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Coal gasification is complex technology, which results depend on many variables, connected among others with fuel, the
converting agent and the process itself. The paper aims to analyze, by means of simulations, the influence of the following
factors — temperature, pressure, characteristic parameters of coal and gasifying agent, on the composition and heating value
of the obtained syngas.

The other aim of this paper is the determination of gasification efficiency (based on the definition of cold gas efficiency) for
various process conditions.

Computer simulations were used as the research method for the work presented. An equilibrium model, based on the stoi-
chiometric method with four independent reactions, was formulated and used in this paper. This model was implemented in
Mathematica software.

The influence of temperature (in a range from 500 to 1500°C), pressure (changed from atmospheric to 35 atm), three types
of gasifying agent (mixtures of air, pure oxygen and steam) and the composition of four Polish coals (lignite and three hard-
coals) on syngas parameters were analyzed in this paper.

Concentrations of CO,, CO, CH,, H,0, H,, N, in the equilibrium syngas, for the chosen temperature, pressure and parame-
ters of the fuel and converting agent were the results of the simulations carried out. Subsequently, the lower heating value
and process efficiency for each syngas composition was calculated.

The simulations indicated the thermodynamic limits of gasification and allowed for the formulation of the general principles
ruling this process.

Results presented in this paper may be useful in the preliminary optimization and analysis of coal gasification. They also can
be a point of reference for more advanced simulations.

This paper presents own results obtained from equilibrium simulations of coal gasification.
The author implemented a mathematical model, based on the method of Deringer and Traustel, presented earlier in literature,
to carry out the calculations.

coal gasification, equilibrium, syngas composition, heating value

1. INTRODUCTION

requirements of chemical composition and the heating value

Gasification is defined as the conversion of solid fuels into
a gaseous product (called “syngas™) in the presence of a gasi-
fying medium, such as: oxygen, air, steam, carbon dioxide or
their combinations in different proportions. The gas obtained
in this process is a mixture of combustible components (CO,
H,, CH,) and other, noncombustible constituents (especially
H,0, CO,, N,). The scope of potential applications of syngas
may be very wide — it covers numerous chemical processes
(synthesis of H,, NHs, CH3;OH, SNG, Fischer-Tropsch pro-
cess etc.) and the production of energy — provided that the

of this gas will be achieved (Petela, 1969; Wasilewski &
Kobel-Najzarek, 1980).

In practice it is not an easy issue — the parameters of syn-
gas mentioned above depend on many factors — the composi-
tion of the gasifying agent, the properties of the fuel, the
pressure and temperature in the reactor. In the case of gasifi-
cation carried out directly in a coal seem, geomechanical and
geological aspects should also be taken into account. Deter-
mination of the importance of these factors is very complica-
ted. What is more, they may positively affect some features
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of the process, but negatively affect other ones (Zogata, Ka-
biesz, & Iwaszenko, 2013).

Therefore the management and running of a coal gasifica-
tion process is very complicated. In such case it is necessary
to create appropriate mathematical models, which simplify
finding a solution to this problem.

There are a lot of different models of coal gasification,
dedicated to calculate syngas composition. The simplest of
them (because of the relatively uncomplicated mathematical
formulation, the short time needed to achieve convergence
and the small demand for computational power) are based on
thermodynamic considerations and are called equilibrium
models (Golec & Illmurzynska, 2008). An example of this
kind of model is presented in this paper.

2. EQUILIBRIUM MODELING OF COAL
GASIFICATION

Equilibrium models are based on the assumption that the
rate of the particular reactions is infinitely high (or process
time appropriately long) which allows the equilibrium state to
be reached by the analyzed system. This premise is often
acceptable in the case of real reactors, when gasification is
carried out in conditions of high temperature (which ensures
a fast rate of reactions) and intensive mixing (which enhances
mass and heat exchange and thereby allows kinetic limita-
tions and diffusion effects to be neglected).

There are two general approaches used in the equilibrium
modeling of gasification: stoichiometric and non-stoichio-
metric. The first method is based on the mass-action law and
knowledge about equilibrium constants of all the reactions
considered, the second — minimizes Gibbs free energy of the
analyzed system. The non-stoichiometric method is more
universal (there is no need to determine chemical reactions
and their equilibrium constants), but requires more time for
computations. The stoichiometric method is appropriate only
for one defined set of chemical reactions (when a new com-
ponent must be included in the reacting mixture then the
algorithm of the solution is changed), but the time of simula-
tion is relatively short (Golec & Ilmurzynska, 2008; Ko-
zaczka, 1994). In the work presented a stoichiometric model
of coal gasification is developed.

3. THE MODEL AND GASIFICATION SYSTEM
DESCRIPTION

Although over one hundred chemical compounds take part
in the gasification process (Golec & Ilmurzynska, 2008), in
the presented model only eight substances are considered —
C, CO, CO,, H,0, H,, CH,4, O, and N,. Nitrogen is treated as
inert, so seven compounds, formed from three elements,
participate in conversions. Therefore the model was deter-
mined by four independent reactions. Usually the following
reactions are used in equilibrium simulations (Higman & Van
der Burgt, 2008; Kozaczka, 1994):

e the Boudouard reaction:

C+CO, «+>2CO +172 MJ/kmol @)
e the water gas reaction:

C+H,0-CO+H, +131 MJ/kmol 2
¢ the methanation reaction:

C+2H, < CH, —75 MJ/kmol 3)

o the water gas shift reaction:;

CO+H,0-CO, +H, —41 MJ/kmol (4)

Equilibrium calculations were carried out based on the
method of Deringer and Traustel, which was described in:
(Kozaczka, 1994). This method assumes that the final gas
consists of six compounds (CO, CO,, H,0, H,, CH,4, and N,)
and requires determination of the following inputs:

e process parameters (pressure and temperature),
o fuel composition,
e composition of the gasifying agent.

