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Abstract

Purpose. The research aims to theoretically substantiate the energy-efficient gasification modes of carbon component
in carbon-containing waste based on unified thermal self-sufficiency indicators, using coal mining waste as a basic example
for model application.

Methods. Comparative material and thermal calculations for four idealized carbon conversion routes within the
660-1000°C temperature range were performed based on previously determined equilibrium constants. All specific indicators
refer to 1 kg of initial C. The basic comparison was conducted at an absolute pressure of about 0.2533 MPa. The influence of
pressure was investigated for steam and CO,-gasification within the 0.1013-1.0133 MPa. The comparison of heat requirement
Greg> TESOUICE (res, difference gnes = gres — Greq, the coefficient of potential heat coverage Krss and the lower heating value of the
gas was performed taking into account the residual steam.

Findings. At puss =0.2533 MPa for C + H,O <> CO + H,, thermal self-sufficiency coefficient for endothermic processes
reaches 2.17 at 860°C, 2.19 at 960°C and slightly decreases to 2.187 at 1000°C. For C + CO, < 2CO, it grows to 2.35 at
1000°C. Incomplete air oxidation provides the highest ¢..;, however, the lower heating value of the product gas (LHV,) remains
stable low in the entire examined temperature range of 4.39 MJ/nm® due to the dilution of combustible gases with air nitrogen
(N2). Increasing pass from 0.1013 to 1.0133 MPa worsens the equilibrium values of steam and carbon dioxide conversions.

Originality. On the joint basis of 1 kg of initial C, the temperature dependences of the energy potential and heat require-
ment of idealized gasification routes are quantified. A single system greq — Gres — gnes — Krss is proposed for a correct comparison
of exo- and endothermic carbon gasification routes. It is shown that the advantage of the route depends on the chosen criterion:
H, yield, CO formation, volumetric heating value or potential thermal self-sufficiency. The relationship between pressure in-
fluence, equilibrium conversion and dilution of the product gas is clarified.

Practical implications. The criteria for pre-selection of the route are proposed, based on the intended use of gas and avail-
able heat resources. For steam gasification at the base pressure, the initial test range of 860-900°C is recommended; for target
production of CO in the presence of high-temperature heat — CO;-conversion in the 900-1000°C range is recommended. For
the hydrogen product, it is advisable to combine steam gasification with water-gas shift reaction, and for the autothermal
scheme — to determine the share of oxidant introduced into the system.

Keywords: coal mining waste; gasification; co-gasification; carbon conversion; synthesis gas, specific heat requirement;
heat resource, temperature; absolute pressure

Nomenclature
Greq — specific heat demand, MJ kg ™! C;
Gres — specific heat resource, MJ kg™!' C;

Pass — absolute pressure, MPa; . v\
Xc — carbon conversion, %; gner — et specific heat, MJ kg™ C;
endo

nc,o — initial molar amount of carbon, mol,; Kigg® —thermal self-sufficiency coefficient for endothermic processes;
nc.oue — molar amount of unreacted carbon at the outlet, mol;
V, — specific gas volume / gas yield, Nm® kg™ C;

T — temperature, °C;

Krse —thermal self-sufficiency coefficient for exothermic processes;

Ghreact — Secific heat for reactant heating, MJ kg™' C; LHV, — lower heating value of product gas, MJ Nm™;
G inert — Specific heat for inert-component heating, MJ kg ™! C; AH, — reaction enthalpy, kJ mol™';

Gendo — specific endothermic reaction heat, MJ kg™! C; Nm’ — normal cubic metre, m*;

Gexo — specific exothermic reaction heat, MJ kg™' C; H; + CO - combustible components, vol.%.
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1. Introduction

The accumulation of coal mining waste remains one of
the most complex environmental and resource problems of
mining regions. Rock dumps contain mineral fraction, resi-
dual carbon, sulfur-containing compounds and impurities of
metals, so their long-term storage is accompanied by risks of
spontaneous combustion, dust pollution, acid drainage and
secondary pollution of soils and water bodies [1]-[4]. At the
same time, the residual carbon component of such waste can
be considered as a secondary energy resource suitable for
thermochemical conversion.

Thermochemical processing of coal mining waste makes
it possible to combine the ecological purpose of waste dis-
posal with the resource use of the carbon phase [5], [6]. Re-
cent characterization of coal mining waste has also shown
that the predominance of medium and fine-sized fractions
can provide favorable conditions for heat and mass transfer
during thermochemical conversion [7]. A two-stage scheme
involving low-temperature thermal decomposition of the
organic fraction and high-temperature gasification of the
carbon residue, is promising to produce a gaseous energy
carrier [8], [9]. The proposed approach can be applied not
only to coal mining waste, but also to other carbon-
containing waste, in which after thermal conversion a solid
carbon residue is formed, suitable for further gasification.

Experience gained from underground coal gasification
demonstrates that the conversion of solid carbonaceous mate-
rial is governed by a combination of thermochemical and
technological factors. Previous studies have addressed ther-
mal and material balances, the formation of temperature
fields and their interaction with the surrounding medium, as
well as the influence of gasifier configuration and gasifying-
agent supply on process performance [10]-[13].

Further development of gasification technologies has also
shown that process intensification and reaction evolution
require coordinated control of operating conditions [14].
Although these studies concern in-situ coal conversion, their
findings emphasize the need to distinguish thermochemical
characteristics from reactor and technological effects when
assessing gasification modes for carbon-containing materials.

