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The relationship between CRI and CSR indices
and other quality parameters of coking coal from
the Pniowek deposit (SW part of the USCB, Poland)

Introduction

At the end of the 1980s, the CRI reactivity index and the CSR strength after reaction
index were introduced by Nippon Steel Co (NSC). These indices now serve as the basic
criterion in coal quality determination. In all coal classifications, both domestic and inter-
national, the quality parameters of coking coal also give consideration to the classic coking
indices such as the Roga caking power (RI), the free swelling index (FSI) and the dilato-
metric indices: dilatation (b) and contraction (a). In the production of high-quality coke, the
identification of other parameters is also required, including, among others, the content of
chlorine (Cl) and phosphorus (P).

These pursuits, based only on the knowledge of values of coking parameters, do not al-
ways meet the expectations relating to the predictions of the quality of coke produced from

P4 Corresponding Author: Marek Ireneusz Marcisz; e-mail: marek.marcisz@polsl.pl

I Silesian University of Technology, Gliwice, Poland; ORCID iD: 0000-0002-2784-257X;
e-mail: krystian.probierz@polsl.pl

2 Silesian University of Technology, Gliwice, Poland; ORCID iD: 0000-0002-8178-880X;
e-mail: marek.marcisz@polsl.pl

; . 7~ © 2019. The Author(s). This is an open-access article distributed under the terms of the Creative Commons
@ =~/ Attribution-ShareAlike International License (CC BY-SA 4.0, http://creativecommons.org/licenses/by-sa/4.0/),

which permits use, distribution, and reproduction in any medium, provided that the Article is properly cited.




www.czasopisma.pan.pl P N www.journals.pan.pl

N

164 Marcisz and Probierz 2019 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 35(3), 163-184

coking coal. The conducted studies usually encompass the acquisition of data regarding the
quality of the coke (the product) and the quality of the coking coal which serves the produc-
tion of coke. This process may be considered as the development of own databases regarding
the quality of the product (coal/coke).

Quoting (Coin and Broome 1997): “Considering the amount of money spent on coal each
year by coke producers, there appears to be very little spent on sound data analysis studies
to try and optimize production and quality.” Recently, however, an increasing engagement in
the study of relations between CRI, CSR and the remaining coal quality parameters has been
observed. Moreover, the parameters include more than the typical coking indicators (Chiu
etal. 1985; Li et al. 2015; Sakurovs et al. 2012). A significant role is also played by the subject
of quality prediction in view of the coke itself as well as the coking blends (Alvarez et al.
2007; Diez et al. 2002; Gupta et al. 2012; MacPhee et al. 2013; Menendez et al. 1999; Ryan
and Price 1992; Tiwari et al. 2013; Wang et al. 2016). The participation of Polish researchers
may also be noted in the studies related to the topic and domestic experiments pertaining
to the subject matter have not neglected the Polish coking coal deposits (Komorek et al.
2010; Koszorek et al. 2009; Krzesinska et al. 2009; Morga et al. 2015; Probierz and Marcisz
2010b; Pusz and Buszko 2012; Pusz et al. 2009). An attempt to present the global compre-
hensive results included in the professional literature/publications was made in (North et al.
2018a, b).

Several notes might be made on the Polish publications regarding CRI and CSR. The
focus on the correlations of these parameters to the vitrinite reflectance and the content of
individual maceral groups (petrographic composition) may be noted, among others, in the
papers (Probierz and Marcisz 2015; Pusz and Buszko 2012; Pusz et al. 2009).

The study were provided in the Jastrzebie area (SW part of the Upper Silesian Coal
Basin), where coking coal deposits exploited by Jastrzebska Spotka Weglowa SA — the
largest business entity preoccupied with the exploitation of such coal in Poland — are
located (Fig. 1). Among all the deposits exploited by JSW SA the “Pnidwek” deposit is
of fundamental significance to the Polish reserves of coking coal. It is, however, the least
mentioned as the subject matter of conducted studies regarding CRI and CSR, which may
result from the fact that the deposit is characterized by considerable variability of quality
and coal rank and the CRI and CSR indices have only been registered there since August
of 2009. The knowledge of the geological structure of the deposit in the Jastrzgbie region
should provide significant data allowing for a more precise prediction of the quality of
coke produced from the coal. The above, of course, may pertain to any coking coal deposit
in the world.

The problem of the variability of the coal quality in the “Pniowek” deposit, as well as
its dependence on the structure and the petrographic composition of seams, has been the
subject of numerous papers, including (Probierz and Marcisz 2010a).

The study area is characterized by a high variability of coal quality and a unique coex-
istence of anthracite among coking coal at an area of ~0.24 km?2. The anthracite resources
of ~1 million tons are surrounded by inertinite-rich coking coal characterized by decreased
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Fig. 1. The studied area against the background of Upper Silesian Coal Basin tectonics

Rys. 1. Obszar badan na tle tektoniki Gornoslaskiego Zaglebia Weglowego

coking properties (Fig. 2). Their identification was only possible due to detailed petrographic
as well as chemical and technological tests. The identification of such a co-occurrence of
anthracite and coking coal in underground conditions was difficult. Only the change in the
quality of the mined material, noted by the processing plant, caused detailed geological and
petrographic studies to be initiated. Thermal metamorphism was identified as the cause of
the coexistence of anthracite and coking coal (Gabzdyl and Probierz 1987).

The subject of dependence of the variability of coal quality, its coalification level and the
petrographic composition from the possibility of thermal metamorphism processes was also
raised in (Komorek et al. 2010).

The variability of the CRI and CSR indices has also been identified in the deposit area
and the vertical and horizontal variations of these indices have been analyzed (Probierz and
Marcisz 2015).

