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Abstract: The article lists the necessity of transition to low-carbon technologies and the main provisions
of international policy documents in this field. It is noted that the transition to low-carbon technologies
should be ensured both in the production and consumption of energy. Ways to use renewable energy
sources and energy from nuclear reactors for low-carbon energy production are shown. The main content
is devoted to the use of ionizing radiation and thermal energy for low-carbon reactions in the chemical
industry. It has been shown that when high-intensity accelerated electrons are used, it is possible to
provide both high-temperature and ionizing components with a low-carbon effect to carry out radiation-
thermal processes. For example, the regularities of obtaining H2, and CO gases in the radiation-thermal
pyrolysis of lignite were studied, and the possibility of carrying out the process with zero emissions was
proven.
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1. Introduction

The basis for the transition to low-carbon technologies is related to climate change. Since
the rapid development of industry in the 1850s, the average global temperature has risen by 0.8-
1.2°C (1). Many years of research show that such an increase in global temperature is directly
related to greenhouse gas emissions. Calculations of different scenarios based on climate models
show that a likely temperature increase in the 21st century could be 0.3-4.8 degrees. The change
in this range is determined by the amount of carbon emissions. The amount of emissions of COo,
CHa, and other greenhouse gases will determine the likely increase in temperature. Therefore,
the introduction of low-carbon technologies in the world has become essential. Countries that
have joined the UNCCC and the Paris Agreement, as well as the Green Deal priorities of the
European Union for 2019-2024 and the decisions of the 2019 Dawos World Economic Forum,
are currently implementing policies to reduce carbon emissions. Zero carbon emissions are
targeted in 2050 (2). Although the introduction of low-carbon renewable energy sources plays a
key role in achieving these goals, reducing carbon emissions in energy use is also important. As
part of this policy, it covers legislation, economic, international cooperation, scientific research,
Project implementation activities in this field, etc.

It should be noted that the annual emission of greenhouse gases worldwide is 50 billion
tons (3). The chemical industry produces 2.9 billion tons of carbon emissions. These emissions
are generated during the implementation of energy-intensive chemical processes. In the world,
257 million tons of oil, 114 million tons of natural gas, and 47 million tons of biomass are used
in chemical technology to meet their energy and heat needs.

For example, 450 million tons of carbon emissions occur in the synthesis of ammonia,
and 300 million tons in petrochemical processes. Stimulating these types of processes through
physical methods can limit carbon emissions. In this article, energy-intensive chemical processes
stimulated by ionizing rays and electrical and thermal energy from renewable energy sources are
studied.
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2. Methods

Among the physical methods, various types of radiation from atomic reactors (gamma,
neutron-gamma, fission fragments), and electron accelerators working with electricity from solar
wind and nuclear reactors in principle were used. Pyrolysis and gasification of coal, which are
energy-intensive processes, as well as the reactions of obtaining gases and olefins from oil

fractions, were studied in the facilities designed to work according to the following scheme (4-
6).
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Fig. 1. Use of Nuclear and Solar energy in low Carbon radiation-chemical technology for processing of
fossil fuels.

A summary of conducted Researches in the Laboratory of Energy-saving processes of
IRP addused in the Table 1.

Table 1
Summary of conducted research of low-carbon Radiation-thermal processes

FIET Petroleum and its fractions, coals, oil-bituminous rocks, natural gas
compounds
Rsidlj?é:;n Accelerated electrons, Nuclear energy, gamma-radiation, Solar energy
Dehidrogenisation - Olefin production, Refining, Gasification, Pyrolysis, Co-
Processes

processing,
Parameters P=1.15 - 500 kW, T=20-500C

Products H,, Olefines, H,-CO, Gasoline, Fuel-oil,

This article deals only with the pyrolysis of lignites under the influence of electron beam.



Radiation-thermal pyrolysis of lignite under the influence of electron beam

Experiments on RT pyrolysis of lignite were carried out using an accelerated electron
beam under flow conditions. The use of an accelerated electron beam as a source of ionizing
radiation made it possible to significantly expand the range of parameters of the studied
processes. Kinetic regularities of gas formation during pyrolysis of lignite under the influence of
electron beam were studied in the temperature range of AT= 150-600°C, the radiation dose rate
of AP= (0.5 +15) -10% kGy/h and absorbed doses of radiation AD=0 + 4000 kGy.

