtain information about the mass loss in materials subjected to testing. Importantly, this
research usually consists of searching for new solutions or are conducted for advertising purposes and are only
marginally useful for picks users. The only way forward is the possibility of coating (Hornik, 2015).

Various producers can provide a particular selected pick. However, producers do not specify the quality or
durability of picks in a way allowing their comparison before purchase.

A mining enterprise, which is obliged to follow the procedure of public tenders, use the prices as the only
criterion when choosing an offer of picks. Therefore, bearing in mind the public procurement law that state-
owned mining companies have to comply with, the testing of picks had to be developed in a way which would
enable choosing the best offer while maintaining the lowest possible price. Therefore, the issue in question is
essential from the point of view of sustainable development, as it allows saving the financial resources of an
enterprise and improving the working conditions.

The methodology of the conducted investigations aimed at evaluating the quality of conical picks

Correct and extended operation of properly selected conical picks depends on the following elements:

» geometrical parameters of the whole pick and sintered carbide itself,

+ material parameters of the body and blade,

« the hardness of the body and blade,

« the hardness of the pick.

The durability of picks is the most critical element of their quality description, but in practice checking the
geometric and material parameters of the body and insert is also recommended and applied (Krauze, Botoz and
Wydro, 2015).

Determining the quality of picks requires measuring the above elements in a way that enables a comparison
of their quality so that an optimal solution can be chosen. Moreover, the user must have the possibility of
controlling the quality of picks provided by the producer.

Bearing the above in mind, investigations in three stages have been proposed (Krauze, Botoz and Wydro,
2015) :

* measurement of conical picks’ geometrical picks,
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+ testing of conical picks’ material parameters,
+ testing of conical picks’ wear rate.

Measurement of geometric parameters

The testing of a conical pick is aimed at determining its selected linear and angular dimensions. The
obtained results should be compared with the user’s requirements and the producer’s documentation. The pick
must comply with both requirements.

Major linear and angular dimensions of the conical pick are (Fig. 2a):

* operational part length L,

* total length L.,

* the diameter of diameters of the holding part d,

« of'the stopper ring collar dj,

« the angle of the insert blade 25,

* height of sintered carbide insert 4,

« the diameter of sintered carbide insert d,,,

* marking on the holding part z /d,/2f, /L,, where z is the producer's trademark

Measurement of shaped parts can be efficiently performed by 3D reverse engineering methods (Buransky
and Peterka, 2013). Linear measurements were taken with an Insize altimeter (max. error £30 um), the angle
measurement was taken with a Mitutoyo Digimatic protractor (max. error +2°). The tests were conducted on a
special measuring stand (Fig. 2b).

Material parameters testing

Determining the quality and properties of materials that the conical pick is made of requires separating the
steel body from the blade, which is made of sintered carbide. Tests were carried out for the pick body material to
determine the chemical composition of steel, the hardness of the holding and operational part as well as thermal
treatment of the sintered carbide insert to determine the composition, density and hardness (Fig. 3).

a) P
{ du_ >
\\//

hyw

Fig. 2. Measurement of the pick’s geometric values:
a. pick parameters subjected to measurement, b. measuring stand with measuring equipment
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b
Sintered carbide: Operational'part : Holding part :
- hardness - hardness - hardness
- density - microsection
- chemical composition - chemical composition

Fig. 3. Measurement of the pick’s geometric values: a. pick parameters subjected to measurement, b. measuring stand with measuring
equipment

The chemical composition of the pick body material was conducted by the spark testing method, with a
Foundry Master device, whereas the hardness measurement was taken by the Rockwell method — it is carried out
on a sample taken from the area near the insert in accordance with Polish standards. The composition, density
and hardness of sintered carbide were proposed to be determined by the Vickers method in line with Polish
standards.

Wear rate tests

In industrial conditions the hardness of cutting picks is usually determined as a ratio of the number of
replaced (used) picks to the amount of material mined. Therefore, determining the hardness of picks required
developing a plan and methodology of research, enabling determining their wear rate. A wear rate measurement
must always be performed in the same controlled conditions so that the results can be reproducible and
comparable. Such an approach allows indirectly determining the picks' durability, using a number index, and
enables producers to compare various solutions and choose the best ones.

The methodology of conical picks' wear rate involves milling a rock sample with four picks of the same
kind. To determine the wear rate, it is necessary to determine a mass loss of the examined picks as well as the
volume of a sample mined by them. After testing the index characterizing, their wear rate can be calculated. The
picks' wear rate, which describes durability, should be determined to utilize the following formula (Krauze,
Botoz and Wydro, 2015):

Xl:A_m.&, [-] (1
m v,
where:
X1 — wear rate [-],
Am - pick's mass loss during testing (body with the blade) [g],
m - pick's mass before test [g],
Vy — standard/reference volume of sample [m’],

V, — volume of sample mined by picks during testing [m’].

Testing of all types of picks is performed in accordance with the prescribed methodology and research plan.
Laboratory tests have to be carried out on a special stand (Fig. 4). Conical pick tests presented in the further part
of the chapter were performed on a laboratory stand for testing the mining process by milling or rotary drilling
with single cutting tools or elements, the description and possibilities of which have been quoted in literature
(Krauze, Botoz and Wydro, 2015), (Boloz, 2018).
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Fig. 4. Wear rate laboratory tests. a. stand with a testing disc, b. pick number 1 mounted on the disc, c. mined sample

Choosing an optimal offer of the conical pick

From the point of view of the user looking for the best pick characterized by good value for money, clear
criteria which allow making an optimal choice are essential. When searching for the best offer, one should use
multi-criteria optimization. An evaluation of the picks' quality must take into account two essential criteria —
price and durability. The choice is made difficult by the mutual influence of criteria. i.e., the occurrence of
Pareto optimality. Despite a lack of unambiguous correlation, in general, increasing the durability of picks
involves the necessity of using more sophisticated technical means, which translates into an increased price. The
weighed criteria method, which is a typical multi-criteria optimization method, was applied so that the user could
decide about the influence of price and durability on the choice. Therefore, the procedure enables establishing
the influence of the share of price criterion and durability criterion in the offer price. Knowing the pick's price K
[PLN] and the determined wear rate X/ [-], the number of points P [-] is calculated according to formula 4.2.
This formula provides the number of points P depending on the adopted weight 7 [-] of pick’s quality within the
range W =0 + 100. In practice, the quality criterion weight is in the range W = 35 = 70. In the case of low-quality
weight (for example, W < 20) there is a risk of choosing a pick characterized by a low price and, at the same
time, low quality. In the case of high values (for example, > 80), there is a risk of choosing the most expensive
offer, in which the pick's durability can be slightly higher than in a much cheaper offer. Weight W can also be
established by determining the maximum acceptable price of a single pick.

In results, a number value P, not higher than 100, is obtained. The higher the P-value, the more favorable
the offer is.

P=mln(Xln).W+m1n(Kn).(1OO—W), [-] v
X1 K

n

where:

P — number of points awarded to a particular offer, P < 100 [-],

n —number of the subsequent offer [-],

W — quality weight in the final evaluation of the pick , W =0+ 100 [-],

X1 — wear rate of picks [-],

K — pick unit cost [PLN],

Xl1,, K, — index X1 and price K for offer i,

min(X7,), min(K,) — minimum values of X7 and K among all the analyzed offers.