Considering the above as the substantiation of taking up the research described in this
paper, an analysis of the correlation between the values of the CRI and CSR indices and the
values of the remaining coal quality parameters determined in the channel samples acquired
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in the workings, was conducted. The presented results should facilitate the prediction of the
quality of coking coal characterized by parameters desired by the coking industry.

Considering the paper of (North et al. 2018b) as a list of world experiences in the pre-
diction of coal quality, it seems to be a reasonable comparison of the variability of CRI and
CSR parameters of coal in the “Pnidéwek” deposit, an elementary basis of Polish coking coal
against the background of results placed in this work. One of the purposes of this work was
also making of preliminary statistical analysis enabling presentation of position of coal from
the “Pniowek” deposit against the background of world coal deposits.

1. The location and the geological characteristics of the study area

The “Pniéwek” deposit is located in the SW part of the Upper Silesian Coal Basin in the
disjunctive tectonics zone (Fig. 1).

The deposit includes Upper Carboniferous sediments: the Paralic Series (with Porecba
Beds), the Upper Silesian Sandstone Series (with Zabrze Beds and Ruda Beds) and Mud-
stone Series (with Zaleze Beds). The overburden is represented by Miocene and Quaternary
formations, which are characterized by diversified lithological characteristics and a diver-
sified depth.

The “Pniéwek” deposit is located within the borders of the Zofiowka monocline with
a slight but variable direction of dip from 5 to 20° in the SEE direction. It is also character-
ized by intensive fault tectonics. The deposit is situated between two fault zones with a re-
gional range: Zory—Piasek—Jawiszowice-Wysoka fault zone to the north and the Gorzyce—
—Bzie Zameckie—Czechowice—Kety fault zone to the south. The deposit is characterized by
complex tectonics, including numerous faults forming areas of tectonic displacement and
high variation in thickness of the entire seam as well as the presence of dirt bands (numerous
barren rock interlayers).

2. Data and methods

Data acquired within the “Smart coke plant meeting the requirements of the best avail-
able techniques” project, conducted in the years 2008-2014 by the Institute for Chemi-
cal Processing of Coal in Zabrze, in which the authors participated, was used in the re-
search. The data encompass the results of analyses of the quality of coal from 25 channel
samples acquired in the workings of the “Pniéwek” coal mine based on directions of
the Polish Standard determining the collection of such samples in underground mining
workings.

The results encompass the values of 36 coal quality parameters. Values of coal parame-
ters have been assigned according to actual domestic and international standards regulating
the determination of coal quality parameters. Some values of parameters have been assigned
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Fig. 2. A sketch of vitrinite reflectance of coal in the SW part of the USCB and the geological profile
of the 504/2 and 505/1 seams with the R vitrinite reflectance plotted
Al — R vitrinite reflectance and the content of V43f volatiles in the 504/2 seam;
A2 —R vitrinite reflectance in the 505/1 seam

Rys. 2. Szkic refleksyjnosci witrynitu wegli SW czgsci GZW oraz przekrdj geologiczny przedstawiajacy
poktady 504/2 oraz 505/1 wraz z zaznaczeniem refleksyjnosci witrynitu R
Al —refleksyjnosé witrynitu R oraz zawartosé czesci lotnych Vd2f w poktadzie 504/2
A2 —refleksyjnos¢ witrynitu R w poktadzie 505/1
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in different states (analytic; dry; dry, ash free; mineral matter free), which is determined by
the mentioned standards.

Values of CRI and CSR parameters have been obtained on the basis of the testing of coke
according to Nippon Steel Co (NSC) guidelines and Polish Standards, applied at the Institute
for Chemical Processing of Coal in Zabrze.

The characteristics of the variability of the CRI and CSR indices were analyzed using
statistical methods. The dependencies between the CRI and CSR indices and the parameters
having an impact on their values were determined using linear correlation. An attempt was
also made to determine the correlations between the discussed parameters using the multiple
correlation method.

The obtained results were compared to the data presented in the papers (North et al.
2018a, b) and presented against the charts included in these papers. This was done due
to the fact that the data may be considered the compilation of results of globally conducted
experiments in coke quality prediction. In the paper of (North et al. 2018b), published mod-
els for the prediction of various measures of coke quality, with a particular emphasis on coke
strength after reaction (CSR) and the related coke reactivity index (CRI) were analyzed. The
focus was placed on the coal parameters selected as model inputs, and their reported behav-
ior with respect to the predicted coke quality. The authors ascertained that there is a limited
range of model applicability beyond the specific range of coals for which each model was
derived, which suggests the inconsistent utilization of key attributes contributed to these
limitations.

3. Results and discussion

The results of the determination of the CRI and CSR indices as well as of the remaining
quality parameters for the “Pnidwek” deposit were presented in Tables 1-3.

Such a compilation of data subsequently allowed to track the mutual correlations
between the CRI, CSR and the analyzed quality parameters. The achieved (r) correlation
coefficient values allow to conclude that both indices usually exhibit a very low correlation
(or none) with the remaining parameters (Table 4).

The value of the (r) coefficient of correlation between the CRI and CSR indices amounts
to —0.9.

