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ABSTRACT

This article presents the results of a study on the layered combustion of low-grade Ekibastuz coal
blended with biomass additives aimed at improving the energy efficiency and environmental
sustainability of small- and medium-scale energy systems. Corn waste, which is a by-product of
agro-industrial production, was used as a bio-additive. Comprehensive physico-chemical analysis
of the original components was carried out, including determination of their calorific value.
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allowed an in-depth analysis of co-combustion processes and the relationship between the
proportion of biomass, the calorific value of the mixture, the combustion efficiency, and the level
of pollutant emissions to be determined. The results showed that the most optimal composition
is a fuel mixture with a biomass content in the range of 20-30% and coal in the range of 70-80%,
providing the best combination of energy and environmental performance. Calculations and
experimental studies of layered combustion parameters in installations with a fixed layer have
been performed. It was demonstrated that the addition of 20-30% biomass intensifies the
combustion process, increases the overall calorific value of the fuel blend, and reduces the
concentration of harmful substances in flue gases compared to the combustion of pure coal.
Rational process conditions have been defined, including the optimal height of the fuel layer,
temperature regimes, and combustion duration. The results confirm the high prospects of using
fuel mixtures based on low-grade coal and biomass as a cleaner and more sustainable solution
for heat supply of small and medium-sized energy systems in Kazakhstan.

Keywords: layered combustion, low-grade coal, corn biomass, combustion efficiency, carbon
footprint decline.
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Introduction

One of the largest sources of anthropogenic
emissions is the energy sector, in particular, the
coal-based power industry. Coal continues to play a
significant role in the global power industry: in 2024,
it accounted for about 35 % of global electricity
generation [1]. One of the promising approaches to
reducing the environmental impact of coal-based

power generation is the combined combustion of
coal and biomass. Using biomass as an additional
fuel makes it possible to partially replace fossil fuels
and thereby reduce fossil CO, emissions per unit of
energy produced. At the same time, the carbon
balance of biomass depends on the origin of the raw
material, the methods of its harvesting,
transportation, and preparation, Yo} its
environmental benefits should be assessed taking
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into account the full life cycle [[2], [3]]. A significant
advantage of co-combustion technology is the
possibility of using the existing energy infrastructure
with relatively limited equipment upgrades.
However, coal combustion is accompanied by the
formation of CO, and other pollutants, including SO,
and NOy, which are associated with negative
impacts on air quality, ecosystems, and public health
[[4], [5]. To reduce the environmental
consequences of using fossil fuels, various
approaches are employed, including improving
energy efficiency, enhancing combustion
technologies, and partially replacing coal with
renewable fuels. Biomass is considered one of the
renewable energy sources suitable for partially
replacing coal. Depending on the type of raw
material, biomass may be characterized by a lower
sulfur content and a different composition of
organic and mineral components compared to coal,
which affects combustion processes and the
formation of gaseous pollutants [[6], [7]]. One of the
promising ways to use biomass in the energy sector
is the co-combustion of coal and biomass. The
results of published studies show that partial
replacement of coal with biomass can lead to a
decline in fossil CO, emissions, as well as to changes
in the levels of SO and NOy, depending on the fuel
composition and process conditions [[8], [9]]. In
addition, co-combustion makes it possible to use the
existing infrastructure of coal-fired power plants and
is considered a relatively low-cost way to integrate
renewable fuels into the traditional energy sector.
Studies of co-combustion show that an increase in
the proportion of biomass can significantly affect
the characteristics of ignition, combustion, ash
formation, and gaseous combustion products. At the
same time, the nature of the changes in NOy, SO,,
and CO depends on the type of coal and biomass,
their ratio, temperature, air excess ratio, and the
design of the combustion device Therefore, the
choice of the ratio of fuel mixture components
requires experimental assessment for a specific type
of coal and a specific type of biomass. The use of
agricultural waste as a fuel component is of
particular interest, since its energy use
simultaneously makes it possible to obtain energy
from secondary raw materials and reduce waste
volumes. The literature considers the co-combustion
of coal with various agricultural residues, but the
process characteristics significantly depend on the
chemical composition, ash content, moisture
content, volatile matter content, and calorific value
of the specific type of biomass [9]. Corn waste
represents a significant resource of agricultural

biomass and can be considered a potential
component of fuel mixtures with coal. Its use is of
interest from the perspective of the energy
utilization of agricultural waste; however, the
characteristics of combustion and the formation of
pollutants when corn residues are co-burned with
low-grade, high-ash coal require additional study. In
particular, it is necessary to determine the effect of
the ratio of mixture components on the calorific
characteristics, the stability of the combustion
process, the completeness of combustion, and the
composition of flue gases. In this regard, an
experimental study of the effect of co-burning
low-grade Ekibastuz coal with corn residues on the
combustion process characteristics and the
concentration of major pollutants in flue gases is
relevant. This work aims to determine the effect of
the proportion of corn waste in the fuel mixture on
the technological characteristics of combustion and
the concentrations of CO, CO,, NO, and SO,, as well
as to determine the recommended ratio of mixture
components for further application.