How to maintain a good quality of conical picks?

The proposed research methodology allows choosing picks of the best quality, but it is necessary to control
deliveries to maintain the assumed quality. In the event, the user reports reservations regarding the quality of the
picks, control testing is carried out. The control involves doing geometric and material tests of the picks
delivered for checking. The results of tests can be quantitatively compared with the results of standard picks. To
check the wear rate, comparative testing of the controlled and standard picks on the same rock sample must be
conducted. Only then can one unequivocally determine whether the wear rate has changed.
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This factor is comparable for various coal beds, and the bigger value it has, the more difficult is the bed
mining capacity. In order to determine coal compactness (compact/weakly-cohesive), in parallel with the
measurement of the mining capacity factor, the angle of side crushing is determined.

Example of applying the procedure of an optimal offer choice

The presented procedure was implemented in three Polish coal mining companies. The tendering procedure
was applied for a total of ten underground mines. Each tender consisted of many tasks, and each task concerned
one type of pick. The said procedure was used in four tenders:

» tender 1 — 5 mines, 9 types of picks, a total of 240 500 pcs, delivery time 2 years,

» tender 2 — 6 mines, 14 types of picks, a total of 371 640 pcs, delivery time 2 years,

» tender 3 — 2 mines, 12 types of picks, a total of 47 210 pcs, delivery time 1 year,

+ tender 4 — 4 mines, 6 types of picks, a total of 66 677 pcs, delivery time 1 year.

Assuming the average value of a pick as PLN 110, we obtain big amounts (PLN 26.5 million, PLN 40.9
million, PLN 5.2 million, PLN 7.3 million, respectively). Due to their quantity, a minimal advantage in the price
or durability of picks translates into considerable savings in the scale of the whole mine or company. In
particular tenders, the ordering parties established a different weight W of the quality criterion. Subsequently,
they used values W = {70, 40, 35, 40}.

In practice, each of the bidders in the tender for deliveries of picks of one particular type provided a
representative sample consisting of 22 pcs of the product. In accordance with the procedure, 3 picks were sent
for geometric tests, another 3 for material tests and 4 for wear rate tests. The remaining 12 picks were standards
for quality control. In case of a complaint, the mine delivered 10 picks, which were checked for geometric
parameters (4 pcs) by comparing them with standard picks (4 picks). Based on the test results, conclusions were
formulated to confirm or reject the mine's claims. The complaint procedure was applied only eight times, which
proves the fact that producers maintain the quality of picks.

Below have been presented the results of tests for one selected task, in which 5 producers, marked P1 to PS
respectively, took part. The subject or research was a pick for heading machine z/25/90/70 having the following
dimensions (markings according to Fig. 2a):

e L,=70 mm, admissible value range: 69.0 mm + 71.0 mm,

e L., =147 mm, admissible value range: 146.0 mm + 148.0 mm,

* d,=38 mm, admissible value range: 37.8 mm + 38.0 mm,

* d; =58 mm, admissible value range: 57.0 mm + 59.0 mm,

e 24,=93°, admissible value range: 92.0° +~ 93.0°,,

*  h,=35 mm, admissible value range: 34 mm + 36 mm,

* d, =25 mm, admissible value range: 24.5 mm + 25.5 mm,

As a result of the conducted geometric parameters tests, check charts for 3 picks for each producer were
obtained. The results for the first pick manufactured by each of the producers have been given in Table 1.
Despite a wide tolerance field, the required dimensions were not fulfilled by all the producers (item 5). As a
result, producer P5 was rejected; the remaining offered picks complied with the requirements. Values given in
red font mean failure to meet the user's requirements or the manufacturer's declaration.

Tab. 1. Results of geometric parameters’ measurements

Geometrical parameters of the pick

No. Pick No. Lc Ln Lu hk ZBU dk du dw hw

[mm] | (mm] | [mm] | [mm] | [] | [mm] | [mm] | [mm] | [mm]
1. P1/1 147.12 | 70.11 | 77.01 | 15.98 | 92.87 | 58.16 | 38.00 | 24.85 | 35.08
2, P2/1 146.73 | 69.76 | 76.97 | 15.54 | 93.00 | 58.07 | 37.98 | 25.00 | 35.06
3. P3/1 146.66 | 69.62 | 77.04 | 16.22 | 93.00 | 57.88 | 38.00 | 24.75 | 35.11
4, P4/1 146.95 | 69.98 | 76.97 | 16.22 | 93.00 | 58.09 | 37.95 | 25.48 | 34.89
5. P5/1 148.31 | 71.40 | 76.91 | 16.20 | 93.68 | 58.04 | 37.97 | 24.96 | 34.55

Metallographic tests consist of many elements. The results of tests for the pick produced by each
manufacturer have been presented in example tables. The hardness of the body operational part is quoted in Tab.
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2, the hardness of the body holding part — in Tab. 3, the chemical composition of the body steel — in Tab. 4,
sintered carbide hardness — in Tab. 5, density and chemical composition of sintered carbide — in Tab. 6.

Tab. 2. Results of HRC hardness tests for the pick operational part

No. Pick No. HRC 1mm HRC 3 mm HRC 10 mm | Requirements
1. P1/1 53 53 52
2, P2/1 51 53 52
3. P3/1 54 55 53 >45
4. P4/1 52 52 52
5. P5/1 35 41 40
Tab. 3. Results of HRC hardness of the pick holding part (for 3 picks)
No. Pick No. pick 1 pick 2 pick 3 Requirements
1. P1 32 31 33
2, P2 32 32 34
3. P3 35 37 34 25+ 35
4. P4 33 36 34
5. P5 48 47 47
Tab. 4. Results of chemical composition analysis for the body material
No-| N | % | % | % | % | % | % | % | % | o | Crade
1.| P1 | 0.336 | 0.899 | 1.18 | 0.009 | 0.009 | 1.13 | 0.077 | 0.005 | 0.002 | 35HGS
2.| P2 |0.326|0.901| 1.33 | 0.021 | 0.009 | 1.10 | 0.08 | 0.016 | 0.002 | 35HGS
3.| P3 |0.372|0.667 | 0.294 | 0.020 | 0.012 | 0.98 | 0.227 | 0.140 | 0.010 | 42CrMo4
4.| P4 |0.343|0.840 | 1.24 | 0.006 | 0.010 | 1.12 | 0.056 | 0.008 | 0.002 | 35HGS
5./ P5 |0.444 |0.719 | 0.272 | 0.006 | 0.005 | 1.14 | 0.128 | 0.170 | 0.007 | 42CrMo4
Tab. 5. Results of sintered carbide HV30 hardness (for 3 picks)
No. Pick No. pick 1 pick 1 pick 1 Requirements
1. P1 1171 1160 1156
2, P2 1141 1129 1136
3. P3 1306 1294 1274 > 1050
4. P4 1163 1153 1176
5. P5 1148 1158 1151
Tab. 6. Results of sintered carbide density and composition analysis
No. Pick No. Density g/cm® Co % W % Grade
1. P1 14.634 7.9 92.1 B2
2, P2 14.549 9.6 90.4 B23
3. P3 14.665 7.5 92.5 B2
4. P4 14.560 9.4 90.6 B23
5. P5 14.423 10.8 89.2 B40
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The last element of testing was determining the wear rate. Tests for all the picks were conducted on a sand-
cement sample with basalt aggregate characterized by the grain size 2 mm + 8 mm, resistance to single-axis
compression R, = 11.49 MPa and density p = 2.095 kg/m’. The results of tests were juxtaposed — selected picks
produced by all the manufacturers after testing have been presented in Fig. 5.