Table 4 indicates that the CRI index is less correlated with the quality parameters than
it is in the case of the CSR index. In case of the CRI index, only two cases have been noted
in which the (r) value equaled or exceeded 0.5, reaching —0.6 for the correlation with the hy-
drogen content (H,?) and 0.5 for the correlation with the actual density of coal (d,?). A more
common correlation (7 cases) in an analogous compilation was exhibited by the CSR index,
reaching 0.6 for the correlation with the hydrogen content (H;?), 0.5 in case of the correla-
tion with Na,O Al,05 and SiO, and —0.5 for the correlation with Mn;O,4 and the density of
coal — both the actual (d,?) and apparent (d,?) one.
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Table 1.  The results of elemental and technical analyses of coal samples from “Pniéwek” deposit

Tabela 1. Wartosci wskaznikow analizy technicznej i elementarnej wegli ze ztoza ,,Pnidwek”

W Ad ydaf | Geoydaf| cydaf [ gd cP pa co H? N 0
e % % % MJ/kg | Ml/kg % % % % % % %
1 0.8 9.7 28.1 373 36.1 0.8 0.11 0.023 | 84.7 5.0 1.3 0.7
2 0.4 5.7 27.8 36.2 35.0 0.7 0.10 | 0.036 | 86.5 5.0 1.5 0.3
3 0.7 6.0 30.9 353 34.1 0.5 0.15 | 0.034 | 84.8 5.1 1.4 1.6
4 0.6 5.8 273 354 342 0.5 0.13 | 0.045 | 86.0 4.8 1.3 1.0
5 0.7 5.8 29.0 36.4 352 0.5 0.11 0.047 | 853 5.0 1.5 1.3
6 0.5 6.2 26.4 36.5 353 0.4 0.11 0.122 | 82.8 5.1 1.4 3.5
7 0.6 3.9 26.4 36.7 35.6 0.5 0.12 | 0.017 | 88.3 5.1 1.5 0.1
8 0.6 7.1 31.6 36.0 34.8 0.5 0.14 | 0.095 | 83.7 5.1 1.4 1.7
9 0.8 7.2 329 355 343 0.6 0.13 | 0.028 | 83.4 4.8 1.4 1.9
10 0.6 6.7 25.8 36.7 355 0.4 0.12 | 0.093 | 84.6 49 1.4 1.5
11 0.7 7.3 26.2 36.2 35.0 0.5 0.13 | 0.045 | 84.0 49 1.4 1.2
12 0.6 5.8 27.4 36.1 35.0 0.5 027 | 0.033 | 854 5.1 1.3 1.4
13 0.9 3.8 26.8 36.4 352 0.4 0.12 | 0.030 | 88.7 4.7 1.5 0.1
14 0.4 3.9 27.7 36.1 34.9 0.7 0.08 | 0.074 | 88.0 49 1.5 0.7
15 0.6 7.2 26.1 36.1 34.9 0.5 0.12 | 0.190 | 845 4.8 1.4 1.0
16 1.0 8.2 28.8 35.8 34.6 0.7 0.13 | 0.104 | 83.0 4.9 1.3 0.9
17 0.5 5.4 26.1 36.2 35.0 0.5 0.11 0.085 | 85.8 49 1.4 1.5
18 1.0 11.9 27.7 39.0 37.9 0.8 0.13 | 0.062 | 86.6 4.6 1.4 1.1
19 0.6 6.5 29.0 35.9 34.7 0.5 0.10 | 0.033 | 857 4.8 1.4 0.6
20 0.8 5.1 30.8 35.7 345 0.5 0.15 | 0.057 | 854 49 1.4 2.0
21 0.6 7.6 26.2 35.7 34.6 0.5 0.10 | 0.079 | 84.2 4.8 1.4 1.0
22 0.6 7.6 30.8 34.7 33.6 0.8 0.09 | 0.025 | 834 4.8 1.4 1.4
23 1.0 5.7 26.5 35.6 34.4 0.4 0.12 | 0.052 | 86.4 5.0 1.4 0.2
24 0.7 3.6 293 36.1 34.9 0.5 0.12 | 0.049 | 87.0 5.2 1.4 1.6
25 1.1 5.1 29.7 36.0 34.8 0.7 0.17 | 0.083 | 85.8 5.1 1.4 0.9
Min. 0.4 3.6 25.8 34.7 33.6 0.4 0.08 | 0.017 | 828 4.6 1.3 0.1
Max. 1.1 11.9 32.9 39.0 37.9 0.8 0.27 | 0.190 | 88.7 5.2 1.5 3.5
Mean 0.7 6.3 28.2 36.1 35.0 0.6 0.13 | 0.062 | 854 49 1.4 1.2
Standard
deviation 0.19 1.87 1.99 0.80 0.80 0.13 0.04 | 0.039 | 1.61 0.14 0.05 0.73

W2 — moisture content (analytic state), A4 — ash content (dry state), V92 — volatile content (dry, ash free state),
GCV9f _ oross calorific value (dry, ash free state), CV92f — calorific value (dry, ash free state), S,4 — sulphur total
(dry state), C1? — chlorine content (analytic state), P* — phosphorus content (analytic state), C{? — carbon content
(analytic state), H* — hydrogen content (analytic state), N, — nitrogen content (analytic state), O* — oxygen content
(analytic state).
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Table 2.  Chemical composition of ash of coal samples from “Pniéwek” deposit

Tabela 2. Warto$ci parametrow sktadu chemicznego popiotu z wegli ze ztoza ,,Pnidowek”