Experimental part

Selection of raw materials and preparation of
samples. Coal from the Ekibastuz deposit in the
Republic of Kazakhstan was selected as the initial
fuel; it is characterized by a lower heating value of
about 12.2 MJ/kg and a high ash content of more
than 40 %. To improve its fuel properties, corn
residues, sunflower meal, and wheat husk were
used as additives. The biomass is characterized by
low ash content, renewability, and a high content of
volatile substances that enhance ignition and
combustion. The coal and biomass were dried at 110
+ 15 °C to a constant mass, then crushed in a jaw
crusher and a disc grinder. The resulting material
was sifted through a 60 mesh (=250 um) sieve to
ensure a uniform particle-size distribution. The
mineral component of Ekibastuz coal s
predominantly represented by clay minerals (about
54 %) and quartz (28 %); siderite, calcite, magnetite,
and gypsum are also present. The ash is dominated
by SiO, (56-59 %) and Al,0; (26-33 %), which
accounts for the high ash content of the coal. The
particle-size distribution significantly affects the
processes of grinding and pulverized combustion.
During grinding, the organic and mineral
components are distributed unevenly across
fractions, and after combustion, predominantly fine-
dispersed fly ash is formed. It has been established
that as the particle size increases from
approximately 2 to 116 um, the SiO, content
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decreases, while Al,0; and Fe;Os increase. As the
particle size increases from 2 to 25 um, the quartz
content also decreases, while the proportion of
mullite and iron-containing spinel increases.

Table 1 - Characteristics of the main fractions

Grain size class General characteristics

Pieces of coal formed during mining
and transportation; they contain
organic matter and mineral layers.

Large fractions

Crushing products; they are
characterized by a higher degree of
exposure of mineral inclusions.

Medium fractions

They are formed during crushing
and grinding; the surface area of the
particles increases.

Fine fractions

They are characteristic of pulverized
fuel and the products of its
combustion.

Thin fractions, <0.1 mm

Fractions of the order of
several to tens of
micrometers

Typical of a significant portion of fly
ash; characterized by a complex
mineral and phase composition

Consequently, the granulometric composition
has a significant impact on the distribution of
mineral phases and the properties of the ash. The
generalized granulometric distribution of materials
produced during the processing and combustion of
Ekibastuz coal is presented in Table 1.

The elemental composition of Ekibastuz coal,
including the content of main and trace elements, is
presented in Table 2 .

Table 2 - Elemental composition of Ekibastuz coal

Element Content

Al 6.41-7.78 wt. %
Si 14.33-17.92 wt. %
Fe 1.20-2.30 wt.%
K 0.53-0.68 wt.%
Ca 0.19-1.81 wt.%
Ti 0.323-0.450 wt.%
Cu 37.6-52.0 ucg/g
Zn 23.2-25.0 pcg/g
Pb <10 pcg/g

cd 4.4-4.7 ucg/g

\Y 100-150 pcg/g
Mn 201-365 pcg/g
Ni 35-65 pcg/g
Ga 14.0-19.9 ucg/g
Rb 13.4-18.1 pcg/g
Sr 187.1-276.2 ucg/g
Y 22.6-24.7 ucg/g
Zr 125.0-167.3 ucg/g

The obtained literature data indicate a complex
mineral composition of Ekibastuz coal and the
presence of both main mineral components and a
number of trace elements. This characteristic is
important for assessing the processes of ash
formation and behavior during coal combustion and
its combined combustion with corn waste. It should
be noted that the values presented are literature
data for the studied samples of Ekibastuz coal, not
the results of the own XRF analysis of the sample
used in this work.

Analysis of the structure and fraction
composition of fuel mixtures. In order to
substantiate the possibility of energy use of
compositions based on low-grade coal and
maize biomass (stalks, foils and leaf mass),
studies of the morphology of samples, their
elemental composition and granulometric
characteristics have been carried out. The
results of these studies make it possible to
assess the influence of the structural and
dispersive properties of fuels on heat and mass
transfer processes, and also provide the initial
data for calculating combustion parameters and
developing effective technologies for the
combined combustion of coal and biomass (Fig.
1).