Figure 2 shows the dependencies of the formation rates of H, and CO on T=150°C and
radiation dose rate P=1250 kGy/h. As can be seen from the figure, after a certain time (1 = 8-10
min), a stationary mode of gas formation rate in the system is established. However, such
dependencies are characteristic only at relatively low radiation dose rates (P<1250kGy/h) and
low temperatures (T<350°C).
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Fig. 2. Dependence of H, (1) and CO (2) formation rates on T=150°C and irradiation time P=1250
kGy/h.

Figures 3, and 4 show temperature dependences of formation rates of Hz, CO, and CH3 at
irradiation doses rate P=500 and 1250 kGy/h.
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Fig. 3. Temperature dependence of the formation rate of H, at the dose rate of the electron beam P=500
kGy/h (1) and 1250 kGy/h (2).
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Fig. 4. Temperature dependence of the formation rate of CO (A, A) and CH4 (@) at P=500 (A) and 1250
kGy/h (A e).

The increase in temperature from 150 to 375°C causes a slight increase in the formation
rate of hydrogen. A practically proportional increase in the formation rate of H> is observed
when the irradiation dose rate increases from 500 to 1250 kGy/h. In this temperature range, the
values of radiation-chemical yields of hydrogen vary in the range G(H2)=0.1-1.2. There is no
such dependence in the case of CO. Formation rate of CO increases from 1.3:10%° to 3.52:10%
molec/cm®:s at given values of process parameters and, accordingly, radiation-chemical yields of
CO vary in the range of G=0.2+5. The methane formation is only observed at the radiation dose
rate of P = 1250 kGy/h.

It should be noted that when higher irradiation doses are used, the accelerated electrons
serve as a source of heat and ionizing radiation. This feature of irradiation of samples with an
accelerated electron beam eliminates the need for external heat sources and allows experiments
to be carried out at high T and P. These experiments are characterized by a fairly good
isothermality within the mass of the irradiated material.

Figure 5 shows the kinetic curves of formation rates of H, and CO at high dose rates in
RT and T reactions (P=10*kGy/h and T=460°C) as an example.
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Fig. 5. Dependence of formation rates of Hy (1, 1°) and CO (2, 2°) on irradiation time in RT(1’, 2°) and
T(1, 2) processes; T=10*kGy/h and T=460°C.



Under the influence of an electron beam, a stationary temperature is established after 3-4
minutes (T=460°C). In contrast to low-temperature pyrolysis processes, the curves of the
formation rate of H, and CO pass through a peak at both the radiation-thermal and thermal
processes. In both cases, the formation rates of the product observed in the radiation-thermal
process are higher than in the thermal process. Such a "bell-type" of curves leads to the multi-
stage process of lignite pyrolysis. As a result of the stabilization of the condensated residue,
there is a rapid loss of mass with each new and higher heat load, which stops during the
destruction. Thermal conversion helps the development of a combination system, which
increases the structural stiffness and the thermal stability of the condensed phase, as a result,
sources of OML that provide gas-like products are depleted. Radiation thermal of gases and
thermal processes of gases (Table 2) and thermal processes were carried out using the maximum
speeds of gas.

The radiation-chemical yields of gases were determined (Table 2) using maximum rates
of RT gas formation at thermal processes.

Table 2
Values of radiation-chemical yield G(molec/100eV) of gases from dose rate, electron beam dose,
and temperature in the radiation-thermal process of lignite pyrolysis

P, 103 kGy/h kGy T,°C b co CH,
5.0 830 330 0.2 4.5 0.4
75 1250 390 0.64 5.6 1.0
10.0 1670 460 0.9 5.9 1.2
125 2080 530 1.0 5.4 4.2
15.0 2500 590 08 5.0 6.4

Table 2 shows the results of the study of the radiation-initiator effect of lignites at
different dose rates. AD=830-2500 kGy, AT= 330 + 590°C and P=5-15-10% kGy/h. As it can be
seen from the table, the radiation-chemical yield of gases in the range of parameters of the
studied process varies in the following limits: G(H2)=0.2+1, G(CO)=4.5+5.9, G(CH4)=0.4+6.4.
The total value of combustible products, which account for more than 90% of all gas production,
ISy = 10+12

Figure 6 shows the dependence of the total rate of gas extraction from coal in the
radiation process on the radiation dose rate.
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Fig. 6. The dependence of the total rate of gas extraction from lignite in the radiation process on the
electron beam dose rate.