Na,O | MgO | ALO; | Si0, | P05 | SO; | K,0 | CaO | TiO, |Mny0, | FeyOs
A % % % % % % % % % % %
1 10 | 22 | 339 | 442 | 08 | 14 | 23 | 20 | 10 | 01 | 91
2 13 | 28 | 319 | 417 | 15 | 29 [ 30 | 36 | 10 | 01 | 96
3 15 | 28 | 308 [ 354 | 13 | 35 [ 19 | 37 | 09 | 02 | 174
4 12 | 47 | 230 | 240 | 18 | 56 | 15 | 51 | o6 | 03 | 314
5 14 | 51 | 195 | 159 | 19 | 47 | 07 | 68 | 05 | 06 | 422
6 14 | 30 | 287 | 275 | 45 | 49 | 08 | 86 | 08 | 02 | 188
7 220 | 42 | 235 | 368 | 10 | 74 | 10 | 88 | 06 | 02 | 134
8 11 | 48 | 240 | 206 | 31 | 49 | 14 | 78 | 09 | 04 | 305
9 09 | 44 | 139 | 65 | 09 | 55 | 03 | 62 | 04 | 06 | 60
10 14 | 39 | 263 | 304 | 32 | 78 | 13 | 121 | 10 | 02 | 107
1 16 | 45 | 301 | 416 | 14 | 51 | 20 | 61 | 08 | o1 | 61
12 20 | 29 | 283 | 436 | 13 | 29 | 31 | 37 | 10 | o1 | 105
13 20 | 63 | 22 | 173 | 19 | 80 [ 09 | 90 | 06 | 03 | 314
14 20 | 48 | 259 | 227 | 44 | 74 | 09 | 122 | 05 | 03 | 179
15 18 | 10 | 350 [ 370 | 66 | 31 | 12 | &1 | 08 | o1 | 44
16 17 | 18 | 348 | 428 | 20 | 14 | 23 | 38 | 10 | 01 | 60
17 19 | 43 | 204 [ 312 | 37 | 53 | 19 | 101 | 08 | 02 | 107
18 15 | 16 | 358 [ 411 | 29 | 14 | 21 | 38 | 11 | o1 | 76
19 10 | 57 |62 | 97 | 12 | 77 | 06 | 116 | 04 | 05 | 443
20 16 | 40 | 205 | 147 | 25 | 36 | 07 | 64 | 05 | 06 | 439
21 14 | 50 | 233 [ 203 | 24 | 50 | 09 | 51 | 06 | 04 | 347
2 06 | 66 | 150 | 98 | 08 | 57 | 05 | 77 | 03 | 06 | s21
23 17 | 20 | 206 | 362 | 21 | 45 | 21 | 60 | 09 | 02 | 143
24 17 | 28 | 345 [ 327 | 32 | 28 | 11 | 48 | 09 | o1 | 140
25 24 | 32 | 318 | 360 | 38 | 31 | 17 | 57 | o8 | o1 | 108
Min. | 06 | 10 | 139 | 65 | 08 | 14 | 03 | 20 | 03 | o1 | 44
Max. | 24 | 66 | 358 | 442 | 66 | 80 | 31 | 122 | 11 | 06 | 521
Mean | 15 | 38 | 267 | 288 | 24 | 46 | 14 | 67 | 07 | 03 | 199
Standard
oo | 04 | 15 |45 | s | e | 20 |08 | 28 | 02 | 02 | 144
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Table 3.

Coking and physical indices and petrographic composition of coal samples from “Pniowek” deposit

Tabela 3. Warto$ci wskaznikow koksowniczych i fizycznych oraz sktadu petrograficznego wegli ze ztoza ,,Pnidwek”

CRI | CSR | RI | FSI a b dg? d® | HGI | R |vymmf | pmmf | jmmf

e % % - - % % g/em’ | g/em3 - % | % vol. | % vol. | % vol.
1 19.9 | 65.3 83 8.5 29 164 1.3 1.3 84 1.12 80 7 13
2 234 | 59.1 85 8.5 28 199 1.3 1.4 84 1.09 81 15
3 30.7 | 49.7 84 8.5 29 139 1.3 1.3 70 1.00 72 9 19
4 60.8 | 24.4 84 8.5 29 138 1.3 1.4 90 1.12 78 8 14
5 342 | 499 87 8.5 30 161 1.3 1.4 83 1.08 74 5 21
6 242 | 61.8 87 8.5 30 175 1.2 1.4 89 1.12 72 6 22
7 309 | 53.6 88 8.5 31 180 1.2 1.3 96 1.13 70 8 22
8 312 | 471 86 8.5 29 172 1.3 1.4 74 1.04 77 10 13
9 40.6 | 34.2 80 8.5 28 112 1.3 1.4 76 0.98 70 11 19
10 58.3 | 27.6 84 8.5 30 161 1.3 1.4 91 1.14 81 5 14
11 293 | 552 86 8.5 30 188 1.3 1.3 86 1.10 64 7 29
12 33.6 | 493 84 8.5 31 120 1.3 1.4 86 1.08 74 9 17
13 34.0 | 51.7 87 8.5 35 141 1.3 1.4 92 1.08 74 5 21
14 27.7 | 60.7 86 8.5 31 160 1.3 1.4 82 1.06 60 9 31
15 375 | 42.7 86 8.5 30 180 1.3 1.4 87 1.10 70 4 26
16 27.0 | 54.0 87 8.5 26 140 1.3 1.4 78 1.05 80 6 14
17 25.7 | 60.9 84 8.5 31 186 1.2 1.3 90 1.12 74 7 19
18 583 | 26.7 87 8.5 28 144 1.4 1.4 84 1.06 74 9 17
19 521 | 23.0 86 8.5 32 178 1.3 1.4 88 1.10 85 4 11
20 451 | 32.7 87 8.5 30 108 1.3 1.4 76 0.98 74 8 18
21 40.2 | 43.6 85 8.5 28 140 1.3 1.4 82 1.08 65 7 28
22 413 | 272 84 8.5 30 184 1.4 1.4 94 1.08 81 6 13
23 33.6 | 472 80 6.0 31 58 1.4 1.4 83 1.09 78 6 16
24 24.6 | 633 86 8.5 29 127 1.3 1.3 69 0.99 65 10 25
25 30.6 | 52.8 84 8.5 31 191 1.3 1.4 72 0.98 74 9 17
Min. 19.9 | 23.0 80 6.0 26 58 1.2 1.3 69 0.98 60 4 11
Max. 60.8 | 65.3 88 8.5 35 199 1.4 1.4 96 1.14 85 11 31
Mean 35.8 | 46.5 85 8.5 30 154 1.3 1.4 83 1.07 74 7 19