Preparation of fuel mixtures. Coal from the
Ekibastuz energy fields and ground maize waste
were used as components of the fuel mixtures. The
biomass was pre-dried to a constant mass; after
which it was crushed to a finely dispersed state. The
composition of the tested mixtures varied in the
following ranges: coal - 95-70 % by mass; corn waste
- 5-30 % by mass.

Determination of moisture in fuel mixtures. The
moisture content of fuel mixtures was determined
according to GOST 27314-91 (ISO 589) [10]. Fuel
blend samples weighing 10 + 1 g were placed into
pre-weighed weighing bottles and dried at 105-110
°C until a constant mass was achieved. The weighing
bottles were weighed before and after drying using
a VIiBRA HT 224RCE analytical balance with a
precision of 10* g. To evaluate the effect of
temperature on moisture removal, additional
moisture determinations were performed at 40 °C
and 140 °C. The moisture content was calculated
from the difference between the sample mass
before and after drying.

Determination of the release of volatile
substances. The release of volatile combustion
products is an important fuel characteristic that
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determines the ignition conditions and stability of
combustion in combustion devices. The mass
fraction of volatile substances was determined by
the sample mass difference before and after heat
treatment.

Determination of the ash content of fuel
mixtures. The ash content of fuel mixtures was
determined according to GOST 11022-95 [10]. The 1
+ 0.1 g fuel sample was distributed evenly in
porcelain boats and placed in a cold muffle furnace.
Determination of combustion heat. The maximum
heat of combustion of blended fuels was
determined by calorimetric burning according to
GOST 147-2013 (ISO 1928) [11]. Experiments were
conducted on the GDY-1C Oxygen Bomb
Calorimeter. The 0.8-1.0 g fuel sheath was placed in
a bomb filled with oxygen at 30 kgs/cm?. When the
sample burned completely, the increase in water
temperature in the calorimetric system was
measured.

The burning rate of a mixture of coal and corn
residues is determined by kinetic solid-phase
oxidation reaction parameters, which depend on the
chemical composition and volatile content of the
fuel. Adding up to 20-30% biomass of maize waste
to a coal mixture changes the combustion kinetics,
leading to an increase in the proportion of volatile
components and a decrease in reaction activation
energy compared to pure coal, which leads to faster
transition of fuel into the active phase. This effect is
manifested by an increase in the combustion rate of
the fuel blends due to the easier release of volatile
compounds during pyrolysis and the higher
reactivity of biomass compared to coal under
heating conditions. In particular, corn residues
exhibit greater thermal reactivity than coal. The
incorporation of biomass also alters the mass-loss
rate profiles observed in thermogravimetric and
derivative thermogravimetric analyses, indicating an
enhanced rate of thermal decomposition and overall
combustion of the blended fuel [12].

Results and Discussion

Coal and biomass co-combustion is seen as one
of the promising ways to improve energy efficiency
and reduce the carbon footprint of thermal power.
In Kazakhstan, where substantial reserves of low-
grade coals are available from the Ekibastuz,
Karazhyra, and Shubarkol deposits, the incorporation
of locally available biomass resources derived from
agricultural residues, such as corn residues,
sunflower cake and wheat husks, offers an
opportunity to partially replace fossil carbon with

renewable carbon sources. The study of coal
combustion processes was carried out in a
laboratory installation of a layered combustion with
a stationary layer. The installation diagram is shown
in Fig. 1.

I—

1 - combustion chamber (furnace); 2 - charging system
(screw); 3 - heat exchanger (snake); 4 — cyclone;
5 - collection of ashes; 6 - ash; 7 - air; 8 - thermal sensor

Figure 1 - Fuel system for co-combustion of coal
and biomass (corn waste)

Table 3 presents the results of
thermogravimetric analysis of the studied fuel
mixtures based on low-grade coal and corn biomass,
including their main thermogravimetric
characteristics.

Table 3 — Thermogravimetric characteristics of biomass
and coal

Characteristic Biomass
Coal
Wheat | Sunflower Wood Corn
husk cake biomass stalks
Moisture 9-25 8-25 30- 45 7-10 10-15
content, %
Volatile 19.8 - 15-16.0 70-75 70-75 15-30
matter yield, 69.0
%
Fixed carbon 8-43 9-50 20-25 20-25 50-55
(dry basis), %
Bulk density, 0.20 - 0.30-0.45 0.55 - 0.75- 0.20 -
kg/m3 0.25 0.75 0.85 0.25
Energy 2.0- 2.5-3.5 7.5 - 15.0 - 2.0-
density, GJ/m3 3.0 10.4 18.70 3.0
Lower heating 16.0 - 18.0-19.0 9-12 15-16 23-28
value (as 17.4
received),
MJ/kg
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Mass loss rate, [wt.%/min]

