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Abstract

This script discusses a qualitative analysis of the characteristics of coals burned in the
combustion chambers of thermal power plants in Serbia. The study includes the following
coal characteristics (mass fraction): moisture (W %) ash (A %), combustible materials (Vg %)
and lower heating power (H, (kJ-kg™1)). Based on the collected data, statistical modeling
was conducted, which included the calculation of the mean value (X), standard deviation
(S), and coefficient of variation (C,) for each of the listed characteristics. The results indicate
that all analyzed characteristics exhibit significant deviations from their mean values, as
confirmed by the high values of the coefficient of variation (moisture 70.20%, ash 62.21%,
combustible matter 43.33%, and lower heating value 44.10%). Large mass fraction devia-
tions (W), (A), (V) and H; around the mean value may negatively impact the operation
of boiler plants and electrostatic precipitators of thermal power plants in Serbia, where
the considered coals are burned. Large oscillations of ash (62.21%) around the mean value
(17.00%) suggests that it is not feasible to implement dry flue-gas desulfurization (FGD)
processes, due to the additional amount of ash. Distribution testing confirmed that all ex-
amined parameters can be reasonably approximated by a normal distribution. Subsequent
statistical modeling using Student’s t-test at a 0.05 significance level demonstrated strong
agreement between the coal characteristics from Serbia and corresponding parameters of
coals from Bosnia and Herzegovina and Montenegro. The obtained results enable reliable
quality comparison of coals, particularly lignites, across different basins. These findings
establish a solid foundation for further energy and technological valorization of these
fuel resources.

Keywords: coal; thermal power plant; qualitative analysis; characteristics of coal; algorithms

1. Introduction

The development of industry, especially energy, has the greatest impact on the envi-
ronment, and energy saving and environmental protection measures are constantly being
improved. Coal is one of the main resources for electricity production. The largest con-
sumption of coal in the energy sector is in the USA, China and India, with a share of as
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much as 70% [1], and some estimates of world coal reserves indicate that it can be used
for another 200 years [2]. Serbia has large reserves of coal, especially lignite, which are
used in the boilers of domestic thermal power plants. According to some estimates, coal
production in Serbia is about 40 million tons per year, and is the leading one in Europe. In
thermal power plants, coal accounts for about 65% of electricity production in Serbia [3],
and the remaining 35% of coal production is used in other industries. It is estimated that
there are 5773 MW installed in thermal power plants in Serbia. Figure 1 shows a map of
thermal power plants (thermal power plants) in Serbia.
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Figure 1. Energy system of Serbia [4].

Table 1 presents thermal power plants in Serbia, with their basic characteristics. It
can be seen that the thermal power plants are quite old, and all of them use lignite for
electricity production. Lignite is a lower quality coal, so the production of electricity in
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various thermal power plants results in the creation of large amounts of harmful substances
such as ash, slag, SO,, NO,, CO, and waste water.

Table 1. Basic data on thermal power plants in Serbia [5].

TII;;earrl:}[:lg(I))vIZ)er Operating from Type of Coal Insta}ﬁ%vl;ower
Kolubara 1956 Lignite * 270
Kostolac A @ 1967 Lignite 310
Kostolac B ? 1987 Lignite 698
Kosovo A ©® 1962 Lignite 617
Kosovo B ® 1983 Lignite 618
Morava ¥ 1969 Lignite 125
Nikola Tesla A ©) 1970 Lignite 1650
Nikola Tesla B ® 1983 Lignite 1240
AUNT Novi Sad © 1981 Lignite 245
Total 5773

1-Kolubara Basin—Central Serbia, 2-Kostolac Basin—Eastern Serbia, 3-Kosovo Basin—Pristina region, 4-Resava-
Morava Basin—Central Serbia, 5-Kolubara Coal—Belgrade metropolitan area, 6-Novi Sad region. * Brown coal in
EU, Lignite in SAD.

In the process of revitalization, thermal power plants in Serbia will have to adapt to
the new quality of coal, which in practice is often a mixture (homogenization) of coal [6,7].