Standard

| deviation 11.43 | 13.30 2 0.5 2 33 0.04 | 0.03 7 0.05 6 2 5

CRI - coke reactivity index, CSR — coke strength after reaction, RI — Roga index, FSI — free swelling index,
a — contraction, b — dilatation, d,® — actual density (analytic state), d,* — apparent density (analytic state), HGI —
Hardgrove index, R — vitrinite reflectance, vtmmf _ vitrinite contetnt (mineral matter free state), Lmmf — liptinite
contetnt (mineral matter free state), ™™ — inertinite contetnt (mineral matter free state).
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Table 4.  The values of the (r) correlation coefficient for the dependencies between the CRI and CSR indices
and the analyzed quality parameters of coal from the “Pniowek” deposit and ash from this coal
Tabela 4. Warto$ci wspotczynnika korelacji (r) dla zalezno$ci pomiedzy wskaznikami CRI i CSR
a analizowanymi parametrami jako$ciowymi wegli ze ztoza ,,Pnidwek”
Wa Ad vdaf | Goydaf | cydaf | gd cr pa co H? N2 0
' % % % Ml/kg | MJ/kg % % % % % % %
CRL % 0.1 0.3 0.0 0.1 0.1 -0.1 0.0 0.0 0.0 -0.6 -0.3 0.0
CSR,% | —0.1 -0.3 -0.2 0.1 0.1 0.0 0.0 0.1 0.2 0.6 0.3 0.0
Na,O | MgO | AL,O3 | SiO, | P,O5 SO; K,0 CaO TiO, | Mn3O4 | Fe,O5
' % % % % % % % % % % %
CRI,% | 0.3 0.2 —0.4 —0.4 —0.1 0.3 -0.3 0.2 —0.2 0.3 0.3
CSR, % 0.5 -0.2 0.5 0.5 0.2 -0.3 0.4 -0.2 0.4 -0.5 -0.4
RI FSI a b dg2 d? HGI R | vtmmf | pmmf | qmmf
' - - % % g/em’ | g/em? - % % vol. | % vol. | % vol.
CRI, % 0.0 0.0 0.0 -0.2 0.4 0.5 0.3 0.1 0.3 —0.1 -0.3
CSR,% | 0.1 0.0 0.0 0.2 0.5 0.5 0.2 0.0 —0.4 0.1 0.4

Technical analysis indicators, characterizing the general properties of coal, encom-
passed the determination of 5 parameters (Table 1): the (W?) moisture content ranging from
0.4-1.1% (mean of 0.7%): the (A9) ash content ranging from 3.6-11.9% (mean of 6.3%), the
(vdafy content of volatiles ranging from 25.8-32.9% (mean of 28.2%), the (GCV9af) com-
bustion heat ranging from 34.7 to 30.0 MJ/kg (mean of 36.1 MJ/kg) and the (CVdaf) cal-
orific value ranging from 33.6 to 37.9 MJ/kg (mean of 35.0 MJ/kg). Moreover, apart from
the quantitative determination of the ash content (as a percentage) its chemical composi-
tion was analyzed — encompassing 13 compounds (Table 2): Na,O ranging from 0.6-2.4%
(mean of 1.5%), MgO ranging from 1.0-6.6% (mean of 3.8%), Al,O5 ranging from 13.9—
—35.8% (mean of 26.7%), SiO, ranging from 6.5-44.2% (mean of 28.8%), P,O5 ranging from
0.8—6.6% (mean of 2.4%), SO; ranging from 1.4-8.0% (mean of 4.6%), K,O ranging from
0.3-3.1% (mean of 0.7%), CaO ranging from 2.0—12.2% (mean of 6.7%), TiO, ranging from
0.3-1.1 (mean of 0.7%), Mn;0, ranging from 0.1-0.6% (mean of 0.3%): Fe,O5 ranging from
4.4-52.1% (mean of 19.9%).

The correlations between the CRI and CSR indices and the parameters in this group
are very weak. The observed relations only concern the 4 cases of the weak correlation of
CSR with Na,0O, Al,05 and SiO, (r = 0.5) and with Mn3O4 (r =-0.5), referred to earlier and
presented in Figure 3.
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Fig. 3. Correlations between CSR index and selected compounds of ash produced from the coal samples
in consideration

Rys. 3. Zalezno$¢ migdzy wskaznikami CSR
a wybranymi zwigzkami sktadu popiotu z badanych wegli

The globally conducted experiments related to this group of parameters, regarding the
correlation with CRI and CSR, mostly only concern the content of volatiles. This is why it
is the only parameter included in the charts by (North et al. 2018b). The marked range of
values, the trend line and the mean value of volatiles content in relation to the CRI and CSR
values generally appear above the curves plotted in these charts, especially in relation to
the single coals (Fig. 4). The presented short trend line does not, however, deviate from the
indicated curves and — in several cases — it is convergent.