The lower the value of the calculated X7 index, the better the durability of the pick. In the presented table the best
pick is P2, whereas the least durable one is P5. Selected picks of all the producers after testing have been

presented in Fig. 4.
Tab. 7. Results of pick wear rate tests (average value for 4 picks)

No. Producer Mass Mass after Loss \l.olume3 Index
before g g G mined m X1 -

1. P1 157.,30 1568.66 8.64 0.0260 1.055
2, P2 1579.24 1572.63 6.61 0.0261 0.801
3. P3 1581.78 1574.04 7.74 0.0267 0.916
4, P4 1590.69 1583.59 7.10 0.0245 0.910
5. P5 1497.03 1488.81 8.22 0.0255 1.076

The values of index XI, after taking the picks' price into account, allow choosing an optimal offer. The
results of geometric and material parameters measurements enable excluding the offers which do not fulfill the
requirements. Table 8 contains the results of score evaluation P of the offers, taking into account the producers’
average prices and various levels of weight . the influence of weight W on offer evaluation is clearly visible,
hence, its value should be determined with caution. The optimal values for a given level of significance of
quality have been marked in green. It is worth noting that there are disproportions in prices and durability; the
durability of picks P3 and P4 is similar despite a considerable difference in the price. Determining weight W at
the stage of issuing a call for tenders allows an objective, unambiguous, and indisputable choice of an optimal
offer.

Tab. 8. The juxtaposition of an optimal choice results for three values of weight W

No. | Producer 2 = Eics 7= 7e 7= 7e 7=
PLN W=90 | W=70 | W=40  W=35 | W=10

1 P1 1.055 90 77.78 81.48 87.04 87.96 92.59

2 P2 0.801 100 98.50 95.50 91.00 90.25 86.50

3. P3 0.916 160 84.01 7715 66.85 65.14 56.56

4 P4 0.910 130 85.76 81.23 74.44 73.31 67.65

5 P5 1.076 85 77.00 82.11 89.78 91.05 97.44

b) d) e)

E 3 P -
Nt ___— IS S

X o S ==

B——

Fig. 5. Conical picks number 1 after tests (number according to Fig. 3) a. P1, b. P2, c. P3, d. P4, e. P5
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Conclusions

Contemporary enterprises in the mining branch are facing the necessity of improving their image in society.
They can do this by implementing the idea of sustainable development, which is based on ethical behavior. In
the issue presented in this article, the ethical behavior consists in applying an engineering solution aimed at
eliminating waste in an enterprise as well as improving the working conditions by using a high-quality product.

The correct operation of conical picks guarantees high durability of tools and milling elements as well as
the low energy efficiency of the process, low level of dust and sparking. Achieving such a result depends on a
proper selection of kinematic and geometric parameters of the element with the whole mining machine as well as
geometric and material parameters of picks with handles. To achieve the set goal, it is necessary to ensure
compliance of the above-mentioned parameters with the ones assumed at the stage of design, i.e., the highest
possible quality and durability of the product must be achieved. Technically, the producer has no possibility to
specify the durability of his product in a way enabling a comparison of offers. Therefore, an appropriate research
methodology for the needs of Polish mining companies has been developed. Based on a three-stage analysis of
research results, it is possible to choose an optimal offer while taking the price into account. However, it should
be noted that despite the significance of the research in question, in the future testing should also include the
milling elements and pick handles to maintain the highest possible durability of machine operational parts.
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Impacts of noise and technical seismicity from blasting works during tunnel
construction on the surrounding environment

Jan Fehe’r’, Jozef C‘ambdl’, Martin Cvoligaz, Ladislav Kaémar’ , Vladimir Sulovec4, Martin Suver*
and Jan Beca®

The paper is focused on the measurement of adverse effects caused by blasting works in tunnels on the environment. The disintegration
of the rock massif during tunnel construction is performed in most cases by explosions due to the release of the explosion energy, which is
transformed into the energy of the seismic waves and causes disruption of the massif balance. Blasting works generate noise and seismic
waves with different maximum vibration velocities and a wide range of frequencies. The intensity of the seismic waves is proportional to the
massif of the explosives used. If the vibration has sufficient energy, the surrounding buildings may be damaged or destroyed. Assessing the
negative effects of blasting and quantifying seismic security is currently a very challenging issue. However, based on periodic measurements,
prediction of these effects is possible. The paper presents the results of monitoring of blasting works in tunnels in the Slovak Republic. The
evaluation of noise and seismic effects of blasting works verified that in tunnels is a methodological basis for noise and seismic effects of
blasting works not only on surrounding buildings but also on the surrounding environment.

Keywords: tunnel, blasting works, technical seismicity, noise

Introduction

Tunnel excavation affects the surrounding environment (Mishra and Mallick, 2012). Adverse effects
include mainly noise and seismic effects (Jonson, 2012). The systematic measurement of noise and seismic
effects in blasting operations is an essential part of determining the adverse effects on the environment (Fei et al.,
2018). Based on the measured values, we are able, if necessary, to operatively carry out measures to optimize the
performance of blasting operations (Mihalik and Pandula, 2008; Pandula and Kondela, 2010; Kalab et al., 2013).
Based on the research activities, noise measurement and technical seismicity measurements were carried out in
the construction of the tunnel, in the implementation of tunnel blasting (Murayama et al., 2014). Measurements
were made in the residential area near the tunnel based on residents' complaints. The importance of the
measurements has resulted from the need to detect adverse effects on the environment (Miincner, 2011; Kondela
and Pandula, 2012; Lesso et al., 2013; Shin at al., 2018; Blistan, 2007; Kalab, 2018; Kalab and Stemon, 2017).
Noise and seismic instruments were calibrated and sensitized prior to measurement (Nistov et al., 2012). The
graphs of the individual components of seismic waves (Franga et al., 2011) were recorded in the measurement
positions. Seismic apparatuses have been placed on the measuring positions to assess the impact of the seized
technical seismicity on the objects under assessment (Pandula et al., 2012).