Against this broader technological background, previous
studies by the research team focused on the thermodynamic
substantiation of coal mining waste gasification, analysis of
pressure influence and general assessment of thermochemical
utilization of such waste [15]-[19]. The relevance of this
approach is consistent with recent reviews on carbon-
containing waste gasification, where the determining factors
are temperature, pressure, the nature of gasifying agent, the
mineral composition of raw materials and catalytically active
impurities [20], [21]. Of particular importance is the combi-
nation of pyrolysis stages, gasification of carbon residue CO,
or HoO and subsequent adjustment of the H,/CO ratio
through a water-gas shift reaction, which makes it possible to
move from simple waste disposal to controlled formation of
fuel or process gas [22]. However, the very fact of thermo-
dynamic probability of a reaction does not yet determine the
energy feasibility of the process. For the technology of coal
mining waste gasification, it is necessary to assess not only
the temperature range in which the equilibrium shifts towards
CO and H,, but also the maximum possible specific heating
value of the gas, the specific heat balance of the process and
the quality of the resulting gas.
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In this context, not only equilibrium indicators are im-
portant, but also criteria of technical-economic feasibility.
Studies of small-scale gasification energy systems show that
the economic result depends significantly on the cost of raw
materials, capital costs, operation mode, gas quality, the
need for its purification and the potential for heat recov-
ery [23]. For the initial selection of modes, it is advisable to
compare the increase in the energy potential of gas with the
additionally required heat. Further economic assessment
should separately take into account the cost of equipment,
preparation of raw materials, gasifying agents, gas purifica-
tion and heat recovery of products.

A preliminary thermodynamic analysis of coal mining
waste shows that endothermal carbon gasification reactions
exhibit a pronounced temperature dependence: with increas-
ing temperature, the value AG decreases and the equilibrium
constants of chemical reactions C) + H20(g) <> COg) + Ha(g),
Cs) + 2H20(g) <> CO2q) + 2Ho) and Cgy) + COxg) <> 2COyy
grow [15]. Therefore, the temperature range above 860°C
can be considered as the range within which the equilibrium
conditions for CO- and H-containing gas formation are
the most favorable.

At the same time, temperature intensification has a tech-
nological limit. The increase in temperature requires addi-
tional heat supply, increased thermal insulation, the use of
heat-resistant materials, steam superheaters and a stable
supply system for gasifying agents [24]-[26]. Therefore, the
criterion “the higher the temperature, the better” for the in-
dustrial process is incorrect. From an energy perspective, a
rational mode is one in which the increase in the energy
value of the resulting fuel gases exceeds the additional ener-
gy expenditure required to raise the process temperature.

A similar conclusion follows from the equilibrium mod-
eling of biomass gasification: the increase in temperature to
the range of about 900°C improves the energy and environ-
mental performance of the gas, and water vapor as a gasify-
ing agent provides a substantially higher share of H, com-
pared to air gasification [27]. At the same time, the further
temperature increase should be assessed taking into account
the increase in heat consumption, the risk of slagging, the
lining resource and the requirements for gas purification.

The purpose of this research is to provide a theoretical
substantiation of energy-efficient gasification modes of car-
bon component in carbon-containing waste on the basis of
previously obtained equilibrium constants, summary material
calculations of the composition of conversion gases and a
unified system of specific heat parameters normalized to 1 kg
of carbon. Coal mining waste is used as a basic model raw
material for quantitative analysis.

2. Materials and methods

2.1. Calculation basis and investigated reactions

The object of theoretical analysis is the carbon compo-
nent of carbon-containing waste after preliminary thermal
conversion or pyrolysis. Coal mining waste is considered as
a basic example of technogenic raw materials with increased
residual carbon content and favorable granulometric charac-
teristics for thermochemical conversion

Steam, carbon dioxide and air-oxidative conversion were
investigated in the 660-1000°C temperature range. The basic
comparative absolute pressure was pus = 0.2533 MPa. The
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influence of pressure was investigated for steam gasification
of carbon (R;route) and CO»-gasification (Rj3route) at
Pavs = 0.1013; 0.2533; 0.5066 and 1.0133 MPa.

The method is a continuation of the two previous stages:
thermodynamic determination 4H,, 4G and equilibrium
constants [15] and material calculations of equilibrium
composition, Xc and V, depending on temperature and
absolute pressure [16]. The thermochemical functions of
the components were determined using established refe-
rence ratios and databases [28]-[30].

All specific indicators are referred to 1 kg of carbon, fed
into the process, including its unconverted residue. The ini-
tial molar ratios are H,O/C =1 for R;, HO/C =2 for R, and
CO,/C =1 for Rs. For R4, oxygen of air is assumed to act as
an oxidizer, so the corresponding ratios O»/C=0.5 and
N»/O, =3.76 were used for calculations. Conversion rate is

(”C,o ~ e out )

defined as X, = . In the tables, it is given as a

percentage, and in formulas — as fraction of a unit. The
component volumes and total gas yield are normalized to
the same mass of initial C. The main reactions used in the
calculations are given in Table 1. Here, Ri-R4 routes are
considered as separate idealized stoichiometric routes for
comparative material and energy assessment. R» is the sum
of the steam gasification of R; and the water-gas shift reac-
tion CO + H,O <> CO, + Hy. Its separate consideration
characterizes the route of increased H, formation, rather
than an equilibrium in the common gas phase independent
of Ry. Ry4 is an idealized limit of selective oxidation of C to
CO by air. Complete conversion and absence of CO> in this
route are model assumptions.

The specific heat values of heating were determined as
the product of specific enthalpies of components at
the appropriate temperatures per their masses. Table 2 gives
the enthalpy values used in calculations, chosen from
literary sources [28]-[30].

Nico
Table 1. The main reactions used in calculations
Route Reaction Heat character Technological role
Ri Cs) + H20(g) <> COg) + Ha(g) endothermic, 4H, > 0 obtaining H»- and CO-containing synthesis gas
R2 Cis) + 2H20(g) <> CO2(g) + 2H2(g) endothermic, 4H- > 0 increase in share of Hz to form CO;
R3 Cs) + CO2(g) <> 2CO(g) endothermic, 4H, > 0 obtaining CO-containing gas and CO» utilization

R4 Cis) + 0.5(02 + 3.76N2)q) — COg) + 1.88N2(g)

exothermic, 4H, <0

thermal compensation of endothermic processes

Table 2. Specific enthalpies of reactants in the studied temperature range, kJ/kg