The indices provided by elemental analysis, describing the content of elements, encom-
passed the determination of 7 parameters (Table 1): the (Std) total content of sulphur ranging
from 0.4 to 0.8% (mean of 0.6%), the (C1?) chlorine content ranging from 0.08—0.27% (mean
of 0.13%), the (P?) phosphorus content ranging from 0.017-0.190% (mean of 0.062%), the
(C{?) carbon content ranging from 82.8—88.7% (mean of 85.4), the (H;?) hydrogen content
ranging from 4.6-5.2% (mean of 4.9%), the (N;?) nitrogen content ranging from 1.3-1.5%
(mean of 1.4%) and the (O;?) content of oxygen ranging from 0.1 to 3.5% (mean of 1.2%).

Within this group, only the (H;?) hydrogen content exhibits a relationship with the CRI
and CSR, with the correlation coefficient amounting to r = —0.6 in case of CRI and r = 0.6
in case of CSR (Fig. 5).

The analyzed professional literature does not, however, provide information regarding
the correlation between the parameters of that group and the CRI and CSR indices.
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Fig. 4. Correlations between CRI and CSR indices and volatile matter content,
according to (North et al. 2018b) — grey field

Fig. 4. Zalezno$¢ miedzy wskaznikami CRI i CSR

a zawarto$cia czesci lotnych, w odniesieniu do (North i in. 2018b) — szare pole
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Fig. 5. Correlations between CRI and CSR indices and the hydrogen content

Rys. 5. Zalezno$¢ migdzy wskaznikami CRI i CSR a zawarto$ciag wodoru
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The indicators provided by means of coking properties analysis describe the behavior
and the technological properties of coal during its thermal decomposition. The analyses en-
compassed the determination of 6 parameters (Table 3): the CRI index in the range between
19.9 and 60.8% (mean of 35.8%), the CSR index in the range between 23.0 and 65.3% (mean
of 46.5%), the (RI) Roga caking power ranging between 80 and 88 (mean of 85), the (FSI)
free swelling index in the range between 6 and 9 (mean of 8) and the dilatometric parame-
ters — the (a) contraction in the range of 26-35% (mean of 30%) and dilatation (b) ranging

between 58 and 199% (mean of 154%).

The correlation between the CRI and CSR indices is very strong, with the correlation
coefficient value reaching r =—0.9 (Fig. 6). No other correlations between the CRI and CSR
indices and the remaining parameters of this group have been identified. The observed de-
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Fig. 6. Correlations between the CRI and CSR indices

Rys. 6. Zalezno$¢ migdzy wskaznikami CRI i CSR

pendence between CRI and CSR has already been a subject of investigations done in the past

(Pro

bierz and Marcisz 2015).

To provide a comparison with the results of globally conducted experiments, the ob-
served correlation between the CRI and CSR has also been presented in a chart by (North
et al. 2018b). The range of values, the trend line and the mean value generally appear with-
in the range of the curves plotted in these charts, especially in relation to the single coals

(Fig.
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Fig. 7. Correlations between the CRI and CSR indices, according to (North et al. 2018b) — grey field

Rys. 7. Zalezno$¢ migdzy wskaznikami CRI i CSR, w odniesieniu do (North i in. 2018b) — szare pole
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The analyzed professional literature also exhibits the researchers’ interest in the depend-
ence between the CRI and CSR indices and the dilatation. In the conducted study, no such
dependence was observed. However, the range of the values, the trend line and the mean
values were plotted against the chart by (North et al. 2018b). In that case, however, all the el-
ements referred to above are considerably outside the boundaries of the chart (Fig. 8), which
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Fig. 8. Correlations between the CRI (green) and CSR (red) indices and the dilatation,
according to (North et al. 2018b) — grey field

Rys. 8. Zalezno$¢ migdzy wskaznikami CRI (na zielono) i CSR (na czerwono)
a dylatacja, w odniesieniu do (North i in. 2018b) — szare pole
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hinders their interpretation and comparison. The spans of the values are highly different
and thus the mean values are also discrepant. The trend lines also assume different shapes.

Physical indicators encompassed the determination of 4 parameters (Table 3): the (d,?)
apparent density ranging between 1.22 and 1.40 g/cm3 (mean of 1.30 g/cm?), the (d,?) actual
density ranging between 1.29 and 1.43 g/cm? (mean of 1.37 g/cm?), the Hardgrove grindabil-
ity index ranging from 69 to 96 (mean of 83) and the (R) vitrinite reflectance ranging from
0.98 to 1.14 (mean of 1.07%).

The correlations between the CRI and CSR parameters and the physical indicators are
very weak. Within this group of parameters, only the apparent and actual density exhibited
arelationship with the CRI and CSR: for the correlation between CRI and d,?, the coefficient
amounted to r = 0.5, while for the CSR vs d,? and CSR vs d,? correlation, the coefficient
amounted to r = 0.5 (Fig. 9).
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Fig. 9. Correlations between the CRI and CSR indices and the density of coal

Rys. 9. Zalezno$¢ miedzy wskaznikami CRI i CSR a gestoscia wegla

The analyzed professional literature allows to conclude that numerous studies encom-
passed and concerned the relations between the CRI and CSR indices and the (R) vitrinite
reflectance. In the conducted research, no such dependence was observed. However, the
range of the values, the trend line and the mean value were plotted against the charts by
(North et al. 2018b, Fig. 10). The marked range of values, the trend line and the mean value of
vitrinite reflectance, as compared to the CRI value, fits in the upper boundary of the curves
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Fig. 10. Correlations between the CRI and CSR indices and the vitrinite reflectance,
according to (North et al. 2018b) — grey field

Rys. 10. Zalezno$¢ migdzy wskaznikami CRI i CSR a refleksyjnos$cia witrynitu,
w odniesieniu do (North i in. 2018b) — szare pole

plotted in the chart. The presented short trend line of reflectance is convergent only to one of
the presented dependencies. In relation to the CSR value, the range of values, the trend line
and the mean value of vitrinite reflectance fully fits within the curves plotted in the chart
and in this case the trend line of the reflectance is convergent to several of the presented
dependencies.