Measuring position and apparatus used for measurement

The measuring position or noise measurement was carried out about 200 m from the blasting works, which
were carried out in the tunnel of residential buildings. A special instrument from SVANTEK - SVAN 958A was
used to measure noise. SVAN 958A Class 1 Four-Channel Sound and Vibration Analyzer is designed for all
applications requiring simultaneous Class 1 audio and vibration assessment. Each of the four input channels can
be independently configured to detect sound or vibration with different filters and RMS detector time constants
that give users great flexibility in measurement. The real advantage of the SVAN 958A is the ability to perform
advanced analysis simultaneously with a level meter. In practice, this allows the user to obtain broadband results,
such as Leq, RMS, Lyiax, Litin, Lreak, along with a four-channel analysis such as FFT or octave band analysis
(Raisian et al., 2016).
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Fig. 1. Device SVAN 9584 (Fehér et al., 2019)
Measured value
From the outputs of the special SVAN 958A instrument in case of noise measurement of blasting
operations, it is necessary to use the permissible values of the maximum sound level A in the monitored time

interval using the time weight function F. Value LAF,,,x (dB).
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Fig. 5. Measured value, time 16:31:24 (Fehér et al., 2019)
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Fig. 6. Measured value, time 16:32:24 (Fehér et al., 2019)
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Fig. 7. Measured value, time 16:33:24 (Fehér et al., 2019)

Tab. 1. Measured value from blasting in the tunnel

Measurement time Measured value LAF ., (dB) Allowable value (dB)
16:28:24 66.7 118
16:29:24 56.6 118
16:30:24 59.4 118
16:31:24 61.1 118
16:32:24 58.8 118
16:33:24 78.8 118

Fig. 8. SVAN 9584 installed near a residential building in Nimnica (Fehér et al., 2019)

Analysis and evaluation of noise measurements

Impulsive noise is the most subjective perceived by the population when measuring the noise level from
blasting operations or the tunnel shot. Blasting works are, however, sporadic in time, and therefore these noise
levels are not subject to permissible values according to the Ministry of Health Decree no. 549/2007. According
to the decree, we use the maximum sound level A in the monitored time interval when using the time weight
function F. LAF,x (dB) value according to MZSR no. 549/2007. The maximum A-level sound at a single
occurrence may not exceed 118 dB in places and people's possible residence. From the above graphs, or the
outputs from the measuring instrument SVAN 958A, it can be stated that the noise level generated by the
blasting operations in the tunnel did not exceed the maximum value of LAF,, 118 dB.
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Measuring position and devices used to measure seismic effects of blasting operations in Diel tunnel

The measuring position, or the measurement of technical seismicity, was carried out in residential buildings
approximately 200 m from the blast. A special instrument from INSTANTEL - MINIMATE PRO 6 was used for
seismic measurement. The MINIMATE PRO 6 offers 64 MB of memory, improved durability, metal housing,
connectors and water resistance. It is possible to connect two standard ISEE or DIN triaxial geophones to
monitor vibration sources from two different locations. Another option is to connect one ISEE or DIN triaxial
geophone and one ISEE linear microphone, as well as the possibility to connect an audio microphone if air
overpressure measurement is required.

Fig. 9. Device MINIMATE PRO 6 (Geonor, Inc., 2018)

The MINIMATE PRO 6 situated in the measured position was calibrated before the measurement, and its
sensitivity was also checked. The graphs of the individual components of the seismic wave were recorded in the
positions of measurement. Seismic apparatuses have been placed on the measuring positions so that the impact
of technical seismicity on the objects under consideration can be assessed. On the basis of measured values of
velocities and frequencies of individual components of the wave at the shot, we were able to evaluate according
to STN EN 1998-1 / NA / Z1 seismic load of building constructions or effects on a housing development near
the tunnel (Pandula and Kondela, 2010).

Criterion seismic effects

Effects of the technical seismicity induced by blasting are measured and assessed by the velocity of the
environmental particles (particle velocity) "v" according to the maximum value of one of its three components x,
v, z. The principle of seismic protection of seismic safety of building objects against technical seismicity can be
expressed by the relationship

v<yy, 9]

where v is the maximum value of the particle velocity component caused by the vibration source, measured
at the so-called vibration rate. The reference position of the protected (assessed) object; the reference opinion is
the ground floor of the building; the value of "v" depends mainly on the maximum mass of the explosive charge
fired at one time point Q¢4 [kg], further from the minimum source distance from the shock vibration receptor L
[m] and the properties of the geological transfer environment between the source and the shock receptor. At the
current knowledge level, the value of "v" cannot be calculated in advance either analytically or empirically; the
most reliable is determined by a specific measurement, as in our case, vq4 is the maximum allowable (limiting)
particle velocity for the object (s) under consideration; there is no damage to the object at this vibration speed -
the degree of damage is 0; this value is determined independently of the blast (before blast) based on practical
experience. Different standards or on the basis of expert assessments by specialists. STN 73 0036: 1973-11 /
STN EN 1998-1: 2005/NA shows the relationship between the vibration intensity expressed by the particle
velocity of the individual components and the possibility of damage to the building. In accordance with the
standard, the following criteria may be adopted for masonry civil buildings in an average building condition:
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At particle velocity:

e v=0-10mms’ - thereis no damage to the building,
e v=10-30mms’ - possibility of first signs of damage,
e v=30-60 mm/s' — the possibility of minor damage.

Tab. 2 Dependence of the degree of damage from maximum particle velocity, type of object and ground soil according
to STN EN 1998-1/NA/ Z1 (Pandula et al., 2010)

Maximum vibration rate for frequency range
Damage Class of Type of
fk < 10 Hz 10 Hz<fk< 50 Hz fk> 50 Hz degree | resistance soil
less than3 3to6 6to5 0 & a
3o 6 tol2 12 to 20 0 A b,c
B a
0 B b,c
6 to 10 10 to 20 15 to 30 C a
1 A a
C b
]
; B C
8 1o 15 15 to 30 20 to 30
& b,c
1
B a
C C
0
D a
10 to 20 20 to 30 30 to 50 1 B b
C a
2 A a
D b,c
] E a
C b
1510 25 25 to 40 40 to 70 1
B C
A b,c
2
B a
E b,c
0
F a
C C
20 to 40 40 to o0 60 to 100 1
D a
B b,c
2
C a
0 F b,c
D b,c
30 to 50 50 to 100 100 to 150 1 .
a
2 C b
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Tab. 3. Seismic effects depending on vibration velocity (Pandula et al., 2010)

Velocity of vibration Characteristics of vibration and their effects
[mm.s?)
<2 man does not perceive vibration, vibration can only be detected by devices
2-5 sensitive people perceive vibration
5-10 vibration is already a human perception
10-15 vibration is perceived by most people, the window pan shakes
15-30 first signs of very slight damage
30-75 light damage to buildings
75-100 possible damage to damaged buildings
100 - 200 serious damage to buildings, cracks in concrete
200 - 400 building disintegration, serious damage in reinforced concrete
=400 possible demolition of buildings

In these blasting works in the Diel tunnel, explosives of the type AUSTROGEL and EMULEX 1 were used.
The total weight of the blast in the tunnel was 110 kg per blast.