Temperature, °C

Reactant 660 680 700 760 800 860 900 960 1000
Carbon 1145.21 1192.69 1240.14  1382.13 1476.20 1616.10  1708.47 1845.69 1941.97
Air 697.27 719.79 742.32 810.98 856.62 926.54 973.43 1043.77 1088.75
CO2 696.26 720.55 744.83 818.94 868.34 931.14 993.95 1070.98 1115.39
H20, pabs =0.1013 MPa 3836.78  3882.00 3927.22  4064.55 415749  4299.84 439530  4538.49 4628.70
H20, pabs = 0.2533 MPa 3836.36 3881.16 392638  4064.55 4157.07  4299.42  4394.88  4538.49 4628.60
H20, pabs = 0.5066 MPa 3834.69 387991 3925.13  4062.87 415624  4298.59  4394.05  4537.65 4628.00
H>0, paps =1.0133 MPa 3831.52  3876.86 392225 406042  4154.02  4296.67 439237  4536.22 4626.90
2.2. Unified thermal indicators of exo- Dnet = Gres ~req s ()
and endothermic processes do -
For endothermic routes, the specific heat requirement was K;gdo - Gres ; KE2 = res (6)
determined as the sum of heats for heating reactants, inert fg’j" e

components and the endothermic effect of the reaction (posi-
tive in absolute value), with all terms normalized to the
initial carbon mass:
d
quqo = qh,react + qh,inert +|qendo| . (1)
The specific heat resource of endothermic processes
was calculated as the sum of lower heating values of H»
and CO formed:

(]f:sdo =V, - LHVy, +Veo - LHV o - ()

To calculate the exothermic incomplete oxidation of car-
bon to COy), the heat was determined as the sum of heats for
heating carbon, air, and the exothermic effect of the reaction
was included in the heat resource:

quc(]) = qh,reuct + D, inert ) (3)
res =Viay " LHViy +Veo - LHV o + G - 4)

For both groups of processes, the same integral indicators
were used:

In this paper, Krss characterizes the potential coverage of
the calculated heat requirement by the total energy resource.
For R;-R3, this resource is only realized by burning the re-
sulting combustible gas or other method of converting its
chemical energy into heat. For R4, ¢, has two different
contributions: oxidation heat in the reactor and chemical
energy of the CO formed.

The calculations accepted LHVy, = 10.79 MJ/ Nm? and
LHVco=12.64 MJ/ Nm®. The lower heating value of
product gas was determined by the ratio of thermal contri-
bution of combustible components to the total wet gas
volume. CO,, N, and water vapor do not form the heating
value and reduce LH V.

2.3. Assumptions and limits for application

Calculations are theoretical in nature and describe idea-
lized gasification routes within the accepted set of reactions
and components. The model does not take into account com-
peting reactions, kinetic and diffusion constraints, reactor
hydrodynamics, the influence of the mineral fraction of raw

148



A. Helesh et al. (2026). Mining of Mineral Deposits, 20(3), 146-156

material, as well as heat losses to the environment [31]-[33].
The physical heat of the product gas was also not taken into
account, since the degree of its use depends on the specific
scheme of heat recovery, steam superheating and preheating
of raw materials. Therefore, the above values should be con-
sidered as comparative model estimates, and the determined
temperature ranges should be considered as guidelines for
further experimental verification.

The actual thermal self-sufficiency of the plant is deter-
mined by the total heat balance, heat transfer efficiency, the
degree of heat recovery, heat losses and the fraction of pro-
duct gas used for internal heat supply [34], [35]. In this re-
gard, Krss> 1 is only a theoretical indicator of potential
thermal self-sufficiency, and g... > 0 is the estimated heat
resource margin, not the guaranteed useful heat yield of the
plant. At the same time, these indicators make it possible to
accurately compare alternative gasification routes, determine
the rational temperature range and assess their potential
for autothermal implementation under the adopted model
assumptions and calculation basis.

3. Results and discussion

3.1. Summary results of material recalculations

The aggregated values for X¢ V, and the composition of
gases are formed based on previously published thermody-
namic and material calculations [15], [16]. They are the start-
ing point for new thermal recalculations and make it possible
to determine what portion of the increase in gy.s is caused by
an increase in conversion rate, and what portion — by a change
in gas composition. Summary results of material recalcula-
tions depending on the temperature are given in Table 3.

For R;, the conversion rate increases from 39.71 to
96.48%, and the total share of H, + CO — from 56.85 to
98.21 vol.%. For Rs, the most pronounced change is
observed after 760°C: the share of CO increases from
53.98 vol.% at 760°C to 80.13 vol.% at 860°C and
95.47 vol.% at 1000°C. Incomplete air oxidation has a
constant theoretical composition of 34.72vol.% CO
and 65.28 vol.% N, so the temperature rise does not im-
prove the LHV, of this gas.

Table 3. Summary results of material recalculations depending on the temperature

Route/

Temperature, °C

No. reaction Indicator 660 680 700 760 800 860 900 960 1000
Xe, % 3971 4567 5173 6879  77.89 8734 9133 9500  96.48

Ry Ve Nm¥kg C  2.608 2719 2832 3.151 3321 3497 3571 3.640  3.668

L O o CO Ha, vol.% 2843 3135 3409 4075 4379  46.62 4773 4872  49.10
CO,vol% 2843 3135 3409 4075 4379 4662 4773 4872  49.10

H.0,vol.%  43.15 3730 3182 1849 1243 676 453 256 1.9

Xe, % 5755 60.13 6256 69.03 72.67 7723 7975 8289 8461

Ry Vo Nmkg C  4.808  4.856  4.901  5.022 5090 5175 5222 5281 5313

2 MO e COn s+ 2H, - H2VOL% 4469 4623  47.65 5132 5330 5572 5702 5860  59.46
CO», vol% 2235 2312 2383 2566 2665 27.86 2851 2930  29.73

H.0,vol.% 3296  30.65 2852 2302 2005 1643 1448 1210 1081

Xc, % 1445 1788 2185 3696 4899 6685 7670 87.03 9134

3 Ry/ Ve Nm'kg C  2.136 2200 2275 2557 2781  3.115 3298 3491  3.572
C +CO, <> 2CO CO,vol% 2526 3033 3586 5398 6576 8013 8681 93.06 9547
COs,vol% 7474  69.67 6414 4602 3424 1987 13.19 694 453
Ry Xc,}% 100.00  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Ve NmkgC 5376 5376 5376 5376 5376 5376 5376 5376 5.376

4 C+ Oég)ﬁéggfz) T CO,vol% 3472 3472 3472 3472 3472 3472 3472 3472 3472
N2, vol.% 6528 6528 6528 6528 6528 6528 6528 6528 6528