Mass loss rate. [wt.%'min]

Mass loss rate, [wt.%/min]
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Te - the temperature at the onset of thermal
decomposition of the fuel blend; Ty, - the temperature
corresponding to the maximum decomposition rate;
and Ts - the temperature at which the thermal
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Figure 2 - Temperature-dependent rate of thermal
decomposition of fuel mixtures. Coal to biomass ratio:
(a) -100/0; (b) -90/10; (c) -70/30; (d) -50/50

With further temperature rise to 350-580 °C,
thermal degradation of cellulose and lignin is
observed. In the range of 580-700 °C, the
decomposition of the coal content of the fuel
mixture becomes a major process. It has been found
that an increase in maize biomass to 30 % reduces
the temperature corresponding to the maximum
rate of thermal decomposition by 20-30 % relative
to the original coal. In addition, the decomposition
of mixtures is completed at lower temperatures.
This effect is due to the high release of volatile
substances from biomass and its lower ignition
temperature compared to coal, which promotes the
intensification of thermochemical processes in fuel
composition.

Table 4 - Temperature rate dependency of fuel mixtures

Coal: . T," — Peak T¢ *— Final
Te —Onset o .
Corn decomposition | decomposition
. temperature,
biomass oc temperature, temperature,
blend °C °C
100:0
(Pure 360 460 550
coal)
90:10 355 455 545
70:30 345 445 535
50:50 335 435 525

* Te_ represents the threshold temperature at which thermal
decomposition processes are initiated and the intensive
release of volatile compounds begins;

* Tp- corresponds to the temperature of maximum thermal
degradation intensity, at which the decomposition reactions
of the fuel blend proceed at the highest rate;

* T¢ - denotes the final temperature of fuel thermal
transformation, at which the release of volatile products has
virtually ceased, and the organic fraction of the fuel has been
largely converted into ash residue and gaseous products.

An increase in the maize biomass content of the
investigated fuel blends resulted in a decline in the
decomposition onset temperature and a shift of the
maximum decomposition rate region toward lower
temperatures. These findings indicate improved fuel
reactivity and demonstrate a synergistic interaction
between coal and biomass during the co-
combustion process.

Determination of the dependence of the ash
and humidity of Ekibastuz coal on the composition
of the burnt mass. High humidity reduces
combustion efficiency, as a large part of the energy
is consumed by evaporating water. Therefore, it is
recommended to pre-dry wet coal under natural
conditions. Analysis of the thermogravimetric curves
showed that in the temperature range from 150 to
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400 °C, intensive decomposition of hemicellulose and
the most volatile organic components of the biomass
occurs (Figure 2, Table 4).
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Figure 3 — Coal ash dependency on combustion
mass composition
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Figure 4 - Coal moisture dependence on the composition
of the burned mass
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Figure 5 - Volatile matter dependency of the coal mixture
Environmental indicators

To assess the impact of co-firing Ekibastuz coal
and corn biomass on flue gas composition, we
experimentally determined concentrations of CO,
CO2, NOx, and SO2. We measured gaseous
component concentrations in the flue gases using a
Testo 350 multicomponent gas analyzer (Testo SE &
Co. KGaA, Germany). This instrument is designed for

analyzing flue gases and industrial emissions and,
depending on the installed measuring unit and
sensors, can determine the concentrations of O,,
CO, CO,, NO, NO3, SO, and other components. In
accordance with the instrument's technical
specifications, concentrations of CO, CO,, NO, NO,,
SO,, and 0O, were determined; the NOy
concentration in this study was calculated as the
sum of the measured NO and NO, concentrations
[13]:

Nox: NO + NOZ (1)

Flue gases were sampled after the active
combustion zone at a steady-state temperature.
Before feeding the sample into the measuring unit,
the gases were pre-cleaned to remove particulate
matter. Identical experimental conditions were
maintained for all fuel compositions studied.
Measurements were conducted after combustion
stabilized, allowing for comparison of the obtained
concentrations between different fuel mixture
compositions. The initial experimental data are
presented in Table 5.

