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Underground coal gasification (UCG), as an autothermal process, includes
processes of degasification, pyrolysis, and the gasification itself. These
processes occur as a result of a high temperature and the management of
coal combustion during addition of gasification agent. Air, water vapor
mixed with air, air or water vapor enriched with oxygen, or pure oxygen,
may be used as gasification agents. Resulting gas that is extracted in this
process may vary in chemical composition, so it is necessary to adjust it.
That is the reason why it is necessary to develop a mathematical model of
the underground gasification process prior to any operations in coal deposit,
in order to obtain as much accurate prediction of the process as possible.
Numerical calculation provides prediction of gas mixture’s chemical
composition, which enables calculation of gas components’ energy contents
and total energy content of the gas in predicted underground coal
gasification process. It is one of the main criteria in the economic
assessment of UCG process. This paper, based on available data on
researches in this area, provides a contribution to creation of mathematical
model of underground coal gasification.
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1. Introduction
In pursuit of alternative energy sources in upcoming years, a gas as an energy source may have
a significant role. Deposits of natural gas in Serbia are insignificant, but there are significant
possibilities for extraction of a coal gas, as a product of underground coal gasification, which is the
most direct way of in situ conversion of coal seams into gas mixture (synthesis gas). This is especially
interesting due to a fact that underground coal mining in Serbia leaves up to 65%, or even 70% of total
coal reserves unrecovered. [1]
Similar situation is in worldwide coal deposits, too. Considering the presence of massive
underground coal deposits, and presence of these deposits in many parts of the world, underground
coal gasification (UCG) is defined as one of the main sources for mankind to maintain technological
development and keep balance between present and future of the energy. [11]
This transition period between present and future, with a constant trend of increase of renewable
energy sources, and decrease of conventional ones, is actually a chance for UCG to step up as the

energy choice which provides better recovery of remaining coal reserves and improved energetic,
economic and environmental parameters.
Gas extracted by UCG (syngas) may be used in thermal power plants, or in gas engines, or as
industrial gas in chemical industry. That is why it is very important to adjust its chemical composition
depending on its use.
Knowing that, it is very important to create a mathematical model of UCG process prior to in
situ operations, in order to define the composition of certain substances and a total energy content of
the gas extracted by UCG.
This paper is a contribution to creation of mathematical model of UCG process.
2. Extraction challenges and technological basis for application of UCG
Mass of combustible coal and moisture in the coal are important influential parameters of UCG
process, because they affect the thermal power of coal gas extracted by UCG. Partial or insufficient
gasification is mainly performed at the surface facilities; while complete gasification may be applied
both on the surface and in underground operations [2] and the latter will be considered in this paper.
Reaction of carbon with oxygen releases the heat (exothermic reaction) by a following process:
C + O2 → CO2 + 4.09×104 [kJ/kmol]
2C + O2 → 2CO + 24.6×104 [kJ/kmol]

(1)
(2)

In a presence of extra oxygen, carbon monoxide can, during combustion, turn into CO2:
2CO + O2 → 2CO2 + 57.2×104 [kJ/kmol]

(3)

At the same time, in case of high temperature and contact of CO2 with coal, it will turn into CO:
CO2 + C → 2CO – 16.25×104 [kJ/kmol]

(4)

This reaction is evidently endothermic.
Rate of the reaction depends on temperature, as shown on diagram in Figure 1. In the processes
of underground coal gasification, the heat, released by reactions shown in formulas (1), (2) and (3),
complies with increase of coal seam temperature and, by that, the endothermic reaction shown in
formula (4).
When water vapor from the overlaying seams comes in contact with carbon from the coal seam,
exothermic reaction occurs and combustible gas components are released (CO and CO2), according to
following formulas:
C + 2H2O → CO2 +2H2 + 7.54×104 , kJ/kmol
C + H2O → CO + H2 + 11.9×104 , kJ/kmol

(5)
(6)

Figure 1 – Relation between intensity of turning into CO or CO2 and temperature [3]
Reactions presented in formulas (5) and (6) are going on in temperatures above 900 to 1,000 oC
and rate of the reaction heavily depends on temperature. That way, heat of reaction, presented in
formulas (1, 2 and 3), causes increase of coal temperature, drying of coal, releasing of flying particles
which can serve as combustible components (CO, H2, CH4, H2S), and also helps development of
reactions (5) and (6).
Rate of chemical reaction between oxygen and carbon on a firm section of a coal seam,
basically depends on temperature and specific reaction area. Specific reaction area is defined as area of
coal by a unit of its volume where heterogeneous process of chemical reaction between oxygen and
carbon are going on. [4]
With increase of temperature, rate of reaction increases much faster than the rate of oxygen
diffusion in the coal. For instance, if coal temperature rises by 10oC, rate of heterogeneous reaction of
oxygen with coal increases two to three times, while diffusion of air into coal ratio increases only by
20% to 30%. That way, rate of underground coal gasification process depends on rate of carbon
combustion and rate of diffusion of oxidant into coal. Related to that, we can divide the process of coal
combustion in UCG into three phases, or three regimes: diffusion, kinetic and transition regime. [5,6]
There are four UCG methods: direct heading method, circulation method, frontal method and
flow method. Each UCG method is related to creation of typical zones; each zone is defined by one
process (Figure 2): oxidation zone or oxygen zone (ZO), zone of constitution (ZU), zone of thermic
decomposition (ZTR), zone of compression (ZK), zone of drying (ZS) and zone of slag (ZŠ).
In direct heading method of UCG, oxygen from the airflow reacts with coke remnants. Heating
of gassy products of gasification creates parts of the seam, or zones, located between combustion and
extraction wells. Oxygen from the airflow is used only for gasification of coke remnants, which
couldn’t be gasified in any other way. Also, the heat of the slag is used for heating of airflow, while
the heat of gassy products from the previous zones is used for completion of the process in the end
zones. This is possible because, along airflow direction, zone of thermic decomposition precedes the
zone of drying, while zone of stabilization, i.e. zone of constitution, precedes the zone of
decomposition. [7,8]