Recent research on the influence of moisture, ash and various impurities (chlorine,
alkali) by the authors [8-10] indicates that coal moisture worsens combustion, reduces
flame temperatures and boiler efficiency, high ash content leads to deposits in the boiler
and smoke channels and poor heat exchange, and impurities accelerate corrosion and form
harmful deposits. In addition, coal characteristics such as weight (W), ash (A) and coal
calorific value (Hd) directly affect combustion efficiency and gas emissions:

e  Higher moisture in coal reduces the heat value of coal and increases coal consumption,
which increases CO, emissions.

e Higher ash content in coal can increase NO, emissions, due to changes in flame
temperature, and also causes deposits on equipment and reduces efficiency.

e  The heat value of coal determines how much energy is obtained from combustion;
lower heat value requires more fuel, which increases emissions.

e  The sulfur content of coal affects SO, emissions, which is proportional to the amount
of sulfur burned.

In practice, these characteristics are key for the selection of appropriate combustion
technology, emission control measures, and optimization of thermal power plant operations,
in order to reduce pollution and increase efficiency.

In this regard, the aim of this paper is a qualitative analysis of coals burned in boiler
plants of thermal power plants in Serbia. The analysis would determine the quality
of the coals used and the possibility of applying the obtained results in practice (coal
homogenization, optimization of electrostatic precipitators, reduction of SO; in flue gas,
design of flue-gas desulfurization devices, etc.). In the qualitative analysis of coals in
Serbia, the following characteristics are included: moisture, ash, combustible matter and
lower heating value. Table 2 shows the technical and elemental analysis of coals burned
in the combustion chambers of thermal power plants in Serbia. The variability of coal
characteristics (Table 2) affects the choice of devices for controlling the emission of gaseous
components and solid particles (ash), such as the following:

e  Tilters, electrostatic precipitators and cyclones are more effective for coals with high
ash content.
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Wet/dry Scrubber removes SO, and high sulfur content in coal requires higher capacities.
NO; control (SCR/SNCR) depends on combustible components and flame temperature.

Table 2. Characteristics of Serbian coal [11].

Proximate and Ultimate Analysis

Low Heat
Name of i i
ZI:’I:IO c H o N S W A Coke Cpe V(:}atlle Coml‘)/ustlble VaCh;ilof
% % % % % % % % % Zol. oF
% A H,
kJ-kg—1
Hard and Brown coal **

Dobrasreta  48.20 3.16 482 1.00 7.54 513 30.15 6837 38.22 26.50 64.72 20,030
Ibarski 76.16 455 2.06 0.60 7.39 1.92 20.81 66.97 62.96 3111 77.27 27,197
Rtanj 37.24 2.38 2.90 0.59 5.65 12,90 39.47 7111 3164 15.99 47.63 15,102

Aleksinac ~ 55.97 3.57 1053 0.34 346 15.30 10.83 49.65 39.40 35.05 74.45 21,659
R%if;’a 46.00 3.02 14.46 0.83 1.54 16.76 17.93 51.84 34.45 31.40 65.85 16,739

Lignite
Kolubara 2043 1.69 9.12 0.60 0.51 54.70 13.06 25.68 12.62 19.62 3224 6096
Kostolac 35.50 245 18.00 0.70 031 3536 7.68 31.69 24.01 32.95 56.96 11,388
Zajetar 36.56 3.48 15.00 0.80 2.97 33.80 7.79 34.00 27.61 3220 59.80 13,741
Kosovo 23.28 179 10.70 1.05 0.60 48.80 14.26 28.48 14.21 272 36.93 7223
Cirikovac 3191 2.20 11.10 091 1.06 44.80 8.02 - - - - 10,777
** Bituminous coal.
2. Qualitive Rating of Cooling Characteristics in Serbia
Figure 2 shows the distribution of basic characteristics of moisture, ash, and com-
bustible components, and the lower heating value of Serbian coals used in thermal power
plant combustion chambers. Large differences in the quality of lignite, hard coal and brown
coal can be observed.
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Figure 2. Distribution of moisture (W) (a) ash (A), (b) combustible (V,), and (c) lower calorific value

(Hj), (d) of Serbian coals.
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We have determined the following statistic parameters [12,13]:

1. Absolute range R = maxX; — minX;, (i=1,2,3,...,n), (1)
. 1 2 . 1 2
2. Arithmetic mean X = E'Z X;, ili X = E'Z fi X%, )
i=1 i=1
" L 1/2
S=[ L (X-%X7, o
3. Standard deviation " I lznl 1/n 3)
<2
B . . 4* —
S=lomy LA =%,
L - S
4. Variation coefficient Cy = < 100, 4)

of which

n—number of elements of sample characteristics;

X;—value of considered coal characteristics;

X;*—mean interval of coal characteristics.