Table 5 - Concentrations of the main components of flue
gases during the combined combustion of Ekibastuz coal
and corn biomass

Fuel co, NO,, SO,
composition ppm €0, % ppm pprzn
E100 4200 16.8 480 205
ESOK10 3900 16.7 465 195
E80K20 3500 16.6 450 180
E70K30 3100 16.5 430 165
E60K40 2700 16.4 415 150
E50K50 2300 16.3 400 135
E40K60 1900 16.2 385 120
E30K70 1600 16.1 370 105
E20K80 1300 16.0 355 90
K100 900 15.5 330 —

To quantitatively assess the change in pollutant
concentrations when biomass is added, the relative
concentration decline was used compared to the
combustion of the original coal (E100): according to
the formula (2):

CE100—Ci
| — ——— 0,
= “CEi00 100% (2)
where E stands for Ekibastuz coal, and K stands
for corn biomass. u; — the relative decline in the
concentration of the pollutant, %; C100-C; — the
concentration of the pollutant when 100% of
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Ekibastuz coal is burned, ppm or %; C; — the
concentration of the same pollutant when Ekibastuz
coal and corn biomass are co-burned, ppm or %.
Thus, the reduction values presented in Table 6
are not the results of independent experimental
measurements but represent calculated indicators
determined based on experimentally measured
concentrations. This allows you to trace the origin of
each numerical value and reproduce the calculation.

Table 6 - Relative decline in the concentrations of
gaseous components of flue gases during the combined
combustion of Ekibastuz coal and corn biomass

Fuel Biomass | Declin | Declin | Declin | Declin
compositio | fraction e CO, e CO,, | eNO,, e SO,,
n % % % % %

E100 0 0.0 0.0 0.0 0.0
E90K10 10 7.1 0.6 3.1 49
E80K20 20 16.7 1.2 6.3 12.2
E70K30 30 26.2 1.8 10.4 19.5
E60K40 40 35.7 2.4 13.5 26.8
ES0K50 50 45.2 3.0 16.7 34.1
E40K60 60 54.8 3.6 19.8 41.5
E30K70 70 61.9 4.2 22.9 48.8
E20K80 80 69.0 4.8 26.0 56.1

Note: the relative decline is calculated

The relative decline is calculated relative to the
concentrations obtained when burning 100 % of
Ekibastuz coal (E100), using the formula (3):

__4200-1300

HCO 4200

* 100 = 69,0% (3)

That is, when the share of corn biomass is
increased to 80 %, the CO concentration decreases
by 69.0 % compared to the combustion of pure
Ekibastuz coal. Similarly, for NOx (4):

nNOx = [(480 — 355) / 480] x 100 = 26,0 % (4)

for SO, (5):
nSO, = [(205-90) / 205] x100=56,1% (5)

and for CO, (6):
nCOo, =[(16,8-16,0)/16,8] x 100=4,8% (6)

The obtained experimental data demonstrate a
consistent decrease in the concentrations of CO,
NO,, and SO, as the proportion of corn biomass
increases. For the E20K80 composition, compared to
E100, the CO concentration decreased from 4200 to
1300 ppm, NOy from 480 to 355 ppm, and SO, from
205 to 90 ppm. In relative terms, this corresponds to
a decrease of 69.0 %, 26.0 %, and 56.1 %,
respectively.

The decrease in CO concentration may be
associated with changes in the conditions of the
combustion process and the degree of oxidation of
combustible components. The decrease in SO,
concentration is consistent with the replacement of
part of the coal fuel with biomass, since an increase
in the proportion of biomass reduces the amount of
the coal component, which is a source of sulfur. The
decrease in NOx may be due to changes in
temperature conditions and the composition of the
fuel mixture; however, to unambiguously establish
the mechanism of NO, formation, additional analysis
of the temperature field and fuel composition is
required [[14], [15], [16], [17], [18], [19], [20]].

At the same time, it is necessary to distinguish
between a decline in the concentration of pollutants
in flue gas and a decline in their mass emission. The
presented experimental data directly confirm the
change in concentrations. To make a quantitative
statement about the decline in mass emissions, it is
necessary to additionally take into account the flue
gas flow rate and the consumption/mass of the fuel
being burned, as well as to ensure the comparability
of the results regarding the oxygen content in the
flue gases. Therefore, in this work, it is more
accurate to speak of a decline in the concentrations
of CO, NOy, and SO; if the corresponding calculation
of mass emissions has not been carried out
separately. Regarding CO,, its concentration varies
from 16.8 % for E100 to 16.0 % for E20K80, which
corresponds to a calculated decline of 4.8 %.
Consequently, the statement previously cited in the
article about a 10-15% decline in CO, is not
supported by the experimental data and should be
excluded. Taken together, the results show that
within the studied range of compositions, an
increase in the proportion of corn biomass is
accompanied by a decrease in the measured
concentrations of the main gaseous components,
primarily CO and SO,. However, the environmental
efficiency of co-combustion should be assessed
taking into account not only the concentrations but
also the specific mass emissions of pollutants per
unit of mass or the energy content of the fuel.