The pressure force generated at the point of the explosion causes a pressure wave in the surrounding
environment. Waves spread to the environment and transmit part of the blast energy to a greater distance. The
pressure wave propagates increased tension and rock movement. Near the centre of the blast and at a distance of
a few meters, the induced tension is a compression wave. The pressure tension rapidly rises to a certain
maximum and then slowly decreases to zero so that damped environmental vibration occurs. As the distance
from the center of the explosion increases, the shape of the tension and the resulting movement of the
transmission environment change so that after a sudden rise in pressure, its drop does not stop at zero, but the
first portion of the overpressure is followed by the second portion of the vacuum propagating wave.
Environmental distortions take on the character of vibration. In any flexible solid state, the formation of a
longitudinal wave P is accompanied by a transverse wave S, which arises from the passage and reflection of the
longitudinal wave at the interface of different environments (Pandula and Kondela, 2010).

Especially the graphical dependence of the maximum particle velocity components on the reduced distance
in the tunnel, which depends on the amount and type of explosive used and the timing stages of the detonators
used in the blast or timing of the blast itself (Pandula et al., 2012; Kondela and Pandula, 2012), is important
when evaluating the results.

Tab. 4. The measured values of seismic effects caused by blasting works in tunnel (Fehér et al., 2019)

Date of measurement Y mm.s™ Zmm.s" X mm.s™
16.11.2017 0.268 0.686 0.252
16.11.2017 0.260 0.946 0.418
14.12.2017 0.126 0.985 0.260
14.12.2017 0.260 0.796 0.213
16.05.2018 0,283 0,178 0,127

Based on the measured values of the seismic effects at the blast in the Diel tunnel, the graphical dependence
of the maximum particle velocity components on the reduced distance was sharpened - the red line represents the
maximum permissible values of the particle velocity for the primary tunnel lining, the residential buildings in the
village of Nimnica and the water sources in the Nimnica (Pandula et al., 2012).
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Fig. 10. Graphical dependence of particle velocity at the reduced distance on primary tunnel lining. The red line represents the maximum

allowable particle velocity values for the primary tunnel lining (Fehér et al., 2019)
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Fig. 12. The graphical dependence of the particle velocity at a reduced distance on residential buildings near the Diel Tunnel.
The red line represents the maximum permissible particle velocity values for residential buildings in Nimnica (Fehér et al., 2019)

Fig. 13. Location of MINIMATE PRO 6 on the foundations of a residential building (Fehér et al., 2019)

Analysis and evaluation of seismic measurements

In the measurement of technical seismicity caused by blasting from tunnel blasts, vibrations were applied to
residential buildings in accordance with Slovak technical standard STN EN 1998-1: 2005/NA (Fig. 10).
Depending on the outputs of the MINIMATE PRO 6, the highest value measured (0.946 mm.s™) did not exceed
1 mm.s™', which is a non-perceptible figure (Fig. 11). Residents most perceive impulsive noise rather than shocks
or vibrations caused by blasting. Measurements have confirmed that vibrations do not adversely affect residential
buildings near the Diel Tunnel and citizens:

e v,= 0—3mm.s’ — there is no damage to the building, nor do the inhabitants feel the vibration
negative.
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Conclusion

Noise levels from tunnel blasting do not exceed the maximum allowable noise for the reference time interval
- a rare occurrence per day. The results show that blasting in the tunnel will not affect the current acoustic
parameters in the nearest residential zone and will not endanger the environmental parameters in terms of noise.

From the seismic measurements and the graphical dependence of the vibration velocity on the reduced
distance, or from the outputs of the MINIMATE PRO 6, we can conclude that the blasting works carried out at
the tunnel excavation do not exceed the values that would lead to damage to the environment around the tunnel.
The measured values did not exceed the values stipulated by the valid Slovak technical standard STN EN 1998-1
/ NA/Z1 Seismic load of buildings.

As a result of the continuous tunnelling process, the distance between blasting operations and the residential
area increases every day, which will only reduce the noise level and the effects of the season, which has a
positive impact on the residential area and the surroundings of the tunnel.

The law of attenuation for the surrounding tunnel implies that the seismic effects caused by the blasting
work will not cause such voltage changes that would break the bedrock in the living area and the nearby spa.
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Mining coal production in Slovakia

Eva Manova’l, Jozef Lukdc"'l, Slavomira Stas“kova’l, Roman Kozelz, Jana Simonidesovd' and Marek Mehes'

The paper aims to describe the development of mining and utilization of black coal in the territory of the Slovak Republic. The authors
also try to analyse the state of the financial health of black coal mining companies in our territory. The result of the paper is to provide a
compact view of the development of coal mining in the context of the financial health of enterprises in this sector. We compare the
development of coal production in Slovakia with the development of coal production in the Czech Republic, Hungary, Poland, Austria and
Ukraine. We analyse the development of coal production within the Visegrad group along with the neighbouring state - Ukraine. Mining
production in Slovakia decreased 15.70 per cent in November of 2018 over the same month in the previous year. Mining Production in
Slovakia averaged -1.08 per cent from 2001 until 2018, reaching an all-time high of 135.30 per cent in July of 2007 and a record low of — 57
per cent in July of 2008.

Keywords: coal, mining production, financial health, Slovakia, Ukraine, Austria, Czech Republic, Poland.

Introduction

In 2010, more than 20 countries in the world had already reached maximum capacity in their coal
production (peak coal production) such as Japan, the United Kingdom and Germany (Lin, 2010). An estimate for
world coal production, in the long run, would be helpful for developing policies for alternative energy sources
and climate change. This production has often been estimated from reserves that are calculated from
measurements of coal seams. We show that where the estimates based on reserves can be tested in mature coal
regions, they have been too high and that more accurate estimates can be made by a curve that fits the production
history (Rutledge, 2011). After 2011, the production rates of coal and CO2 decline, reaching 1990 levels by the
year 2037, and reaching 50 % of the peak value in the year 2047 (Patzek, 2010). The model of Mohr (2009)
indicates that worldwide coal production can peak between 2010 and 2048 on a mass basis and between 2011
and 2047 on an energy basis. The Best Guess scenario assumed a URR of 1144 Gt and peaks in 2034 on a mass
basis, and in 2026 on an energy basis.

Although coal may be viewed as a dirty fuel due to its high greenhouse emissions when combusted, a strong
case can be made for coal to be a primary world source of clean H2 energy. Apart from the fact that resources of
coal can outlast oil and natural gas by centuries, there is a shift towards developing environmentally benign coal
technologies, which can lead to high energy conversion efficiencies and low air pollution emissions as compared
to conventional coal-fired power generation plant (Shoko, 2006). A global peak in coal production can be
expected between 2020 and 2050, depending on estimates of recoverable volumes. This is also compared with
other forecasts. The overall conclusion is that global coal production could reach a maximum level much sooner
than most observers expect (Hook, 2010). Coal and natural gas, the other fossil fuels, have played and will
continue to play important roles as the United States works towards a comprehensive sustainable energy policy.
That being said, coal will continue to be replaced by natural gas, and natural gas in the long-term will be
replaced by wind and solar energy sources (Kuhns, 2018).

State of the problems

The research of coal production in individual countries is dealt with by several authors. India's coal demand
is expected to grow at a rapid pace in the future due to the country's economic and population growth. According
to Wang (2018), predicted demand shows that domestic production of coal will be insufficient to meet the
cour&try's rising coal demgnd, with the gap betxveen demand and production rising from its current value of about

2687, it will reach 300 ¥ in 2035, and 700 ¥ by 2050. This increasing gap will be challenging for the energy
security of India.