A practically linear increase in the total gas formation rate is observed with an increasing
radiation dose rate. A radiation rate limit of ~1 W/g can clearly be seen. The gas extraction rates
are very low below this value of radiation dose, and when the threshold is increased, they
increase rapidly with the increase of the beam rate. As expected, the changes in Wgrt/Wr ratio
with increasing irradiation dose and temperature correspond to the competition of thermal and
RT processes, indicating that both develop independently. For example (see Fig. 7) with the
increase of Wrt/Wr dose rate from 5-10° to 15-103kGy/h, it falls from 10 to 1.1 for hydrogen and
from 3.7 to 1.3 for CO. It should also be noted that high lignite conversions can be achieved
using high radiation rate.
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Fig. 7. Dependence of the ratio of formation rates of H, (1) and CO(2) in radiation-thermal and thermal
processes on the electron beam dose rate. Wrr/Wy = f (D, T) curve 3 - calculation dependence.

Thus, an increase of beam rate from 10* to 15-103kGy/h results in an increase of the total
conversion rate from 8 to 20% in the RT processes within 10 min. At the same time, the
conversion rate increases from 4.5 to 12%, respectively, when the temperature range
corresponding to a given level of energy release rate in the thermal process is changed.

As can be seen from the presented data, the effects of heat, i.e. Wr=Wgrt - Wt
comparable temperature ranges (AT=150-400°C) are a little different for H, and CO in the case
of irradiation of coal by gamma radiation and by accelerated electrons. The final values of
radiation-chemical yields of gases in studied parameter ranges are as follows: - G(H2)=0.03+1.3;
G(C0O)=0.02+10.4; G(CHs)=103+43.3 in case of y-irradiation and G(H2)=0.06+0.64;
G(C0)=0.2-5.6; G(CH4)=0.1-1.1 in case of accelerated electron irradiation

The observed difference in the values of product G during radiation-stimulated pyrolysis
of lignites under the influence of y-irradiation and accelerated electrons is apparently connected
with the depth of lignite conversion, which depends on the irradiation parameters.0.4-1.5% of
lignite is converted into gaseous products by y-irradiation and 6-10% by accelerated electron
irradiation at comparable temperatures (<400°C). This case also suggests that the deepening of
lignite conversion changes the composition of unstable components and the radiation-chemical
yield of gases determined by these components decreases.
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There are some other cases that can make a significant difference in the gas yields under
the influence of electron beam and y-radiation. These cases can be the specificity of the influence
of y-radiation and accelerated electrons on coal, as well as methods of heating coal with an
electric furnace and braking electrons. During the irradiation of coal with y-radiation and
accelerated electrons of low beam rate (P<1250kGy/h), the temperature of the lignites is
regulated by the electric furnace's surface heating. When irradiating lignite with electrons of high
beam rate (P>5-10% kGy/h), the temperature is regulated by the beam rate.

Kinetic regularities of gas formation during pyrolysis of lignite under the influence of
electron beam in temperature range AT= (150+600)°C, radiation dose rate D=(0.5+15)10% kGy/h
and absorbed radiation doses D=(0-400°) kGy were studied. Irradiation under static conditions
was carried out in D=2088kGy/h ampoules in the temperature range T=(300+500)°C. The ratio
of total gas extraction rates was Wrt/W1=(16.2+38.4) in the radiation-thermal (RT) and thermal
(T) processes. As the temperature increases from 300 to 500°C, the Wrt/W+ value decreases
from 38.4 to 16.2. A detailed study of gas formation regularity during radiation pyrolysis was
carried out under flow conditions.

The dependences of H, and CO formation rates on irradiation time and radiation dose rate
of accelerated electrons D=1250 kGy/h at T=150°C were investigated. After a certain period
(1=8-10 min), a stationary mode of gas formation rates is established in the system. However
such dependencies are characteristic only at relatively low radiation dose rates (D<1250 kGy/h)
and low temperatures (T<350°C).