Conclusions

An experimental study was conducted on the
co-combustion of Ekibastuz coal and corn waste in
various ratios. It was found that adding corn
residues stalks to the fuel mixture has a positive
effect on the combustion process characteristics and
the composition of the resulting flue gases.
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An increase in the proportion of corn residues in
the fuel mixture is accompanied by a decrease in the
concentrations of the main pollutants studied. With
a composition of 70 % Ekibastuz coal and 30 % corn
waste (E70K30), the CO concentration decreases
from 4,200 to 3,100 ppm compared to burning
100 % coal, which corresponds to a 26.2 % decline;
the NOy concentration decreases from 480 to 430
ppm (10.4 %), and the SO concentration decreases
from 205 to 165 ppm (19.5%). The CO;
concentration changes from 16.8 % to 16.5 %, which
corresponds to a decrease of 1.8 %.

The results obtained show that co-firing
Ekibastuz coal with corn waste makes it possible to
reduce the concentrations of CO, NO,, and SO, in
flue gases compared to using coal alone. The most
pronounced decline among the studied components
is observed for CO and SO,. At the same time, the
given values characterize the decline in the
concentrations of pollutants; to determine the mass
decline in emissions, it is necessary to additionally
take into account the flue gas consumption and fuel
consumption. Taking into account the obtained
experimental data, a fuel mixture in the ratio of
70% Ekibastuz coal: 30% corn waste is
recommended for further practical research. This
composition allows coal to be retained as the main
component of the fuel while simultaneously
enabling the utilization of agricultural corn waste as
a fuel additive. To ensure a stable process of
co-combustion, it is recommended to maintain the
temperature in the active combustion zone within
the range of 800-900 °C, and in the afterburning
zone — above 850°C. Compliance with these
conditions promotes more complete combustion of

the fuel mixture and reduces the formation of
incomplete combustion products.

Thus, the combined use of Ekibastuz coal and
corn waste in the ratio of E70%: K30% is a promising
direction for improving the environmental
characteristics of the incineration process and the
rational use of agricultural waste. The
recommendations obtained relate to the Ekibastuz
coal and cornstalks studied and the experimental
conditions established in the work; their application
to other types of coal or biomass requires additional
experimental verification.
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TemeH cypbinTbl EKibacTy3 Kemipi meH ecimpaik 6uomaccacbiHbIH, apanac
YKaHYbIHbIH, 9KONOrUANDbIK TUIMAiniri

Mbipsanuesa C.K., 'Akunbbekosa LU.K., 2Retnawati H., *Epmuwmn C.B.

1KazakcmaH Pecnyb6auKacelHbiH MUHepanoblK WuKizammel keweHOi Kalima eHoey #eHiHdezi ynmmeolk opmansifel PMK,
Anamamel, KazakcmaH
2[IHOKbAKaPMa memaeKkemmik yHugepcumemi, UHOOHe3uA

MaKana saHepreTuKanblk TMIMAINIKTI }KaHe LAFbIH KaHe OpTa XblYy3HEPreTUKabIK KyhenepaiH
3KOJIOTUANBIK TYPAKTbINbIFbIH aPTThIPY MaKcaTbiHAA Bomacca KocrnanapbiMeH apanacTblpbliFaH
TemeH copTTbl EKibacTy3 KemipiH KabaTtan »Kafyabl 3epTreyre apHanfaH. buonoruanbik Kocna
peTiHAe Kyrepi KangblKkTapbl — arpoeHEpKaCinTiK eHAIPICTIH, KaHama eHimi — naiganaHbingpl
OTbIHHbIH, 6acTankbl KOMNOHEHTTEPiIHE KeleHAi GU3NKa-XUMUANBIK Tangday Kyprisingi, COHbIH,
iWiHAe onapAblH ¥KaHY XblyblH aHbIKTay A3 KamTblngbl. ANbIHFaH AepeKTep HerisiHae bomacca
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yneci apTypni naibi3gplK Kypambl 6ap OTbiH Kochnanapbl AaibiHAangpl, 6yn Kemip meH
6romaccaHbl Bipnecin skafy NPOLLECTEPIH erken-Tenkenni Tangayra xaHe Kocnagasbl 6Momacca
YNeCi, OHbIH, }KaHy Kblaybl, KaHy TMIMAINITT MeH aTmocdepara WbIFApbINATbiH 3UAHAbI 3aTTap
AeHreli  apacblHAafbl  6aiNaHbICTbl  aHbIKTAayFa MYMKIHAIK  6epai. EH  OHTaWnbl  Kypam