China has the largest coal production in the world due to abundant resource requirements for economic
development. In recent years, the proportion of opencast coal mine production has increased significantly in
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China. Opencast coal mining can lead to many environmental problems, including air pollution, water pollution,
and solid waste occupation (Zhang, 2018). As the most significant material flow in China, coal resource flow has
many problems, including unnecessary CO2 emission and energy waste (Liu, 2018). Liu (2015) find that total
energy consumption in China was 10 % higher in 2000-2012 than the value reported by China’s national
statistics that emission factors for Chinese coal are on average 40 % lower than the default values recommended
by the Intergovernmental Panel on Climate Change, and that emissions from China’s cement production are 45
% less than recent estimates. China is facing the problem of a decline in coal demand in recent years. Traditional
coal production has suffered from excess capacity and higher inventory in China since 2012. The development of
the coal industry in China will change to rely more on quality and efficiency, developing scientific capacity, and
achieving clean utilization (Bai, 2018).

Even in China and the USA, countries that have or had temporary bans on new coal mines, climate
considerations played second fiddle, and there is little to no evidence that normative ideas regarding coal
extraction have shifted, assisting in the emergence of a global anti-coal mining norm. Instead, the current
Chinese and US coal extraction policies can best be explained as strategic moves to protect the industry from the
headwinds it is facing. The Chinese moratorium's main purpose was to serve as an industrial policy to combat
growing overcapacity, and it might be easily overturned (Blondeel, 2018).

According to Ozonoh (2018), South Africa has a large deposit of coal that supports about 95 % of electric
power generation in the country. The fuel is fast depleting, though the current reserve may serve for the next
century. However, the emissions from the coal project massive threat to the environment. [

Russian coal industry possesses all capabilities to become an advanced branch of economy with high-
quality products. Russian coal mining companies have many competitive advantages in the framework of the
domestic fuel and power sector: tremendous coal reserves; significant experience in utilisation of this type of
energy resources, especially in crisis situations; opportunity to come into the world market; high potential to
enhance efficiency; diversity of coal products; adaptability to varying market environment; tight integration into
priority lines of innovative economic development; essential contribution to the regional energy security. Russia
is according to Zhaglovskaya (2017) one of the world leaders in coal production.

According to Litvin (2017), there is no method of coal losses regulation under challenging conditions, in
particular in mining coal seams in tectonically disturbed zones. For deposits having hard conditions of
stratification, the creation of this technique is a very urgent task. The author proves the necessity for the creation
of this document.

On December 2015, more than 190 countries adopted the Paris Agreement, the most ambitious climate
change pact to date. The document lays out a plan to curb greenhouse gas emissions, among other climate-
related initiatives. Participating countries must now find ways to translate those ambitions into policy, and
answer important questions about financing, transparency and accountability, national implementation, and
accelerated emissions reduction goals, to name but a few. However, one issue looms large — coal (Boersma,
2016).

In 2011 (Germany) the conservative government announced the Energiewende - energy transformation and
decided to reduce the number of fossil fuels from 80 % of the energy supply to 20 % by 2050. However, while
the verdict on nuclear was unequivocal with a final phase-out date of 2022, the share of coal in the electricity
market did not decrease, and the amount of carbon dioxide released into the air slightly increased from 2011 to
2013 (Renn, 2016). According to Vogele (2018) reasonable management in Germany of the niche technology
"coal-fired power plants" could include protection of space for ensuring a smooth removal of the links between
the regime and the technology with respect to, for example, social and environmental aspects. The phase-out
pathways for the coal-fired power plants elaborated on in this paper help to better inform policy-makers to
design transformation processes not only for coal-fired power but also for other declining technologies. The
analysis of Stojiljkovi¢ (2014) of the measurement data allows us to improve control of existing and newly
opened coal mines, as well as their ancillary products that act as polluters. Emil (2000) dealt with the problems
of liquidating buildings of former underground mining, especially of shafts of closed and damped mines. It is
stated that strict maintaining the Decree of the Czech Bureau of Mines (EBU) No. 52/1997, Collection of Laws,
has its justification for deep and gassy hard coal mines, but it cannot be absolutely valid in the full extent for
shallow ore, and mainly brown coal mines. Soong (1998) described some technical aspects of triboelectrostatic
separation and the results of the application of this process in the treatment of three types of coal, namely Cigel,
Handlova and Novaky. It has been found that the separation efficiency is very closely related to the second part
of the coal. The first results demonstrated the correlation between the efficiency of ash separation in coal.
Cehlar (2019) describes a new tool, the brownfields methodology, which can help revitalize old mining areas as
part of their technological modernization and underground full extraction with environmental damage reduction.

Several authors have dealt with the issue of the financial performance of enterprises that make up the
mineral resource. Peng (2018) analysed the scale efficiency, efficiency and projection value of 17 coal
enterprises, meanwhile, make a horizontal comparison of the environmental performance level among coal
enterprises. Gonenc (2017) investigated the relationship between environmental and financial performance of
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fossil fuel firms. To this extent, we analyse a large international sample of firms in chemicals, oil, gas, and coal
with respect to several environmental indicators in relation to financial performance. Strouhal (2015) determined
the linkage between CSR and financial performance within two countries in the CEE region — Czech and Estonia
— using data from 2012 — 2013. We compare the return on assets and normalised market value added of listed
companies. Based on the results, we can state that the implementation of a standalone CSR report does not have
any direct linkage with the financial performance of the tested companies. Manova (2018) researched of the
evaluation in the contribution presents cluster analysis, through which we determine companies' clusters from
chosen sectors according to chosen financial indexes. The results confirm that the position of the analysed
companies in the frame of the sector is satisfactory. Improvement of the economic activity of industrial
companies determines conditions for the possible improvement of mining and metallurgical business activity and
finds the sources of companies' growth. Tworek (2018) analysed to give an overview of the risk management
problems experienced by coal mines, with the focus on the integrated enterprise risk management (IERM)
concept, as well as proposing that the concept should be implemented in coal mines operating in Poland and the
Czech Republic. In particular, it proposes that the traditional approach to the risk management process, i.e.
Enterprise Risk Management (ERM), should be modified and transformed into an integrated process. Cehlar
(2011) gave some information about risk management and its significance for financing project in the mining
industry. The projects in the mining industry are very exacting for financial sources. Van¢k et al. (2017)
benchmarked the mining companies in a 5-year period: from 2009 to 2014. Six financial indicators were used to
achieve the ROE, ROS, ROA, Debt to Equity Ratio, Asset, and Cash Flow Liquidity Ratio of four coal mining
companies in the Upper Silesian Coal Basin located on the border of the Czech Republic and Poland: OKD a.s.
operating in the Czech Republic and three Polish entities, Jastrzebska Spolka Weglowa S.A. (JSW), Katowicki
Holding Weglowy S.A., and Kompania Weglowa S.A.