3.2. Influence of temperature on thermal indicators

The graphical dependences presented in this section are
based on the unified indicators of Greq, Gres, gner and Krss at
Pabs = 0.2533 MPa. As the temperature increases, g,., increa-
ses for all routes, however, the reasons and rates of this in-
crease differ (Fig. 1). For R;-R3, an endothermic contribution
is added to the heating of the flows, the value of which de-
pends on the conversion rate. R, has the highest expenditures.
At 860 and 1000°C, they are 20.79 and 22.70 MJ-kg' C,
respectively. This is due, in particular, to the double stoi-
chiometric water supply relative to R;. For R3, the intensive
growth of g in the medium- and high-temperature regions is
due to a significant increase in the growth rate of the convert-
ed C (Table 3). For R;, within the 860-1000°C temperature
range, the intensity of increase in heat requirement decreases
as the conversion approaches its maximum value and the
energy required to compensate for the endothermic nature of
the process decreases. The lowest value of g, is observed for
the exothermic R4 route, since the process and heat are only
spent on heating the reactants (C and air).

For endothermic routes, g, is determined by the number
of combustible components formed, not only by their volume
fraction (Fig. 2). In the R;, the conversion increase raises the
yields of Hz, CO and g, to 38.20 MJ-kg™' C at 860°C and
42.20 MJ-kg™! C at 1000°C. At the top of the range, the in-
crease slows down. R; has the most pronounced relative
increase within the examined range: the increase in CO yield
is ensured by g =31.55 at 860°C and 43.10 MJ-kg™! C at
1000°C. At temperatures above 970°C, the specific heat
resource value on the R3 route exceeds that for R; route.
Route R, forms more H,, but does not form CO; therefore, at
high temperatures, its total energy potential is lower than that
of R; and Rj;. For Ry, the resource is almost constant, since
the conversion and yield of CO in the studied temperature
range remain virtually unchanged.

Parameter ¢... represents the difference between the
accepted resource and heat requirement (Fig. 3). For Ry, it
increases from 20.62 MJ-kg™! C at 860°C to 22.90 MJ-kg™' C
at 1000°C, which is approximately by 11.1%. For Rj,
over the same range, the increase is about 42.4%: from
17.39 to 24.77 MJ-kg™! C.
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The gres/qreq ratio makes it possible to assess how quickly
the increase in energy resource compensates for the increase
in heat requirement (Fig.4). For R, Kyss increases from
approximately 1.54 at 660°C to 2.17 at 860°C, while remain-
ing close to 2.19 in the 900-1000°C range. Such a plateau
means almost identical relative increases in the numerator
and denominator, rather than a cessation of g,., growth. For
R», the coefficient is close to 1.50. Additional water supply
and lack of CO in the accepted set of products limit the ener-
gy advantage of this hydrogen route. For Rs, the value in-
creases from 1.19 at 660°C to 2.23 at 860°C and 2.35 at
1000°C. At base pressure, the Krss value on the Rs route
exceeds that for the R; route at temperatures of 830-1000°C.
For R4, the coefficient decreases from 6.44 to 4.08.

The LHV,; parameter characterizes the energy of the
unit of normalized mixture volume and complements g,
referred to the mass of C (Fig. 5).
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Figure 2. Dependence of the specific heat resource qres on tempe-
rature for routes Ri-Ry4 at paprs = 0.2533 MPa
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Figure 3. Dependence of the net specific heat quet 0n temperature
for routes Ri-R4 at paps = 0.2533 MPa

Therefore, temperatures above 900°C have a more tangible
energy motivation for CO,-conversion than for R;. In the tem-
perature range of 900-960°C, the R; curve passes above R; (at
960°C and the value gy is 23.53 and 22.62 MJ-kg™' C, respec-
tively). For R», the additional resource is largely compensated
by heat requirement, so ¢, at 860-1000°C remains low: 10.3-
11.4 MJ-kg™! C. R4 is characterized by the highest values of
Gner, but the curve shows a downward trend due to increased
energy consumption for heating at almost constant ges.
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Figure 5. Dependence of the lower heating value of product
gas LHVg on temperature for routes Ri-Rs at paps
=0.2533 MPa

In the Ry, the increase in temperature decreases the share of
residual steam and increases the share of H, + CO; at 860°C, it
is 93.24 vol.% (Table 3), and LHV,=10.92 MJ-Nm™. Above
860-900°C, the increase slows down, approaching the maxi-
mum value of a dry equimolar H,-CO mixture of about
11.72 MJ'Nm™. In the R,, hydrogen is diluted with CO»
and residual steam; therefore, at 860-1000°C, LHV, is only
6.01-6.42 MJ-Nm, although the share and yield of H, is
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higher than that of R;. In the R3, the CO, to CO conversion
increases the LHV, from 3.19 at 660°C to 12.07 MJ-Nm™ at
1000°C. In the range of 920-1000°C, this route is ahead of
Ri. In the R4, the constant ratio of CO:N,=1:1.88 deter-
mines constant heating value of about 4.39 MJ-Nm™. Thus,
the highest heat resource of the process g, and the highest
gas quality in terms of LHV are not identical criteria.

The generalization of dependences given in Figures 1-5
reveals that the high-temperature range is the most informa-
tive for comparing the routes; in this range, significant
conversion rates have already been reached for endothermic
processes, and relatively high values of gres, gner, Krss and
LHV, are formed. However, the nature of the change in the
parameters for individual reactions differs significantly: for
R, after 860-900°C, the Krss"% approaches a plateau, for Ry
the temperature effect is relatively weak, while for Rj the

temperature rise to 1000°C continues to provide a noticea-
ble improvement in energy performance. For R4, on the
contrary, with the increase in temperature, the thermal ad-
vantage of the process decreases due to an increase in ener-
gy consumption for heating, while the heat resource of the
products remains virtually unchanged.

Therefore, for a more visual quantitative comparison of
processes, Table 4 provides the main thermal and energy
indicators at 860, 960 and 1000°C. The temperature of
860°C is chosen as the lower boundary of the intensive
formation of CO- and H»-containing gas, 960°C — as the
characteristic temperature of the high-temperature regime,
and 1000°C — as the upper boundary of the examined range,
which makes it possible to assess the feasibility of further
temperature increase for each route within the adopted
comparative calculation framework.