Pearson’s x? criterium will check whether the coal samples are in concordance with the
assumption that a random variable (coal characteristics) X has the function of distribution
F(x) (normal distribution), or the deviations are large so the assumption has to be discarded.
When determining the value of Pearson’s x? criterium, the following is used:

k=1+33Ign, ()
. R
1= ? 7 (6)
X —X
u; = lS ’ (7)
1
®(u;) = 7-/e_t2/2dt, 8
(1/[1) \/ﬁ_w ( )
pi =P(Xio1 < X < X;) = P(u;) — P(uj—1), )

of which

k—number of intervals;

i—size of an interval;

pi—probability that the random variable X € (y, o) takes the value in the interval;
[Xi—1,Xi)

u;—replacement (alternation) of variables;

®(u;)—Laplas function.

Testing of the mean values of coal characteristics has been carried out by using Stu-
dent’s t-test at the level of significance (risk), « = 0.05 and the following expressions have

been used:
l=n-1, (10)
X e gy fnle gl (11)
Vn—1 Vn—1
of which

[—number of degrees of freedom;
t,—_1,,—Vvariable which is determined from the table for Student’s distribution at the
selected level of significance (trust) & and for the degree of freedom | = n — 1.
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By using numerical values of coal characteristics from Table 2 and the expressions
from (1) to (4), the calculation of some parameters of coal “moisture” is

R = maxXi — minXi = 54.70 — 1.92 = 52.78%

X Lyrx o BIBH1924 . 4880+ 4480 26947 ) o0,
n ‘= 10 10
1
o ( L _X)2>1/2 _ ((xl X+ (X - X) 4.+ (Xo _x)z) 2 _
n—1 5 10-1
1
B <5.13 —2695)2 + (1.92 — 26.95)> + ... + (48.80 — 26.95)" + (44.80 — 26.95)2> 2
9
= 18.92%
Cv = % 100 = %-100 = 70.20%

In Table 3, the statistical results of calculation for the coals of Serbia are shown.

Table 3. Qualitative characteristics of Serbian coals.

Statistical Parameters
Coal Characteristics -

R X S Cy
W (%) 52.78 26.95 18.92 70.20
A (%) 31.79 17.00 10.58 62.21
Ve (%) 45.03 51.58 23.38 43.33
Hy (k]~kg71) 19,101 14,995.20 6613.73 44.10

Variations coefficient (C,) refers to deviations of the observed coal characteristics from
the mean value. The largest deviation from the mean value refers to the coal characteristic
moisture (W), which is 70.20%, and ash (A) of 62.21%. The variability of coal characteristics
(high values of the coefficient of variation) (Table 3) can make it difficult to continuously
comply with emission and particulate matter limits (European Union standards set maxi-
mum emission limits for SO,, NO, and particulate matter), so, in practice, the following is
often used:

e  Coal mixing (coal homogenization) to reduce the variability of coal characteristics;
e  Automatic regulation of combustion and emissions.

All of this can adversely affect the operation of boiler plants and electric filter plants
in thermal power plants such as power plants.

This indicates larger oscillations of mass contents of ash and moisture in coals of
Serbia, which can adversely influence the function of a boiler plant and an electric filter
plant in thermal power plant objects such as power plants.

Based on Equations (5)—(11), for the characteristic of coal moisture (W) the calculation
of individual parameters is

k=1+33-Ign=1+33-1g10=430~ 4

R 5278
= = 22/% 1399
Tk 2

The lowest value of standardised variable u; = @ = % — 1.32 has been re-

placed with —oo, and the largest value of standardised variable u; = Xigx = 54'71083226'95 = 147




Processes 2025, 13, 2618

7 of 12

with +o0, since the random variable X € (y, o) has been defined in the interval (—oo, 40).