Increasing the temperature from 150 to 375°C causes a slight increase in the hydrogen
generation rate. Increasing the irradiation dose from 500 to 1250 kGy/h shows an almost
proportional increase in the formation rate of Hz. In this temperature range, the values of the
radiation-chemical yield of hydrogen fluctuate in the range G(H2)=0.1-0.2. In the case of CO,
this dependence is not observed. At given values of process parameters, the rate of formation of
CO in the air increases from 2-10%° to 6-10'® molec/g-s, and respectively, the radiation-chemical
yield of CO varies in the range of G = 0.2-5. Methane formation is observed only at an
irradiation dose of D=1250 kGy/h.

Stationary temperature is established after 3-4 minutes (T=460°C) under the influence of
an electron beam. In contrast to low-temperature pyrolysis processes, the curves of formation
rates of H, and CO at both radiation thermal and thermal processes pass through the peaks. In
both cases, the rates of formation of products observed in the RT process exceed the rates of the
thermal process. Such "bell-type” curves lead to a multi-stage process of lignite pyrolysis. As a
result of the stabilization of the condensed residue, a rapid loss of mass occurs with each new
and higher heat load, which is interrupted during destruction. Thermal conversion promotes the
development of a combination system, which increases the stiffness of the structure and the
thermal stability of the condensed phase, resulting in the depletion of the organic mass of lignite
(OML) sources that yield gaseous products. Determination of the radiation-chemical yield of
gases was carried out using the maximum rates of RT gas formation in thermal processes.

Experiments on the pyrolysis study of the radiation initiator effect of coals at a different
dose rate of radiation AD=830-2500 kGy, AT=330-590°C, and D=5-15-10 kGy/h are presented.
As can be seen from the table, the radiation-chemical yield of gases in the range of parameters of
the studied process varies in a range: G(H2)=0.37-1, G(CO)=2.5-5.9, G(CH4)=0.4- 6.4. The total
G value of combustible products, which accounts for more than 90% of gas extraction, is G=10-
12.

A practically linear increase in the total rate of gas formation is observed with increasing
radiation dose. The radiation rate limit of 4MGy/h is clearly visible. The gas extraction rate is
very low below this value of the radiation dose, and when the threshold is increased, they
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increase rapidly with the increase of the beam rate. As expected, changes in the Wrt/W+ ratio
with increasing radiation dose and temperature correspond to the competition of thermal and
radiation thermal processes, indicating that both develop independently. With an increase of
Wrt/Wr dose rate from 5-10% to 15-10%kGy/h, it decreases from 10 to 1.1 for hydrogen and from
3.7 to 1.3 for CO. It should also be noted that high conversions of lignites can be achieved when
using high radiation rates.

Thus, an increase of beam rate from 10* to 15-10°kGy/h results in an increase of the
overall conversion rate from 8 to 20% in the RT processes within 10 min. At the same time, the
conversion rate increases from 4.5% to 12%, respectively, when the temperature range
corresponding to a given level of energy release rate at the thermal process is changed.

As can be seen from the presented data, the effects of heat, i.e. Wr=Wgrt - Wt
comparable temperature ranges (AT=150-400°C) do not deviate much in the case of irradiation
of coal with y-irradiation and accelerated electrons. The final values of radiation-chemical yields
of gases in studied parameter ranges are as follows: - G(H2)=0.03+1.3; G(CO)=0.02+10.4;
G(CH4)=10"3+43.3 in case of y-irradiation and G(H2)=0.06+0.64; G(C0)=0.2-5.6; G(CH4)=0.1-
1.1 in case of accelerated electron irradiation.

There are some other cases that can make a significant difference in the gas yields under
the influence of electron beam and y-radiation. These cases can be the specificity of the influence
of y-radiation and accelerated electrons on coal, as well as methods of heating coal with an
electric furnace and braking electrons. During the irradiation of coal with y-radiation and
accelerated electrons of low beam rate (D<1250kGy/h), the temperature of the coal is regulated
by the electric furnace's surface heating. When irradiating coal with electrons of a high beam rate
(~5-10%kGy/h), the coal temperature is regulated by the beam rate.