Table 4. Key thermal indicators at 860, 960 and 1000°C

Route/reaction T, °C Greg; MI kg ' C Gres, MI kg C gne, MT kg™! C Kirss LHVg, MJ Nm™>
Ry 860 17.58 38.20 20.62 2.17 10.92
960 18.93 41.55 22.62 2.19 11.41
+ +

C+H0 ~ CO+H, 1000 19.30 4220 22.90 2.19 11.51

Ry 860 20.79 3111 10.32 1.50 6.01

960 22.19 33.39 11.20 1.50 6.32

C+2H0 & C0z + 2H, 1000 22.70 34.08 1139 1.50 6.42

Ry 860 14.16 31.55 17.39 2.23 10.13
960 17.54 41.07 23.53 2.34 11.76

+

€+ 02200 1000 18.33 43.10 24.77 2.35 12.07

Ry 860 6.92 33.26 26.35 4.81 439

960 7.82 3334 25.52 427 439

+ + +

C+0.5(02+3.76N2) — CO + 1.88N: 1000 8.17 3337 25.20 4.08 4.39

The specific heat requirement of all processes increases
with temperature. For Ry, it increases from 11.28 MJ kg™! C
at 660°C to 19.30 MJ kg! C at 1000°C. At the same time,
Gres grows faster to 860-900°C, causing Krss™® to rise from
1.54 to 2.19, and then reaches a plateau.

For Ry, the Krss® coefficient stabilizes at around 1.50.
This route yields an increased H, fraction, but CO, and
residual steam reduce the LHV, to 6.01-6.42 MJ Nm™ in the
range of 860-1000°C.

Rs has the highest temperature sensitivity among endo-
thermic reactions. Krss® increases from 1.19 at 660°C to
2.23 at 860°C and 2.35 at 1000°C, and LHV; — from 3.19 to
12.07 MI Nm=. Consequently, temperatures above 900°C
can be justified for specialized CO»-conversion schemes, but
require assessment of the lining resource, the possibility of
slagging, as well as consideration of actual heat losses.

For R4, ¢rs remains almost constant 33.08-
33.37 MJ kg! C, while g, increases due to heating carbon
and air. As a result, Krss™ decreases from 6.44 to 4.08, and
Gnet — from 27.95 to 25.20 MJ kg! C. Despite the high heat
resource, the product has LHV, = 4.39 MJ Nm™ due to nitro-
gen dilution; therefore, R4 should be considered primarily as
a source of internal thermal compensation for endothermic
gasification stages, rather than as an independent route for
obtaining high-quality fuel gas.

A comparison of temperature dependences showed that
among the routes considered, the greatest interest in further
analysis of the pressure influence is two independent endo-
thermic reactions of direct carbon conversion — R; steam
gasification and R3; CO;-gasification. They determine two
fundamentally different promising technological directions:
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obtaining H»- and CO-containing synthesis gas during car-
bon-water vapor interaction and obtaining CO-containing gas
with the simultaneous involvement of CO, as a gasifying
agent. Furthermore, for both reactions, the forward direction
of the reaction is accompanied by an increase in the number
of gas moles. Therefore, a change in absolute pressure direct-
ly influences the equilibrium conversion rate, the product gas
composition and, accordingly, the g es, Gner, Krssand LHV .

The R, reaction was not analyzed separately in terms of
pressure, as it is the total result of the R; steam gasification
of carbon and the water-gas shift reaction, and is therefore
not considered as an independent route for the direct solid
carbon conversion. Incomplete air oxidation R4 in the adopt-
ed model was used primarily as a source of thermal compen-
sation for endothermic stages; therefore, the pressure influ-
ence within this comparative analysis was not decisive. In
view of this, further study of the pressure influence is fo-
cused on R; and R3 routes.

3.3. Influence of pressure on steam
and CO:z-conversion of carbon

For Ry, an increase in absolute pressure shifts the equilib-
rium toward a smaller number of gas moles; and since the
direct reaction C + H,O <> CO + H; occurs with an increase
in the number of gases then, with unchanged initial quantities
of reactants, this reduces the equilibrium yield of H, and CO
and reduces Krss (Fig. 6). At 860°C, an increase in pas from
0.1013 to 1.0133 MPa reduces the coefficient from 2.25 to
1.90, that is, by 15.6%, while g,. decreases from 22.91 to
13.87 MJ-kg! C, or approximately by 39.5%. In the lower
and middle parts of the temperature range, the curves diverge
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more strongly. At the lowest pressure, the plateau forms
ecarlier, approximately in the range of 860-900°C, while at
0.5066-1.0133 MPa, a noticeable increase persists in higher
temperatures. At 960-1000°C, curves converge as a result of
the conversion approach to its stoichiometric limit, but the
pressure influence does not disappear completely. Thus, the
range 860-900°C cannot be considered technologically expe-
dient for all the pressures considered.

C+H20 « CO+H:

23

—e— =01013 MPa
P=02533 MPa
—e— P=0.5066 MPa

—e— P=1.0133MPa

650 700 750 800 850 900 950 1000 1050
7C
Figure 6. Temperature dependences Krss** of R; steam gasifica-
tion at different absolute pressures pabs

For the reaction C + CO, «» 2CO (Fig. 7), as for Ry, the
process proceeds with an increase in the number of gas moles;
therefore, an increase in pressure reduces the equilibrium CO
yield and the potential heat coverage coefficient. The effect is
particularly noticeable in the lower temperature range: at the
highest studied pressure (1.0133 MPa), the Krss curve is be-
low unity at 660-700°C, at a pressure of about 0.5066 MPa,
the transition through the unit occurs between 660 and 680°C.
These intervals characterize the sign change of the calculated
gner. At the lowest pressure, Krss approaches a plateau at about
900°C; at higher pressures, its increase continues up to
1000°C. At the base pressure, the value is 2.23 at 860°C and
2.35 at 1000°C. Therefore, the advantage of temperature rise
for R3 depends on the pressure: the maximum value at the
upper boundary of the studied range does not prove the exist-
ence of a universal optimum specifically at 1000°C.