All the calculations have been arranged are and shown in Table 4.

Table 4. Result of calculations for the feature (characteristic) of coal, “moisture (W)”.

Intervals
Xi 1;Xi (%)

Center of
Interval
X; (%)

Frequencies X -X E?:r‘\::;ls

’ e [i-15m:]

pi=P(u;)—®(u;-1)

np;

(fifn'Pi)z

(i=omi)?
n-p;

[1.92;15.12]
[15.12;28.32]
[28.32;41.52]
[41.52;54.72]
Total
)y

8.52
21.72
34.92
48.12

3 —18.43
2 —523
2 7.97 (0.07;0.77)
3 21.17 (0.77; 4-00)

10 - -

(—o00; —0.62)
(—0.62;0.07)

0.2676
0.2045
0.3073
0.2206

1

2.6760
2.0450
3.0730
2.2060

10

0.1050
0.0020
1.1513
0.6304

0.0392
0.0010
0.3746
0.2858

2, = 0.7006

The calculation resulted x?,, = 0.7006. From the tables for x? distribution for the
significance level value & = 0.05 and the number of degrees of freedom, v =k —r—1=
4 —2—1=1,acritical value is x?;, = )(20.05;1:3.8410. Since x2,, = 0.7006 < x%, = 3.8410,
the assumption of a normal distribution of the moisture (W) characteristic of coal in Serbia
can be adopted. In a similar way, it can be shown that the other characteristics of coal,
ash (A), combustible components (V) and lower heating value (H;), are also ruled by
the normal distribution law. The normal distribution of coal characteristics (W, A, Hy,
V¢) means that the behavior of the coal can be predicted and controlled, allowing for
more efficient combustion, lower emissions and reduced equipment wear. This is a key

advantage in industrial applications, especially in thermal power plants.
The theoretical density distribution function of the characteristics of coal (W), (A), (Vy),

and (H;) is shown in Figure 3.

Filia)

fid)

40 20

W (%)

five)

JlHg) 103

5000 10000

15000

20000

25000

30000 35000

Hy(d/kg)

(d)

Figure 3. Comparison of the theoretical distribution density function of the characteristics of (a) W,
(b) A, (c) Vg and (d) Hy of coal from the empirical distribution with the data presented in Table 2.
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<\ 2
A good approximation of the theoretical normal distribution f(X) = \}Tn -exp (— 3 (%) >

with the empirical distribution with the numerous values of the distribution of coal characteristics W,
A, Vgand Hy, shown in Table 2, is observed.

Now, we will determine the range of the real value of the coal “moisture” characteristic,
with the probability of 95%. The number of degrees of freedom | = n — 1, the level of signif-
icance &« = 0.05, and the Student’s table of distribution reveals that t,,_1., = t9,005 = 2.26,
i.e., according to the expression (11):

2.2 2.2
26.95 — T6~18.92 < p <2695+ T6~18.92

or
12.70% < u < 41.20%.

For other coal characteristics (4, Vg, Hy), the intervals of reliability are shown in Table 5.
If the mean values of coal characteristics belong to the calculated intervals (Table 5), then
possible differences | X — 1| can be considered accidental; otherwise, they are significant.

Table 5. Calculation results of determining intervals of reliability for coal characteristics.

Coal - S t - te1s o tats o te1s o tats
Characteristics X n-lw X- \;ﬁ S X+ \;ﬁ S X- \;ﬁ S<p<X+ \;ﬁ S
W (%) 26.95 18.92 2.26 12.70 41.20 12.70 < W < 41.20
A (%) 17.00 10.58 2.26 9.03 24.97 9.03 < A <2497
Vg (%) 51.58 23.38 2.26 33.97 69.19 33.97 < Vg < 69.19
Hy (k]-kgfl) 14,995.20 6613.73 2.26 10,012.86 19,977.54 10,012.86 < H; < 19,977.54

The algorithm for solving the system of Equations (1)—(11) is shown in Figure 4. The
system of equations was solved in the programming language C++.