The study of the relationships between the CRI and CSR indices and the reflectance of
vitrinite in coal from the “Pniéwek” deposit has been conducted earlier in the paper (Pro-
bierz and Marcisz 2015). The observed lack of correlation between these parameters was
compared to the results of research conducted by (Nakamura et al. 1977; Menendez et al.
1999) as well as (Pusz and Buszko 2012) while trying to exhibit the possible similarities
(or differences) between the coal of the “Pniéwek” deposit and other coal deposits around
the world (Fig. 11).

Comparing position of coals of the “Pniéwek™ deposit with coals analyzed in the work
(Nakamura et al. 1977) it may be proved that coals from the “Pniéwek” deposit take place
in the middle part of presented range of coalification degree (R = 0.98—1.14). The position of
part of the coals from the “Pnidéwek” deposit differ from the chart, what may be connected
with the presence of thermal metamorphism in this region. The dependence of CRI from
CSR is, as it seems to be, accordant with dependence showed in the works (Menendez et al.
1999; Pusz and Buszko 2012).

The analysis of the petrographic composition of coal from the “Pniéowek” deposit encom-
passed the determination of the content of macerals from the following groups: (Vt™mf)
vitrinite in the range of 60—-85% vol. (mean of 74% vol.), (L™™f) liptinite in the range of
4-11% vol. (7% vol.) and (I™™F) inertinite in the range of 11-39% vol. (19% vol.).



CSR, %

N

www.czasopisma.pan.pl ?@ www journals.pan.pl

Marcisz and Probierz 2019 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 35(3), 163184 179
920 90
~ N\ Samples and regres. line after:
80 e T—— 80 S N 2_. Menendez et al. 1999
- PN R=0,98
704 - - L iy 705 .
S = [ \
60 '@q S 60 BE st ko 2012
_an [ | Se e R=0,98 Pusz & Buszko
50 " m O . = 50
- \ &
40 P [] /I. . &3 40+ 9 R2=(%’89 Authors - "Pniowek"
o O :
304 mm ® /” ® 30 b
’ P o) 0 4 e
20 / 20 s B
/ D o)
104 m after N. Nakamura et al. 1977 105 1<30%vol. B )
0 / (&} "P¥i6wek" coal mine 0% 1>30%vol RN
05 06 07 08 09 10 11 12 13 1,4 15 16 1,7 10 20 30 40 50 60 %
R, % CRI, %

Fig. 11. The position of coals from the Pniéwek deposit in view of the correlation between the CRI, CSR and the
vitrinite reflectance and the results from other coal basins, according to (Probierz and Marcisz 2015)

Rys. 11. Pozycja wegli ze ztoza ,,Pniowek” na tle zaleznosci pomigdzy CRI, CSR oraz refleksyjnoscia witrynitu
w $wietle wynikow badan wegli z innych zaglebi weglowych, za (Probierz i Marcisz 2015)

Based on the conducted analyses, no correlation was found between the CRI and CSR
indices and the petrographic composition of the studied coal.

It should be mentioned that the dependencies between the CRI and CSR indices and the
petrographic composition of the “Pnidwek” deposit coal have been the subject of previous
research (Probierz and Marcisz 2015). In the paper, it has been concluded that the CRI1 is pos-
itively correlated with the (Vt™™f) vitrinite content, while it is inversely proportional to the
(Immfy inertinite content. The characteristics of these correlations is opposite in case of the
CSR index. It has also been established that the dependence relating to the inertinite group
indicates a necessity to conduct further, more detailed research encompassing the relations
between the CRI and CSR indices and the inertinite, focusing on the macerals of this group.
The results of the CRI and CRS values, the petrographic composition and the coalification
degree of the coal in the “Pnidwek” deposit coal, obtained in the quoted paper, have been
subject to interpretation in view of coal from other coal basins. This was the result of a lack
of such determinations regarding Polish coking coal deposits.

Conclusions

The knowledge of the distribution of the CRI and CSR parameter values in a coking
coal deposit is extremely significant to the coking industry due to the possibility of pro-
ducing coke characterized by the highest quality parameters that fulfil the customer’s
expectations.

The research, encompassing statistical analyses, was conducted for a deposit that is sub-
stantial to the Polish coking coal reserves, characterized by high variability in terms of the
quality and coalification level.
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The tests encompassed 36 quality parameters determined for channel samples acquired
from the workings of the “Pniéwek” mine.

Conducted preliminary statistical analysis showed some interesting relations. It is obvi-
ous that all the obtained results require further research.

No clear dependence of the CRI and CSR indices was exhibited in case of most of the
analyzed quality parameters, which is supported by low correlation coefficients of r < 0.5.
The statistical analysis exhibited only 9 cases of correlation between CRI and CSR and other
quality parameters, where the correlation coefficient was r > 0.5, that is: Hi?, Na,O, Al,03
and SiO,, Mn30y, d,® and d,2.

As it was established in the paper (Probierz and Marcisz 2015), the lack of correlation
may be connected to the small number of samples. It should be highlighted that the low val-
ue of the correlation coefficient does not mean that no relationship exists between random
variables. This relationship may exist but it might be different from the linear (rectilinear)
one. Similarly, if the correlation coefficient is close to unity, it does not mean that a causal
effect connection exists between random variables. This only pertains to strong stochastic
dependencies (it might be an incidental similarity of two samples). The value of the corre-
lation coefficient of a sample may also be underrated in case of the occurrence of measur-
ing errors of one or two variables (there are statistic measures which take such errors into
account).