The finding of the significant positive effect of CO2e intensity on firm financial performance contrasts with
the findings of previous studies carried out in several developed countries. The finding of the research is that the
mediating variable of customers' responses strengthens the effect of CO2e intensity on ROS (Rokhmawati,
2017). Vilamova (2016) analysed an economic evaluation of using a geopolymer from coal combustion as a
possible alternative raw material. The results of the analysis show possible reducing of cost, which is possible
through the replacement of cement by fly ash more than 18 % of the material.

Methodology and data

The aim of the paper is to describe the state of coal production in Slovakia and neighbouring countries
(Czech Republic, Poland, Hungary, Austria and Ukraine). We focus on the development of production in
countries through different trends analysis. We also focus on the financial situation of the selected company
Hornonitrianske bane Prievidza from the perspective of the financial health of the year 2017. In the first place,
we focus on the comparison of the financial indicators with the average values of financial indicators of
economic activities in the Slovak Republic. We analyse the indicators of liquidity, activity, profitability and
company indebtedness.

The data comes from the sources of the Statistical Office of the Slovak Republic, Eurostat, the World Bank
or other annual reports of the organizations, ministries and multinational companies engaged in coal mining or
trade with this commodity.

In the present case study, we use several specific methods of financial analysis (Zalai, 2016). Among the
most represented methods, we consider the methods of financial ratios. The construction of these indicators
consists of several items of assets and liabilities, costs and revenues. The system of financial ratios itself has a
low informative value. It would only be a group of numbers that didn't tell us anything. Therefore, it is important
to compare the individual indicators with other companies, in our case with the whole industry. Based on this,
we find out how the company has stood the competition and find its location in space. As a result, the company
may be worse off than the industry average. If it is better, it needs to be compared with the upper quartile - with a
better quarter of the industry. In addition to the methods of financial analysis, we also use methods of graphical
representation of development trends.

Results

According to the data of Statistics office, mining represents one per cent of total industrial production in
Slovakia, which also includes mining of coal and lignite. The trend of this mining has a declining tendency in
Slovakia. The largest coal producer in Slovakia is Hornonitrianske bane Prievidza. Hornonitrianske bane
Prievidza in 2018 delivered to customers over 1.5 million tonnes of brown coal. Coal is mined by the deep-
mined method in three mining areas (Handlova, Novaky and Céry.) The entire mining production consists of
dust coal for energy purposes.
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Coal and lignite generated 11.8 % of electric energy in the Slovak Republic in 2015. The others are nuclear
energy (57.6 %), gas (5.9 %), oil (1.0 %) and waste and renewable energy sources (7.6 %). Overall, the energy
mix within the national energy policy is balanced with the support of domestic brown coal and renewable energy
sources. Considering the high share of nuclear energy in electricity production, Slovakia's dependence on
imported energy sources (60.9 %) is only slightly above the EU average, despite almost 100 % dependence on
imported oil and natural gas. For example, in the Eastern of Slovakia, there is the Vojany Power Station, where
boilers (4 x 110 MW) are located for the use of imported semi-anthracitic hard coal from Ukraine. In the years
2014-2015, due to the conflict in Ukraine, there were problems with this supply of this coal.

Lignite sources are estimated at over 400 million tonnes, and another 500 million tonnes should be available
in the future. Usable reserves of lignite, including brown coal, are estimated at 100 million tonnes. In 2015, 1.8
million tonnes of lignite were produced. Lignite is mined by two companies in four underground mines, located
in the central and western part of Slovakia. More than 90 % of total lignite production is used for generating
electricity and heating.

In the following chart, we may notice the development of the production of mining companies in Slovakia
during the reference period from January 2018 to November 2018. The graph reflects the development in this
area — a decrease, which is expressed as a percentage. We see a decline in January of 23.3 %, while the only
increase of 0.7 % is in April, then again the decrease was recorded.
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Graph. 1: Mining production in Slovakia
Source: Trading Economics

In the following graph, we can monitor the final consumption of coal in the Slovak Republic from 1990 to
2015. In the 1990s, almost the whole part of coal consumption creates brown coal, predominantly for heating
and electricity production. Small consumption represented the production of coke, attraction and bituminous
coal.

1590 1995 2000 2005 2010 2015

@ Anthracite Coking coal @ Other bituminous coal
@ Lignite Patent fuel @ Coke oven coke
BKB

Graph. 2: Coal total final consumption by type (Slovak Republic)
Source: International Energy Agency

The production of coal in Slovakia from 1990 to 2016 is shown in graph no. 3. We can say that there has

been an overall decline in production and also in brown coal. The level of coke over coke is the same. Since
2004, there has been a noticeable increase in the production of coal tar.
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Graph. 3: Coal production (Slovak Republic)
Source: International Energy Agency

In the following section, we compare the production of coal between the Slovak Republic and the
neighbouring countries. Differences that occur between countries can be caused by many factors that can arise
from multiple areas. First of all, there are the conditions of distribution of natural resources — coal fields in the
analysed countries. The second area is the policy, which is conducted in the field of coal mining, also through
the influence of the EU, which does not affect Ukraine. Another important factor is the need for coal mining for
the country's economy — the question is how to use coal (energy, trade, sales), with which imports and exports
are related.

= SLOVAKIAMINING PRODUCTICN  *==** CZECH REPUBLIC MINING PRODUCTION
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Graph. 4: Comparison of coal production between Slovakia and the Czech Republic in %
Source: Trading Economics

Production of coal compared to production in the Czech Republic in the years 2014 and 2015 resembled
and fluctuated at approximately the same intervals. More significant changes can be observed in the last two
analysed years when production in the Czech Republic increased significantly compared to the production of the
Slovak Republic.

In the decision from October 2015, the Government of the Czech Republic corrected its raw material and
energy policies by modifying the scope of the territorial ecological limits placed on the mining of lignite. Such
action is impacting the energy sector operating in the North Bohemian Basin, the largest region for lignite
production in the Czech Republic (Sivek, 2017).

= SLOVAKIAMINING PRODUCTION  ====" POLAND MINING PRODUCTION
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Graph. 5: Comparison of coal production between Slovakia and Poland in %
Source: Trading Economics
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By comparing production with Poland, we can also say that compared to Slovakia, coal production is higher
in 2018, 2017 and 2016. Lower production of coal compared to Slovakia is recorded in 2014.

In Poland, contemporary policymakers mobilise a national imaginary inherited from communist times —
encapsulated in the slogan ‘Poland stands on coal' — that fuses infrastructures of coal extraction and combustion
with the fate of the nation. This socio-technical imaginary provides support for coal futures, even in the face of
contradictory evidence for domestic resource depletion, poor regional air quality, and global climate change
(Kuchler, 2018).

— SLOVAKIAMININGFRODUCTION  *===" HUNGARY MINING PRODUCTION
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Graph. 6: Comparison of coal production between Slovakia and Hungary in %
Source: Trading Economics

The Slovak Republic, compared with the production in Hungary, achieve higher production of coal from
2014 to half of 2016, which is replaced by a reduction in coal production in Slovakia.