C+CO2 +2C0

25

23

Ky

1.5
1.3
—&— [’=0.1013 MPa
L1 P=02533 MPa
09 —— P=0.5066 MPa
—&— P=1.0133 MPa
0.7
650 700 750 800 850 900 950 1000 1050
r.c

Figure 7. Temperature dependences Krss™* of Rs carbon-acid
gasification at different absolute pressures pabs

Along with thermal self-sufficiency, it is important to as-
sess the pressure influence on the product gas energy quality.
Therefore, the next stage analyzed the dependence of LHVg on
temperature and absolute pressure for R; and R3 (Fig. 8, 9).
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C+H20 < CO+Hz

LHVg, MJ- Nm™
o

—eo— P=0.1013 MPa

FP=0.2533 MPa
—— P'=0.5066 MPa
—— P=1.0133 MPa

650 700 750 800 850 900 950 1000 1050
r.C
Figure 8. Temperature dependences of the lower heating value of
gas LHV,, steam gasification R; at different absolute
pressures Pabs

C+C0z2+2CO

—8— =0.1013 MPa

O P=10.2533 MPa
—o— I=10.5066 MPa
—&— P=1.0133 MPa

650 700 750 800 850 900 950 1000 1050
I,C
Figure 9. Temperature dependences of the lower heating value of
gas LHVg, carbon dioxide gasification R; at different
absolute pressures pabs

For both routes, an increase in absolute pressure at a con-
stant temperature reduces the lower heating value of product
gas (Fig. 8, 9), but the nature of this effect is different. In the
case of R; steam conversion, increased pressure reduces the
equilibrium carbon conversion rate, resulting in an increased
share of unreacted water vapor in the gas mixture. Since,
within the accepted single-reaction model, the ratio
H,/CO = 1, the divergence of the LHV; curves is due mainly
to the varying degree of dilution of the combustible mixture
with steam. With the increase in temperature, this effect
weakens. In the lower and middle parts of the studied inter-
val, the curves for different pressures diverge markedly,
while at 960-1000°C they converge. At base pressure, LHV,
is 10.92 MJ Nm™ at 860°C and 11.51 MJ Nm~ at 1000°C.
At the same time, following the complete extraction of all
water vapor, the lower heating value of the dry gas R; in this
model would be about 11.72 MJ Nm™ and would be practi-
cally independent of temperature and pressure. Therefore,
Figure 8 reflects the simultaneous effects of equilibrium
conversion and gas humidity and does not indicate a similar
pressure influence on the dried product LHV .

For CO,-conversion (Fig. 9), the R3 mechanism is diffe-
rent: an increase in LHV, with temperature is caused by an
increase in the CO, to CO conversion rate, while the increase
in pressure counteracts this reaction and contributes to the
preservation of a larger share of unreacted CO, in the product
gas. Therefore, unlike Rj, the reduction in heating value
cannot be eliminated by simple drying, since CO; remains as
a gaseous ballast component. At base pressure, LHV, for R3
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increases from 10.13 MJ Nm™ at 860°C to 11.76 at 960°C
and 12.07 MJ Nm= at 1000°C, approaching the lower hea-
ting value of pure CO, which is 12.64 MJ Nm=. At lower
pressure, this approximation occurs at lower temperatures,
while at high pressure, a significant increase in LHV, is
retained at the top of the temperature range.

Thus, the increase in temperature partially compensates
for the adverse equilibrium pressure influence for both
routes, but the nature of the product gas dilution is funda-
mentally different: for Ry, the residual H,O content is the
determining factor, and for R3 — the unreacted CO,. There-
fore, when choosing a steam gasification mode, it is advisa-
ble to take into account separately the possibility of gas con-
densation and drying, while for CO,-conversion, it is neces-
sary to compare additional energy expenditures for increas-
ing the temperature against the expenditure of CO; extraction
or recirculation, as well as the pressure requirements at the
subsequent process stage.

At the same time, the pressure influence cannot be as-
sessed unequivocally only by equilibrium calculation The
actual gasification rate depends on the structure of carbon-
containing waste, ash composition, porosity, mass transfer,
and reactor hydrodynamics [36]-[38]. Increased pressure can
reduce equipment dimensions, intensify phase contact and
simplify gas transportation. Experimental data for carbon
residues of other origin indicate that, under certain condi-
tions, pressure can increase the conversion rate and heating
value of the gas [37]. Therefore, for coal mining waste, the
theoretical conclusion about the advantage of low or mode-
rate absolute pressure requires experimental verification.

3.4. Justification of the optimal temperature range

At base pressure, the 860-900°C range is a suitable initial
range for the R; experimental verification. At 860°C, the model
gives Xc = 87.34%, the total share of H, + CO =93.24 vol.%,
while LHVy =10.92 MJ Nm™ and Krss"% — 2.17. Further
temperature increase continues to increase gas and gpe
yields, but Krss changes little. At the same time, the re-
quirements for thermal insulation, steam superheating, heat
resistance of feeding units, lining resource and slagging
control, etc., are increasing. Therefore, the 860-900°C range
should be considered as a basic technologically rational
range, which is a compromise between conversion and heat
load, but does not prove an economic optimum or sufficient
reaction rate for specific waste types.

For gas with a high H, content and yield, the R, route is
preferred as a model for total steam conversion. At 860°C, the
H, yield from Table 3 is about 2.88 Nm’kg ! C for Ry, com-
pared with 1.63 Nm?kg ! C for Ry; the share of H, in the wet
gas is 55.72 compared with 46.62 vol.%. At the same time,
this advantage is accompanied by a greater heat requirement
and the formation of CO,. Technologically, this goal should
be implemented as steam gasification with a separate con-
trolled degree of water-gas shift and CO, extraction. An in-
crease in gasification temperature does not mean that the shift
should be carried out at the same temperature: exothermic
shift reaction CO + H,O <> CO, + H; is thermodynamically
more favorable at a lower temperature, and the catalyst ace-
lerates the approximation to the equilibrium state.