The cause of the aforementioned lack of correlation can also be the insufficiently broad
range of variability of the analyzed parameters in the examined population of samples. In
such a case, the variance caused by the variability of the examined parameters is too small
in relation to the variance caused by measurement errors, and, therefore, the results of the
statistical analysis cannot confirm the analyzed significant correlations, which, obviously,
does not exclude the existence of such correlations.

In view of the research conducted worldwide, according to (North et al. 2018b), the Vdaf
and R values (the parameters describing the coalification level) of the coal of the “Pniowek”
deposit fit within the range for the CSR index. In case of the CRI index, the values of these
parameters are at the levels around the upper range presented in the quoted paper. The value
of dilatation of the coal from the “Pniowek” deposit exceed the ranges provided by (North
et al. 2018b) both in case of CRI and CSR.

The observed dependencies indicate the need to conduct further, more detailed research,
including the relationship between the CRI and CSR indices and the remaining quality pa-
rameters. The different characteristics of coal from the “Pnidéwek” deposit have been exhib-
ited multiple times, which should be related to its specific coalification processes, especially
the impact of thermal metamorphism. The lack of distinct correlations between the particu-
lar parameters can be connected with high probability with the above mentioned symptoms
(Fig. 2) indicated.
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THE RELATIONSHIP BETWEEN CRI AND CSR INDICES AND OTHER QUALITY PARAMETERS
OF COKING COAL FROM THE PNIOWEK DEPOSIT (SW PART OF THE USCB, POLAND)

Keywords

CRI and CSR indices, coking coal, quality parameters, Upper Silesian Coal Basin

Abstract

The paper presents the correlation between the CRI (Coke Reactivity Index), CSR (Coke Strength
after Reaction) and the remaining 36 quality parameters of coking coal from the Pniowek deposit
(SW part of the USCB). The test results were obtained for a region of fundamental importance to the
Polish reserves of coking coal, characterized by highly variable coalification and quality parameters.
The tests related to the determination of relationships of the CRI and CSR indices to other parameters
were based on 25 channel samples acquired from active workings. The characteristics of the variabi-
lity of the CRI and CSR indices were analyzed using statistical methods. The dependencies between
the CRI and CSR indices and the parameters having an impact on their values were determined using
linear correlation. An attempt was also made to determine the correlations between the concerned
parameters using the multiple correlation method. The obtained results have been presented and com-
pared to the results of globally conducted experiments in the form of charts presented by (North et al.
2018b). No clear dependence of the CRI and CSR indices was exhibited in case of most of the analy-
zed quality parameters, which is supported by low correlation coefficients of r < 0.5. The statistical
analysis exhibited only 9 cases of correlation between CRI and CSR with other quality parameters,
where the correlation coefficient was r > 0.5, that is: H?, Na,0O, Al,05 and SiO,, Mn30y4, d,* and d 2.
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This confirms the different characteristics of coal from the studied area, exhibited multiple times, that
should be related to the specific coalification process, especially the occurrence of thermal metamor-
phism.

ZALEZNOSC MIEDZY WSKAZNIKAMI CRI I CSR A INNYMI PARAMETRAMI JAKOSCI
WEGLA KOKSOWEGO ZE Z1L.0OZA PNIOWEK (SW CZESC GZW, POLSKA)

Stowa kluczowe

CRI, CSR, wegiel koksowy, parametry jakos$ciowe, Gornoslaskie Zaglebie Weglowe

Streszczenie

W artykule przedstawiono zaleznosci korelacyjne pomigdzy wskaznikami koksowniczymi CRI
(Coke Reactivity Index) i CSR (Coke Strength after Reaction) a pozostatymi 35 parametrami jakoS$ci
wegli koksowych w ztozu Pniowek (SW czes¢ GZW). Wyniki badan uzyskano w obszarze o podsta-
wowym znaczeniu dla polskiej bazy zasobowej wegli koksowych, ktora charakteryzuje si¢ znaczna
zmienno$cig jako$ci i uweglenia. Badania zwigzane z okre$laniem zwigzkow i powiazan wskaznikow
CRIi CSR z innymi parametrami, oparto na podstawie 25 probek bruzdowych pobranych z czynnych
wyrobisk gérniczych. Charakterystyke zmian wartosci wskaznikow CRI i CSR analizowano z uzy-
ciem metod statystycznych. Zalezno$ci pomiedzy wskaznikami CRI i CSR a parametrami majacymi
wplyw na ksztattowanie si¢ ich wartosci okreslono z uzyciem korelacji prostoliniowej. Probowano
réwniez okresli¢ wspotzaleznosci pomigdzy analizowanymi parametrami metoda korelacji wielora-
kiej. Uzyskane wyniki przedstawiono na tle doswiadczen §wiatowych zestawionych w postaci wy-
kresow zaprezentowanych przez (North i in. 2018b). Wykazano brak wyraznej zaleznosci wskazni-
kow CRI oraz CSR od wigkszos$ci analizowanych parametrow jako$ciowych o czym §wiadczg niskie
warto$ci wspotczynnikow korelacji r < 0,5. Analiza statystyczna wykazata jedynie 9 przypadkow
korelacji CRI i CSR z pozostatymi parametrami jako$ciowymi, dla ktorych warto$¢ wspotezynnika
korelacji r > 0,5, tj.: H%, Na,O, Al,05 i SiO,, Mn30y4, d,2 i d,®. Potwierdza to wielokrotnie wykazy-
wang odmienno$¢ wegli z obszaru badan, ktérg nalezy wigza¢ ze specyficznym przebiegiem proce-
sow uweglenia, a szczegolnie z oddziatywaniem metamorfizmu termalnego.
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