Makana kengi: 21 mameoiz 2026 6uomaccaHblH, yneci 20-30% aHe KemipaiH yneci 70-80% 60naTbiH OTbIH KoOcnacbl eKeHi
CapantamapgaH eTTi: 2 KbipKyliek 2026 aHbIKTanAapl, 6yn aHepreTMKanblK XKaHe 3KOOTUA/bIK KepceTKiWTepaiH, eH aKcbl yhnecimiH
Kabbinganapl: 9 Kbipkyliek 2026 KamTamacbi3 eTegi. TypaKTbl OTbIH KabaTbl 6ap KOHAbIPFbIIAPAA KabaTTbl KaHy napameTprepiH

ecenTey XKaHe 3KCNEePUMEHTTIK 3epTTey XKymbicTapbl Kyprisingi. 20-30% 6uomaccaHbl KOCy KaHy
NpoLeciH KapKbIHAATbIN, OTbIH KOCMACbIHbIH, KajMbl aHy KblYblH apTTbipaTbiHbl XaHe Ta3a
Kemipai »KafymeH canbICTbipFaHAa TYTIH rasgapbiHAafbl 3UMAHABI 3aTTap KOHLEHTPALMACHIH
TeMeHAeTeTiHi KepceTingi. TyTbIHYAblH, OHTalbl TEXHONOMMANBIK MeJLEPi aHbIKTanAbl, OTbIH
KabaTbIHbIH, BUIKTIr, TeMnepaTypanblk PEXUM MEH KaHy y3aKTblfbl. AbIHFaH HITUXKENEep TOMeH
CypbINTbl KOMIP MeH Bromacca HerisiHAeri OTbIH KocnanapblH KasaKCcTaHHbIH, WafbliH aHe opTa
SHEPreTUKanblK KyWenepiH KeneleKkTe KblAYMEeH KamTaMacbl3 eTy MICefecCiH Lelyain,
HeFyp/ibIM Ta3a api TypaKTbl Xobl 60/bIN Tabblnaabl, 6YN OTbIHHbBIH, KONAlNbl SHEPTEeTUKaNbIK
cunaTTamanapblH CaKTal OTbIpbIN, KOPLUAFaH OpTafa 3UAH ScepAi a3aliTyFa biknan etesi.

TyliiH ce30ep: KaHy, TOMeH COpPTTbl Kemip, »Kyrepi bromaccacobl, }KaHy TMimainiri, kKemipTeri i3iH
asaunTy.

Aemopnap mypansi aknapam:

Xumus  FolnbIMOapbIHbIH,  O0KMOPpbI, npogeccop, Xumusnelk OHOIIipic TexHosnoz2uAnapsl
Moelip3anuesa Cayne KepyausosHa 3epmxaHaceiHeld, MeHeepywici, KasakcmaH PecnybauKacsiHbiH, MUHepanoblK WuKizammeol
KeweHOi Kalima eHodey xeoHiHoez2i yammeoiK opmansirel PMK, 050036, Aamamel, Kasakcmat.
E-mail: saulekerchaiz@mail.ru; ORCID ID: https.//orcid.org/0000-0003-2997-0716

T.f.K., [udpoanekmpomemannypaus 3epmMXAHACbIHbIH, HemeKWwi FblAbiMU  Kbi3Memkepi,
KazakcmaH PecnybauKkacbiHblH MUHepandblK wukisammel KeweHOi Kalima eHoey xeoHiHoez2i
yammelk opmasneirel PMK, 050036, Anmamel, KazakcmaH. Email: akylbekova74@mail.ru; ORCID
ID: https.//orcid.org/0000-0002-3696-1028

AKunvbekoea LLlonnax KanvikynoeHa

Heri Retnawati Mpog., Ookmop, [cokbAKapma Memaekemmik yHusepcumemi, MWHOoHe3ua. E-mail:
heri_retnawati@uny.ac.id; ORCID ID: https.//orcid.org/0000-0002-1792-5873

Xumusnelk  OHOIipic TexHonozusAcel 3epmxaHacbiHbiH  Memekwi UHweHepi, KasakcmaH
Epmuwun Cepzeii Bradumuposuy PecnybauKacelHblH MuHepandelk wukizammel KeweHOi Kalima eHoey eHiHOe2i yammelK
opmaseirel PMK, 050036, Aamamel, KazakcmaH. E-mail: esv-ret@mail.ru

dKonoruyeckana 3¢ppeKTUBHOCTb COBMECTHOIO CXXUraHUA HU3KOCOPTHOro
9Knb6acTy3CKOro yrasa n pacturenbHoi buomacchol

!Mbip3anuesa C.K.,! Akunbbekosa LU.K.,’Retnawati H., Epmuwumn C.B.!