Figure 2 – Layout of chemical-technological zones and gasses directions in creation of resulting
gas for different UCG methods [3]
1 - injection well; 2 - frontal fire face of gasification; 3 - production well; 4 - rear fire face of
gasification.
Direct heading method of UCG enables highest recovery and it is applicable for coal seams with
high initial permeability.
In circulation method of UCG, the oxygen from the airflow is used not only for coke remnants,
but also for gassy combustible components. In comparison of this method with direct heading method,
we can see a few disadvantages. For instance, volume of airflow needed for a unit of heat in created
gas is higher, while the heat of combustion is lower. It means that the heat created in the process is not
used efficiently. In this method, seam permeability during heating and gasification is constant, while
in direct heading method it increases gradually.
In flow method, the oxygen from the airflow is, similarly to circulation method, distributed both
to reaction with coke remnants and combustible gaseous products. However, higher share of oxygen is
used for complete reaction with coke remnants. By parameters of heat and chemical-technological
parameters, this method provides significant advantages in comparison with direct heading method
and circulation method. Gained gas in direct heading method includes levitating combustible
components, created in stadium of coal coking without presence of air in final stages of gasification. In
circulation method, these levitating components mostly react with oxygen. In flow method, gained gas
includes levitating coke gas and gassy products of reaction between oxygen and coke.
Yet another advantage of flow method is possibility of turning of airflow without changes in
technology of gasification process.

3. Distribution of temperature along the channel of gasification
Temperature regime of the seam along the gasification channel defines the type of gasification.
Variation of temperature along the channel is shown in Figure 3. There are eight specific zones. [5,9]
O-A is the section where temperature of coal seam and airflow is almost constant, since at low
temperatures the thermal decomposition of coal and its reaction with oxygen is very slow.

Figure 3 – Variation of temperature along gasification channel:
1 – Curve for gassy phase; 2 – Curve for solid phase (coal surface); OA – airflow section; AB –
part of drying airflow; BC – part of ignition preparation; CD – exothermic reactions; DE –
endothermic reactions; EF – thermal decomposition; FG –drying; GH – gaseous phase.
Section A-B represents the increase of seam temperature, up to T1, which is an approximate
value of evaporation of moisture from the coal (T1 ≈ 110 oC).
Section B-C represents heating of coal from drying temperature (T1) to ignition temperature (T2
o
≈ 200 C for sub-bituminous coal and T2 = 300-350 oC for bituminous coal).
Increase of temperature of coal and airflow in section O-C actually represents the transfer of
heat from areas with higher temperature, located on the right side of the curve from section O-C.
Thermal conductivity of the ambience enables this process.
C-D represents the section with rapid increase of the temperature. This is a section with
exothermic reactions, where basic processes are running. Significant amount of heat are lost in
surroundings and endothermic reactions. Temperature T3 is approximately 900-1000 oC.
After this section, the temperature of solid and gaseous phase starts to decrease. Section D-E
represents endothermic reactions. In this section, previously emitted heat that was absorbed in the
surroundings is now used for endothermic reactions.
Further decrease of temperature from T4 (580-630 oC) to T5 in section E-F is the result of heat
losses in the surroundings and a process of thermal decomposition of coal.
F-G represents the section of drying, with decrease of temperature from T5 (110-130 oC) to seam
temperature, Ts. The temperature decreases due to consumption of heat on drying of coal.
Part of the curve to the right of point G is the section with practically constant temperature of
both gaseous and solid phase. This temperature is equal to the temperature of the coal seam and this
section is called gaseous.
Defining of typical temperatures of specific segments of gasification channel is added up to
solving a differential equation of heat conductivity:

T
 a 2 , T

Where:
a – is conductivity of temperature, m2/s;
 2 - Laplace’s operator, calculated as:

(7)
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Further elaboration is performed depending on parameters of the coal seam and this could be an
interesting topic for further researches.