In Hungary, there is great uncertainty about Hungary's energy policies and security of supply, with the role
of coal, gas and renewables in the energy/electricity mix still not settled. Their future is expected to be heavily

dependent on political decisions rather than energy market factors, though energy market uncertainties are also
high (Weiner, 2017).
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Graph. 7: Comparison of coal production between Slovakia and Ukraine in %
Source: Trading Economics

By comparing the production of Slovakia with Ukraine, we can say that production is also affected by
ongoing conflicts in Eastern Ukraine, which leads to a decrease in production in 2014 and 2015. However, in the
last two years, Ukraine has achieved higher production than Slovakia.

According to Snihur (2016), the current state of Ukraine coal mining industry and prospects of its
development for the period until 2020 are considered. The analysis of Ukraine mine fund conditions is carried
out. Statistical data of gross coal production at state-maintained and private mines are given. The reasons for low
profitability and coal production decline in the country are considered.
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Graph. 8: Comparison of coal production between Slovakia and Austria in %
Source: Trading Economics

Austria's production is quite similar to the Slovak production in recent years (2017 and 2018). However,
production is still higher in our neighbours, but we achieved better results from 2014 until the beginning of 2016.

The next part is devoted to the financial health of the most important employer and producer of coal in
Slovakia — Hornonitrianske bane Prievidza. The most important coal buyer is Slovenské elektrarne, Elektrareii
Novéky. In the position of the leading domestic coal producer and the guarantor of the supply of brown coal for
combined heat and power, Hornonitrianske bane Prievidza supplied 1 507 193 tonnes to the Elektrareii Novaky.
Hornonitrianske bane Prievidza supplied it smoothly, in the required daily quantity and quality. Out of the
Elektraren Novaky the company dispatched 29 855 tons of energetic coal.

Zilina
.—__'\
/ =2
| s __Horgy ®Prefov
Trericin 4 e e
Ban £} / Banska Bystrica Kosice
§ Prievi \*/"’V e
\ i t
i ,/ Bana Dolina
syl
\ "\ e Nitra r\/ -
Bratislavn\ \]
%"9 N

. Lignite
Graph. 9: The occurrence of lignite in Slovakia
Source: Trading Economics

The year 2018 was a breakthrough in the sale of coal in the history of the company. After the end of coal
mining in mine Cigel, at the end of 2017, Hornonitrianske bane Prievidza finished the production and sale of
sorted coal for small consumers and households. The quality and heat value of domestic brown coal (9 to 14 MJ
/ kg) used for energy purposes is standard, comparable to coal from other European Union countries. In the
neighbouring countries, brown coal and lignite are mined with significantly lower heating capacity (Greece —
about 4 to 9 MJ / kg, Romania — 7 to 8 MJ / kg, Germany — 8 to 11 MJ / kg, Poland — 8 to 11 MJ / kg ) and
significantly higher annual mining than in Slovakia (Hornonitrianske bane Prievidza, 2019).

Within the analyses of the financial health of the selected company, we focus on several financial indicators
of the company, and we compare them with the average values of the financial indicators in the Slovak Republic.
We have calculated the financial indicators from the company's publicly available financial statements, which
are in the database of Slovak accounting records. The analysed indicators can be found in the following table,
and because our company ranks among companies with assets exceeding of 5 million Euro and with turnover
over 3,3 million Euro, we use the relevant indicators taking these criteria.

From the results of the previous table, we can say that the majority of the financial indicators of the
enterprise achieved worse results than those in sector B: Mining. In particular, these indicators are indicators of
profitability, inventory turnover time, debit collection and other activity indicators. Compared to the industry, the
company is financially well in the area of debt and liquidity. The decline in the mining industry, as well as the
low demand for coal may in the future lead to worse business results, which can also be reflected in financial
indicators.
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Table. 1: Comparison of the mean values of indicators in the mining sector

Recommended values
Financial indicator — values of | statistical characteristics | unit of measure
2017 property over 5,0 | turn over 3,3
Lower Quarter 1.17 1.19
Liquidity of 2. degree Median coefficient 1.67 1.26
1,65 Higher Quarter 5.28 1.91
Lower Quarter 1.48 1.26
Liquidity of 3. degree Median coefficient 1.95 1.77
1,83 Higher Quarter 7.20 2.36
Lower Quarter - -
Inventory turnover time Median day 25.50 24.77
9,87 Higher Quarter 34.06 34.06
Lower Quarter 51.73 50.69
Receivables turnover time Median day 71.88 66.76
119,82 Higher Quarter - -
Lower Quarter 51.25 48.26
Short-term receivables turnover time Median day 60.04 57.14
75,24 Higher Quarter 71.26 70.07
Lower Quarter 52.93 47.49
Liabilities turnover time Median day 71.59 63.32
121,46 Higher Quarter 199.08 105.92
Lower Quarter 27.81 27.81
Short-term liabilities turnover time Median day 39.72 43.70
41,11 Higher Quarter 56.25 62.39
Lower Quarter 0.46 0.70
Turnover of assets Median coefficient 0.59 0.95
0,82 Higher Quarter 0.75 1.73
Lower Quarter 11.42 20.65
The total indebtedness of assets Median % 29.06 42.43
388 Higher Quarter 48.59 57.00
Lower Quarter 1.06 0.76
Long-term indebtedness of assets Median % 8.89 6.73
13,5 Higher Quarter 23.67 22.01
Lower Quarter - -
Return of assets Median % 7.43 7.96
L8 Higher Quarter 12.55 11.58

Source: own processing according to accounting information and database of mean values of indicators 2017

Discussion

In relation to coal mining, total CO2 emissions in the energy sector decreased by five per cent in 2018. This
process has driven the gradual downsizing of coal production, primarily in Germany and the United Kingdom. In
Britain, the share of electricity produced from coal has fallen from 40 % in 2012 to 5 % in 2018. In Germany, it
fell from 19 % to 13 % in the same period. In the European Union in 2018, coal production fell by 6 % year-on-
year, compared to 30 % in 2012. The analysis thus confirmed the rapid decline of coal in electricity production
across European countries. The study noted that countries that are planning to eliminate black coal have usually
plans to expand their electricity production from renewable sources. An example may be Austria. Last year, solar
energy accounted for only four per cent of the European Union's total energy mix. However, according to the
study, the newly built solar infrastructure has increased the solar electricity production capacity by more than 60
% to almost 10 gigawatts. The study assumes that by 2022, this number can be multiplied by three times. We
have experienced a decline in coal production in the Slovak Republic, but in Hungary and Ukraine, for example,
the coal production trend has a growing tendency.
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Summary

The result of the paper is the clarification of the issue of coal production in Slovakia. We have presented the
results of the comparison of coal production in Slovakia with individual countries — Czech Republic, Poland,
Hungary, Ukraine and Austria. We have found that the Slovak Republic has experienced a decline in production
over the last two years. On the other hand, countries such as Ukraine and Hungary are increasing coal production
in 2017 and 2018. We also analysed the largest enterprise dedicated to coal mining in Slovakia. We have
assessed the financial health of the company, with the result that the company achieved good result in the area of
solvency and liquidity, as well as its indebtedness. However, the company has achieved worse results in
indicators of profitability and activity. Excessive inventory turnover time and receivables collection represent a
risk for the future, and the analysed company should consider the change of its receivables policy.
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