The Rjis preferred to obtain CO-containing gas and to use
CO: as a reactant, especially in the available high-temperature
heat and work in the 900-1000°C range. At 1000°C, the share
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of CO reaches 95.47 vol.%, LHV,=12.07 MJ Nm3, and
Gner =24.77TMJ kg''C. At the same time, the CO, to CO
conversion is not its long-term binding. During the subse-
quent combustion of CO, CO, is formed. The environmental
climatic effect will be determined by the source of heat,
origin of C and final use of gas, etc.

From the position of the highest value of the potential heat
coverage coefficient and internal exothermic contribution, R4
is preferable. However, it forms gas with 65.28 vol.% N> and
LHVy~4.39 MJNm>. Such gas may be suitable for local
combustion in appropriate equipment, but its low volumetric
energy density increases volumetric gas flows and necessi-
tates specialized equipment and combustion modes.

For high-quality fuel gas, the choice depends on the basis
of comparison. At 860°C, with the given moisture content,
R; has a higher LHV,, than R;, and at 960-1000°C, R3 is
ahead of R;. After drying, the Ry model gas has an LHV, of
about 11.72 MJ Nm; therefore, comparisons based on mois-
ture content cannot be directly applied to consumers of dry
gas. In addition to LHV, it is necessary to assess the H,/CO
ratio, compositional stability, dust, tars, sulfur-containing
impurities, and the requirements of the burner, engine, fuel
cell, synthesis process, etc.

For autothermal operation, a combined scheme of endo-
thermic gasification and controlled oxidation is appropriate
[39], [40]. The share of the oxidizing agent is determined
from the closed heat balance at a minimum dilution and a
permissible decrease in the yield of the target gas. Given
strict limitations on N», oxygen enrichment or indirect heat
supply from a separate combustion zone should be consi-
dered, taking into account additional expenditures. Experi-
mental and theoretical studies of two-stage gasifiers confirm
the determining role of the gasifying agent composition,
steam supply and available heat resource [41], [42].

Catalysis and heat recovery can expand the area of vir-
tually suitable modes. Catalytic intensification of the water-
gas and water-gas shift reactions can reduce the required
temperature or reduce the time needed to reach a gas com-
position close to equilibrium [43]. This is particularly im-
portant for coal mining waste, as the actual rate of the pro-
cess depends on the porosity, dispersion, mineral impurities
and reactivity of the carbon residue. A change in the equi-
librium yield is possible, in particular, when the product is
removed or there is some other change in the composition
of the system. To move to the waste of a particular field, it
is necessary to determine the content of C, moisture con-
tent, ash content, and then check the selected modes exper-
imentally . Heat recovery from the product gas can addi-
tionally reduce external heat demand by preheating the
feedstock and gasifying agents.

The prospects for further product gas conversion are de-
termined by its target use: obtaining H», energy use or use as
raw materials for synthesis; for hydrogen direction, the inte-
gration of gasification with the water-gas shift reaction and
subsequent CO, extraction are of particular interest [44]-[46].

The obtained values are comparative theoretical estimates
for the accepted idealized routes, and the identified tempera-
ture ranges are guidelines for planning experiments. The
transition to specific carbon-containing waste requires taking
into account their carbon content, ash content, moisture con-
tent, mineral composition, reactivity ability, kinetic and dif-
fusion limitations, real heat loss and heat recovery efficiency.
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4. Conclusions

A unified system of specific indicators, greq, qres, qner and
Krss, normalized to 1 kg of initial carbon is proposed, enabling
endothermic and exothermic carbon conversion routes to be
compared on a common calculation basis. These indicators
characterize the potential heat coverage of the process and are
not direct evidence of the autothermicity of the real plant.

For steam gasification (R; route) at p.s = 0.2533 MPa, the
temperature range of 860-900°C is a rational initial interval
for experimental verification. At 860°C, the carbon conver-
sion rate is 87.34%, the total share is H, + CO — 93.24 vol.%,
LHV,=10.92 MJ Nm™, and Krss*"® = 2.17. Further increase
in temperature increases the gas and g, yields, however,
Krss?® practically reaches a plateau, which reduces the ener-
gy motivation for further heating specifically for R;.

The R» route provides the largest yield and share of H,
among the examined models but is characterized by the
greatest heat requirement and lower LHV, due to the pres-
ence of CO; and residual H,O. It is therefore more appropri-
ate to implement hydrogen route as steam gasification with a
separate, controlled stage of water-gas shift and, if necessary,
CO; extraction, rather than as a single high-temperature
equilibrium process.

CO, — gasification R3 has the highest temperature sensi-
tivity among endothermic routes. At base pressure, the tem-
perature rise from 860 to 1000°C increases Krss”% from 2.23
to 2.35, quer — from 17.39 to 24.77 MI kg! C, and LHV, —
from 10.13 to 12.07 MJ Nm™. Therefore, R; is the preferred
route for the targeted production of CO-containing gas and
the use of CO; as a gasifying agent, especially when a high-
temperature heat source is available.

Incomplete air oxidation R4 provides the largest internal
exothermic contribution and the highest g..; values, however,
after 65.28 vol.% N forms gas with LHV,=4.39 MJ Nm™.
Therefore, its main function in the combined scheme is to
consider thermal compensation of endothermic stages, and
to determine the oxidizing agent share from the closed heat
balance at the minimum permissible dilution of the target
gas with nitrogen.

The increase in absolute pressure from 0.1013 to
1.0133 MPa adversely affects the equilibrium characteristics
of both steam R; and CO,-gasification Rj, since the direct
course of both reactions is accompanied by an increase in the
number of gas moles. The negative influence of pressure is
most pronounced in the lower and middle parts of the tem-
perature range and weakens with increasing temperature.

The reasons for decrease in LHV, with increasing pressure
differ fundamentally for R; and Rs. For Rj, it is mainly associ-
ated with an increased share of unreacted water vapor; conse-
quently, after drying the gas, this effect is largely eliminated;
for Rs, the inert component is unreacted CO,, which remains
in dry gas. Therefore, the choice of pressure should take into
account not only the equilibrium conversion, but also the
scheme of further conditioning and use of product gas.