3. Conclusion

It is possible to produce Hz and CO gas in the lignite pyrolysis process by applying a
radiation dose rate of more than 5-10°kGy/h through electron accelerators running on electricity
obtained from carbon-free nuclear reactors or renewable energies.
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HU3KOYTJEPOIHBINA PAIUAIIMOHHO-TEPMUYECKHWI TAPOJIN3
JIMTHUTOB

N.A. Mycragaes, X.M. I'ax:xueB

Pe3rome: B crathe mepedmcisieTcss HEOOXOIMMOCTh IEpexojila Ha HU3KOYTJIEPOJHBIE TEXHOJIOTHH W
OCHOBHBIC TTOJIOKEHHSI MEXTYHAPOIHBIX TOJIUTUYCCKUX JOKYMEHTOB B 3TOM oOmactu. OTMeuaercs, 4to
MEePex0J] Ha HU3KOYTJICPOJHBbIC TEXHOJOIMH JIOJDKEH OBITh 00ECIeueH KakK B IPOM3BOJCTBE, TaK U B
notpebneHnn >Heprud. llokasaHpl IMyTH HWCIOJIB30BaHHS BO30OHOBISAEMBIX HCTOYHHUKOB JHEPTUU M
SHEPTUHU SJCPHBIX PEAKTOPOB MIJIsl MPOU3BOCTBA SHEPTUH C HU3KUM COJIepKaHueM yriaepoaa. OCHOBHOE
COJICpKAHUE TIOCBSIICHO WCIIONB30BAHUIO HOHUBHUPYIOIIMX M3IYyYEHUH U TEIJIOBOM SHEPTUM s
MIPOBEACHUS HU3KOYTIIEPOJHBIX PEAKINi B XMMHUYECKOW MPOMBIIIIEHHOCTH. BBITO mokazaHo, 4To mpH
WCTIOJB30BAHUH YCKOPEHHBIX DJIEKTPOHOB BBHICOKOW WHTEHCHBHOCTH IS TPOBEIEHHS pPaTUaIlOHHO -
TEIUIOBBIX TPOIIECCOB BO3MOXHO 00ECIeYCeHHE KaK BBICOKON TeMIlepaTypbl, TaK U WOHU3HPYIOIIETO
KOMIIOHEHTa HH3KOyTIeponHbiM 3¢ dekroM. B kadecTBe mnpumepa wucclemnoBaHbl 3aKOHOMEPHOCTH
nmomyueHust tazoB Hr mw CO mnpu paguanvoHHO-TEPMHUYECKOM IHPOJU3E JUTHUTOB, JOKa3aHa
BO3MO>KHOCTh ITPOBEIECHUS MIPOLIEcCca C HYJIEBOM SMUCCHUEN.

Knrouesvie cnosa: HU3KOYTICPOIHbIH, YCKOPEHHbIE JJIEKTPOHBL, MTUPOJIN3, BOIOPO.

LIQNITLORIN AZKARBONLU RADIASIYA-TERMIK PIiROLIZi
I.I. Mustafayev, H.M. Haciyev

Xiilasa: Moqalodo azkarbonlu texnologiyalara kegidin zorurati vo bu sahado beynolxalq siyasoat
sonadlarinin osas miiddoalart sadalanir. Qeyd olunur ki, azkarbonlu texnologiyalara kegid ham enerjinin
istehsalinda, ham do istehlakinda tomin olunmalidir. Enerji istehsalinin azkarbonlu olmasi {igiin barpa
olunan enerji manbalorindon vo niive reaktorlarmin enerjisindon istifade olunmasinin yollar1 gos torilir.
Osas mozmun kimya sanayesinda azkarbonlu reaksiyalarin aparilmasi ii¢iin ionlagdirict siialar va istilik
enerjisindon istifado olunmasina hasr olunmusdur. Gostorilmisdir ki, yliksok intensivlikli siiratlondirilmis
elektronlardan istifado edildikdos radiasiya-termiki proseslori aparmagq ti¢iin hom yiiksok temperaturu, hom
ionlagdirict komponenti azkarbonlu tasirlo tomin etmok miimkiindiir. Ornok olaraq lignitlorin radiasiya-
termiki pirolizinde H> vo CO gqazlarimin alinmasi qanunauygunluqglart todqiq olunmus, prosesin sifir
emissiya ilo aparilmasinin miimkiinliiyii stibut edilmisdir.

Agar sozlar: azkarbonlu, siiratlonmis elektronlar, piroliz, hidrogen
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