4. Numerical calculation of concentration of components during UCG
After the ignition of the coal seam, it turns into a kind of gas generator. Certain amount of
created gas starts to flow through pores in a non-stationary manner. When the process of combustion
is fully developed, created amount of heat is sufficient to enable more “independent” process of
gasification. Zone of gasification is moving and spreading to the depth of the seam, while gasses like
CO, CO2, H2 and CH4 are created in the zone of combustion, or the zone of reaction. [10,11,12,13,14]
Significant amount of nitrogen can also be found in this gas mixture. Nitrogen originates from
the airflow, but, as an inert gas, it is not interesting for energetic treatment through the final product of
gasification. [3]
Oxygen, as one of the means of gasification, occurs in final product of gasification bonded
usually in CO, or less often in CO2, but that is not all. It is also possible that small amounts of free O2
occur as the product of gasification. The amount of O2 depends on intensity of contact with coal and it
should also be included in mathematical model. [3]
Considering the water vapor, it could be found in the entry balance, but it diminishes in coal
drying process, which is the starting phase of UCG. [3]
Carbon from the coal seam is also excluded from the final component balance, because during
the process it reacts and turns into slag.
High temperature in gasification zone causes heating, and consequently drying of coal seam,
which leads to creation of cracks in the seam. Some of the chemical reactions are exothermic and
some of them are endothermic, causing that share of heat is transferred to surrounding rock. Having
that in mind, along with a fact that high temperature in reaction zone affects not only porosity and
filtration of the seam, but also properties of the seam related to conductivity of mass and heat, it is
clear that equations used for defining these processes have to be complex.
Darcy’s equation of continuity, in different forms, is most commonly used for calculations. In
this case, it is applied on diffusion of oxygen form the airflow as agent of gasification.
The equation of oxygen diffusion to coal surface of cylindrical channel can be given in the
following form:
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v
 - is flow velocity:
u - is mean airflow velocity in the channel;
v / - is pulsating flow velocity;
D - is molar diffusion ratio;

(9)

z and r – are cylindrical coordinates;
q' - is the velocity of oxygen diminishing as a result of reactions.
Since the rate of combustion at the wall of cylindrical coal channel is high enough for
temperatures above 1000 oC, and main role in the process is oxygen diffusion, its content on the wall
is nearing zero:
Cr=R ≈ 0

(10)

When the content of the coal is nearing zero, there is no further combustion.
In that case, for stationary turbulent flux, with disregarding of longitudinal diffusion along the
channel, the equation transforms into following form:
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Where DT is the ratio of turbulent diffusion.
Differential equation (11) with Dirichlet’s homogenous boundary conditions (10) can be solved
using finite difference method. The principle of this method is approximation of all derivatives by
finite differences. Prior to that, calculation area is divided into the network in a manner that it enables
most accurate approximation of area boundaries and minimal error in area configuration. Rectangular
network is most commonly used, or in specific cases square network or polar network.
Substitution of derivatives by corresponding finite differences is performed as follows:
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(13)

Where “0” is a midpoint, where approximation of the operator is performed. The midpoint is
surrounded by “1” and “2” on the x – axis, and also “3” and “4” on y – axis, while h is the network
pace.
Further procedure is to apply the equations given for point “0” to each point of the entire
network. By application of described finite difference method, solution of differential equation (11) is
down to solution of a system of algebraic equations.
Numerical solution of that system of equations (by Newton – Raphson method) provides the
values of contents in the nodes of the network, i.e. variation of oxygen content along the channel, C =
C(z), in a form of discrete values. In this case, the discretization is performed using square shaped
network, with a pace of h.
Similar differential equations may be formed for other gas components too, such as hydrogen
(H2), carbon-monoxide (CO), carbon-dioxide (CO2) and methane (CH4), with their specific parameters
and the equations may be solved by the same algorithm applied for oxygen (O2).

As a result of calculations, Figure 4 shows the curves of variation of gas components along the
channel for an average bituminous coal. Co is the initial concentration of gas components, while 𝐶𝑧̅ is
the mean concentration of gas components along the channel, on the distance z from the begining of
the channel.

Figure 4 – Curves of variation of concentrations of syngas components [2]
The values of concentrations of components gained by numerical calculation are very
significant. Based on these values, it is possible to define their energetic values and consequently, total
energetic value of the gas produced by UCG. This is very important, because energetic value is one of
the main criteria in the economic assessment of UCG processes.
Resulting curves of gas components’ concentrations, shown in Figure 4, have a good match
with the results gained by experimental tests in actual underground gas generators.

5. Conclusion

Numerical calculations of UCG process parameters provide the possibility to evaluate the
eventual application of UCG prior to major investments needed for facilities and field tests of the
process. Values of concentrations of gas components and their energetic values can help in economic
assessment and so to provide the answer whether it is feasible to extract the coal gas from the deposit
after traditional coal mining is ended.
In case of running a case study, it would include actual values of coal seam parameters, as well
as parameters of air (p, T). Based on this input parameters, using the numerical approach, it would be
possible to gain UCG values for specific coal seam.
Also, this numerical calculation approach can be helpful in adjusting of coal gas component
concentration. Depending on gas usage, i.e. whether it is going to be used as the energy gas in thermal
plants, or as technology gas in chemical industry, it depends on its composition and this is where
numerical calculation can provide easier and more accurate setting of UCG process parameters.

Methodology and approach presented in this paper enable more accurate analysis and
application of UCG process for any specific case.
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