The preferred gasification route is determined by the tar-
get product: Ry — to obtain a balanced H,/CO-synthesis gas;
R or technologically R; + water-gas shift reaction — for in-
creased H; yield; R3 — for CO-containing gas and involvement
of CO» as a reactant; R4 — for internal thermal compensation
and formation of autothermal regime. Thus, there is no uni-
versally preferred route, and the choice should be based on a
combination of the target gas composition, LHV,, heat re-
source and the requirements of the next technological stage.
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Eneprernyne o0rpyHTyBaHHS pe:KHMIB radugikanii Byriieno y ByrieneBMiCHHX Bigxoaax
A. T'enem, I1. Caik, H. JIucwuii, B. Jlosuncekuii, M. IletnsoBannii, K. Caii

Merta. TeoperndHo oOIPYHTYBAaTH €HEPreTUYHO TOLUIbHI PEKUMH Ta3udikamnii ByTieneBol CKIagoBoi ByIJICHeBMICHUX BiXOIiB 3a yHiiko-
BaHMMH ITOKa3HUKAMH TEIUIOBOI caM03a0e3NedeHOCT], BHKOPHCTOBYIOUH BiZIXOH BYTTIEBHIOOYTKY SIK 0a30BHI IPHKIIA]] 3aCTOCYBAHHS MOJIEII.

Metoauka. [TopiBHAIbHI MaTepiajbHI Ta TEIUIOBI PO3paxyHKHM YOTHPHOX ifealli30BaHMX MapLIPYTiB KOHBEpCil BYIJIENIO B iHTepBaii
660-1000°C BUKOHYBaJIMCS Ha OCHOBI paHillle BU3HAUYEHHX KOHCTAHT PiBHOBAard. ¥Yci MUTOMI MOKa3HUKU BimHeceHo 10 1 kr BuximHoro C.
BazoBe mopiBHSAHHSA mnpoBomWIOCS 3a a0COMIOTHOro THCKY Onmu3pko 0.2533 MIla. BmimuB THCKY JOCHIKyBaBci Ml MapoBoi Ta
COz-rasucdikauii B mexax 0.1013-1.0133 MIJa. 3icraBneHHs HOTPEOH TEINIOTH (req, PECYPCY Gres, PIBHHLU Gnet = res — Greq, KOCDILliEHTA
MOTEHIIHHOTO TEMIOBOTO MOKPUTTS K755 Ta HIXKUOI TETJIOTH 3TOPSHHA Ta3y BUKOHYBAIOCS 3 ypaxyBaHHAM 3aJIMIIKOBOI apH.

PesyasTaTn. BpaxoByroun, mo pass = 0.2533 MIla g C + H20 > CO + Ha, koedinieHT mOoTeHIIHOT TemIoBoI caMmo3abe3nedeHoCTi
SHJOTepMIUHUX npoueciB gocsrae 2.17 npu temmeparypi 860°C, mpu 960°C cranoBuTs 2.19 i memo 3HmKyeThes 1o 2.187 mpu 1000°C. st
C + CO2 «+» 2CO BiH 3poctae no 2.35 npu 1000°C. HeroBHe OKHUCHEHHS TOBITPSIM 3a0e31edye HAHOUIbILY ¢ner, OJHAK HIDKYA TEIUIOTA 3T0-
psHHS TmponykToBoro razy (LHV,) 3ammmaerbcsi cTaOiTbHO HHU3BKOIO B YChOMY JOCIIDKYBAaHOMY TEeMIEpaTypHOMY Jiama3oHi
4.39 MJIx/Hwm? uepes po3baBieHHs roprovnx rasis azotom nositpst (N2). [linsumienns pass ix 0.1013 mo 1.0133 MIla noripurye piBHOBax-
Hi MIOKa3HUKU apoBOi Ta BYTIEKUCIOTHOI KOHBEPCIH.

HayxoBa HoBu3Ha. Ha crinpHiii 6a3i 1 xr BuxigHoro C KiUIBKICHO 3iCTaBJICHO TEMIIEPAaTypHi 3aJIeKHOCTI €HEPreTHYHOTO MOTEHIiaIy Ta
MOTpPeOH TEIUIOTH 1/1eali30BaHNX MapHIpyTiB rasudikariii. 3aponOHOBAHO €IUHY CHCTEMY (req — Gres — Gnet — K7ss JUI1 KOPEKTHOTO MOPiB-
HSHHS €K30- Ta EHIOTepPMIYHUX MaplupyTiB rasu¢ikanii Byriemto. [TokazaHo, o nepeBara MapIpyTy 3ajeXXHUTh BiJl 0OPaHOTO KPHUTEPIio:
Buxoay Ha, yrBopenns CO, 06’€MHOT TEIUIOTH 3ropsiHHS a00 MOTEHIIHHOIT TeIUI0BO1 caMo3a0e3MeueHOCTi. Y TOUHEHO 3B’ 530K MK BILUIMBOM
THUCKY, PIBHOB2)KHOIO KOHBEPCI€IO Ta p030aBICHHSAM MPOIYKTOBOTO Ta3y.

IIpakTHyna 3HAYNMIiCTB. 3aIIPOIIOHOBAHO KPUTEPIi HONEepeAHLOr0 BUOOPY MapIIpyTy BiIIIOBIIHO O MPHU3HAYECHHS Ta3y Ta JOCTYITHOTO
TeIIoBoro pecypcey. s mapoBoi rasucikanii npu 6a30BOMy THCKY PEKOMEHIOBAaHO MOYATKOBY 00iacTe BUNpoOyBaHb 860-900°C; mis
ninsoBoro oaepxkanHsa CO 3a HasBHOCTI BUCOKOTeMIepaTypHOI Temtotu — COz-koHBepciro B miamazoni 900-1000°C. [l BogHEBOTO MPOIy-
KTy JOUIJIBHO MOEIHYBATH MApPOBY rasu(ikaliio 3 BOISHAM T'a30BHM 3CYyBOM, a JJIsI aBTOTEPMIYHOI CXEMH — BH3HAYaTH YacTKy BBEICHHS
OKHCHHKA B CUCTEMY.

Knrouoei cnosa: 6ioxoou gyenesuoobymky,; easugixayis, Ko-easughixayis, KOH8epCia gy2ieyro, CUHmMe3-2a3,; NUMoma nompeoa meniomu,
mennosuil pecypc; memnepamypa, adConOmMHULL mucKk
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