LPIT1 HayuoHaneHbId yeHmp no KomnaeKcHol nepepabomke MUHepasnbHO20 cbipba Pecnybauku Kazaxcmax, Aamamel, KazaxcmaH
Lncokbakapmckuli 2ocydapcmeeHHsbili yHusepcumem, MHOoHe3uA

AHHOTALUMUA

CTaTbA NOCBALWEHA UCCNEeA0BaHUIO C/I0€BOr0 CHUraHMA HU3KOCOPTHOro 3I'(Vl6aCTy3CKOI'0 yrna B
cmecu ¢ buomaccosbiMmu ,D,O6aBKaMM C Uuenbo nosblilWweHnAa 3HepreTW-IECKOﬁ 3¢¢eKTMBHOCTM n
3KosI0rMyecKom yCTOl"‘I‘WIBOCTVI ManbiX N cpegHUX TenaosaHepreTu4ecknux cuctem. B kauectse
6M0,D,06aBKVI MCNO/Ib30Ba/INCb OTXOAbl KYKYpy3bl — noboyHbIN NPOAYKT arponpombiWwNeHHOro
npoussoacTea. [lposeaéH KOMMJIEKCHbIM ¢M3MKO-XMMMHECKMﬁ dHa/INU3 UCXOAHbIX KOMMOHEHTOB
TONNMBA, BKAOYAA onpejeneHne ux TennoTbl cropaHuAa. Ha oOcHOBe MNOAyYeHHbIX AaHHbIX
noAroToB/sieHbl TOMJ/IMBHbIE CMECU C Pas/IMYHbIM NPOUEHTHbIM coAepXKaHnem 6uomaccel, 4to
no3BO/INNO NPOBECTU ,quaI'Ibelﬁ aHaNn3 npoueccos COBMECTHOro CXUraHUA yrna u 6uomaccol

MNoctynuna: 21 agzycma 2026 YCTaHOBUTb 3aBUCMMOCTb Mexay AJoseid buomaccbl B cmecu, €€ TenaoTol cropaHus,
PeueH3npoBaHue: 2 cenmabpa 2026 3$PEeKTUBHOCTLIO TOPEHUA WM YPOBHEM BbIOBPOCOB 3arpA3HAIOWMX BeLEeCTB B aTMocdepy.
MpuHATa B neyatb: 9 ceHmabps 2026 YcTaHoOBNEeHO, 4TO Haubonee ONTUMaNbHbIM COCTaBOM ABAAETCA TOMAMBHAA CMeCb C

coaepskaHmem 6uomaccbl B AuanasoHe 20-30% u yrma — 70-80%, obecneuuBatoian

Hauyylwee coyeTaHMe IHEePreTUYECKUX U IKONOTMYECKUX NoKasaTteneil. BbinosHeHbl pacyéTHble
M 3KCNepuMeHTa/lbHble WUCCNefOoBaHMA MapaMeTpoB C/I0€BOr0 CXHUraHWA B YCTAHOBKax C
HENoOABWMKHbIM  cnoem  Tonamea. [lokasaHo, u4To pobasneHne 20-30% 6Guomaccel
MHTEHCUULMPYET MPOLECC FrOpeHus, MOBLILAET CYMMApPHYK TenaoTy CropaHus TOMJWBHOMN
CMEeCU N CHUXKAEeT KOHLEeHTPauuio BpeaHbiX BelecT8 B AbIMOBbIX ra3ax No CPaBHEHUIO CO
CXUraHmem umnctoro yrna. OnpegeneHbl paLMoHaabHble TEXHOOMMYECKME NapameTpbl npouecca,
BK/IlOYAsA  ONTMMaJ/IbHYIO  BbICOTY  TOMJIMBHOIO  C/10A, TemnepaTypHble  pPeXumbl U
NPOAO/IKNTENbHOCTL FOpeHuA. [losydeHHble pe3ynbTaTbl MOATBEPXKAAIT MNEePCrneKTUBHOCTb
NPYMEHEHUA TOMJIMBHbIX CMECell Ha OCHOBE HWM3KOCOPTHOro yrns M 6uomacchl Kak 6onee
YACTOTO W YCTOMYMBOTO peLleHWA npobiembl TEnNOCHABXKeHUA ManbiX U CPegHUX
3HepreTnyeckmx cuctem KasaxcraHa, CrnocobCTBYIOWEro CHUMKEHUIO HEeraTMBHOrO BO3A4enCcTBUA
Ha OKpY)Kalollylo cpedy MpU COXPAHEHUM MPUEMIEMbIX 3SHEPreTUYECKUX XapaKTePUCTUK
TON/AMBaA.

Kntovesble €108a: CKUraHWe, HU3KOCOPTHBIM Yrosib, KyKypysHas 6uomacca, 3¢pdeKkTUBHOCTb
CKUTaHUA, CHUXKEHWE YIIePOAHOrO Ciesa.
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