FUEL PROPERTIES:
1. Ultimate and
Proximate
Analysis
® Hard and Brown Coal

® Lignite
EQUATIONS:
® Statistic parameters (equ. (1)-(4)
® Pearson’s x2 criterium (equ. (5)-(9)
® Student’s f —test (equ. (10), (11))

.

CALCULATE:
Equations (1) - (11)

Figure 4. Algorithm for solving the system of Equations (1)—(11).
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3. Results

The results of the characteristics of Serbian coals were compared with coals from
Bosnia and Herzegovina [14] and Montenegro [15]. Figures 5-8 show the dependence of
the lower calorific value (Hy), carbon (C), fixed carbon (C;y), and volatile components (V)
reduced (reduced) on the fuel mass (mass without moisture and ash). It can be seen that
the characteristics of Serbian coals do not deviate much from the characteristics of coals
used in the combustion chambers of thermal power plants in Bosnia and Herzegovina
and Montenegro. Therefore, the obtained results can be applied not only to thermal
power plants in Serbia, but also to thermal power plants in Bosnia and Herzegovina and
Montenegro. This is particularly important, because it can represent a starting point in
the phase of engineering calculations of boiler process parameters and flue-gas emissions,
especially SO, and NO;, as well as emissions of solid particles into the atmosphere.

40000
35000 *
o, e
30000 *
A
B A .
%" 23000 1 i L a ¢ Hard and Brown Coal
= .
= 20000 » = Serbia
by = Lignite Serbia
T 15000 -
4 Coal of Bosnia and
10000 1 Herzegovina
5000 Lignite Monte Negro
0 T T T T T
55 60 65 70 75 80 85
& 3

Figure 5. Dependence of upper heating value of coal and carbon reduced to combustible mass.
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Figure 6. Dependence of the upper heating value of coal and volatile components reduced to

combustible mass.
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Figure 7. Dependence of fixed carbon and coefficient M reduced to combustible mass.
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]
55 1 = 4 Coal of Bosnia and
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45
Ao,
40 A ¢
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35 T T T T
0 1 2 3 4 5

M=gHE_nf fg)-lz)mfd o

Figure 8. Dependence of volatile components and coefficient M reduced to combustible mass.

4. Conclusions

Based on the qualitative analysis of coal burned in the combustion chambers of thermal

power plants in Serbia, the following conclusions can be drawn:

1.

There are significant deviations in coal characteristics: moisture 70.20%, ash 62.21%,
combustible materials 43.33% and lower heat capacity 44.10% deviation from the
mean values, which is shown by the coefficient of variation C, (Table 3).

The application of the x? test showed that the considered coal characteristics are
subject to the law of normal distribution (Table 4 and Figure 3).

If the mean values of coal characteristics belong to the calculated intervals
X — %S <p< X+ %S (Table 5), then for possible warriors, X — y may
be assumed coincidental, otherwise they are significant.

Large fluctuations in coal characteristics around their mean values can negatively
affect the operation of the boiler and electrostatic precipitator plants in Serbian ther-
mal power plants. This also indicates the impossibility of applying dry flue-gas
desulfurization (FGD) processes, due to the additional quantity of ash.

The lack of uniformity in the quality of coal used in thermal power plant combustion
plants in Serbia indicates the need for homogenization (mixing) of coals with different
characteristics. Usage of homogenized coal would cause a wide range of positive
effects, such as increased thermal power, reduced moisture and ash in coal, which
results in better coal combustion, lower ash emissions, lower SO, and NO, emission
values, and greater stability of electricity production.

Serbian coal does not differ much in its characteristics from coal in Bosnia and Herze-
govina and Montenegro (Figures 5-8), so the results of the qualitative analysis can
also be applied to thermal power plants that burn lignite in Bosnia and Herzegovina

and Montenegro.

The findings outlined in this paper, along with prior conclusions, are consistent with

the measurements and tests conducted on electrostatic precipitators in Serbia’s thermal

power plants. This evidence highlights the necessity for both the refurbishment of existing

coal-fired thermal power plants and the establishment of new ones, aligning with Serbia’s

energy strategy. In addition, a comparative analysis of coal from Serbia with coal from

Bosnia and Herzegovina and Montenegro can serve as a basis for joint energy strategies

and optimization of lignite combustion and processing technologies in the region.
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