Other assumptions connected with the equilibrium model
were:

o temperature was uniform for the whole reactor (oxidation,
reduction and drying and pyrolysis zone were treated as
one zone),

o the model was zero dimensional (geometry of the reactor
was not considered),

e temperature did not change during the process (the influ-
ence of the heat of the reaction was not taken into ac-
count),

o tar formation was not simulated,

o the presence of sulfur and ashes was ignored.

Equations of the model, presented in: (Kozaczka, 1994),
were implemented in the commercial computation software
Mathematica.

3.1. Parameters of the process

Simulations were carried out for pressures from 1 atm to
35 atm® and for temperatures ranging from 500°C to 1500°C.

Values of equilibrium constants of reactions (1) — (4) as
a function of temperature were determined from approximate
equations proposed by Gumz (Kozaczka, 1994):

8820690

logK, =326730- -120871410°T +

+015373410°T? +2.2954830gT (5)

logK, =0825548810°T? +14515760logT
4825968

—5671122.10°T —3345778 (6)
logK, = 466280 2.09594-10°T +
+0.38620-10°T?* +303433d09gT —1306361 (M)
3994704

logK, =—-36.72508+ —4.46240810°T +

+067181410°T2 +12220277ogT ®)

Changes of these K — values, in the analyzed temperature
scope, are presented in figure 1.

! Maximal pressure used in the model was equal to 35 atm because
similar values of this parameter are applied in moving bed reactors
(Wasilewski & Kobel-Najzarek, 1980). Also two other, presented
earlier in literature, equilibrium calculations of coal (Wasilewski &
Kobel-Najzarek, 1980) and biomass gasification (Sharma, 2008)
used maximum pressure values of approximately 35 atm.
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Figure 1. Values of equilibrium constants of reactions (1), (2), (3) and (4)
in the analyzed temperature scope

3.2. Fuel composition

The gasification processes of four Polish coals — lignite
from open cast Betchatow and hard coals from Bielszowice,
Ziemowit and Bobrek coal mines were simulated. Samples of
these fuels were analyzed earlier and presented in: (Stanczyk
et. al., 2011; Smolinski, Stanczyk, Kapusta, & Howaniec,
2012). Results of the ultimate and proximate analysis of these
coals are given in table 1.

Table 1. Results of analysis of coal samples examined in simulations

Coal sample from mine:

Parameter Betchatow Ziemowit Bobrek  Bielszowice
As received
Total moisture, Wr (%) 53.0 9.0 4.0 1.6
Ash, A (%) 4.7 54 10.0 2.2
Total sulfur, S (%) 1.1 0.6 1.0 0.28
Calorific value, LHV" (kJ/kg) 9,316 26,969 28,611 33,370
Analytical

Moisture, W2 (%) 145 6.8 2.1 15
Ash, A2 (%) 8.6 5.5 10.2 22
Volatiles, V= (%) 4238 359 33.2 324
a‘j';’ktg‘;f combustion, HHVE 90161 28782 30327 34572
Calorific value, LHV= (kJ/kg) 18,955 27,581 29,242 33,399
Sulfur, 2 (%) 1.9 0.6 1.0 0.28
Carbon, C? (%) 50.7 69.6 73.6 83.8
Hydrogen, H (%) 3.9 4.6 4.7 4.9
Nitrogen, Na (%) 1.3 0.9 1.2 1.2
Oxygen, 02 (%) 19.1 12 7.2 6.12
Reference (Stanczyk (Smolinski, Stafczyk, (Staniczyk

et al,, 2011) Kapusta, & Howaniec, 2012) et. al., 2011)

* Oxygen is calculated as:

(0%) =100—-(W?) = (A*") = (C*) = (H") - (S*) = (N*) (%)
3.3. The composition of the gasifying agent

The influence of different gasifying agent compositions on
syngas parameters was examined in the work presented.
Three types of converting medium, with changed proportion
of components, were used:

e mixtures of steam and pure oxygen,
e mixtures of steam and air,
e mixtures of air and pure oxygen.

It was decided, that air, steam and oxygen would play the
role of gasifying agents in the work presented, because these
substances are mostly used in practical experiments.

4. RESULTS AND DISCUSSION

As a result of simulations, concentrations of CO,, CO,
CH,, H,0, H,, N, in equilibrium syngas for the assumed
values of temperature and pressure and the parameters of the
gasifying agent and fuel were obtained. Subsequently, for
each composition of product gas, the lower heating value
(LHV) was calculated from the relation given below (Tome-
czek, 1991):

n
LHV =" xLHV, 9)
i=1
where X; is the mole fraction of the combustible component i
(CO, CHy, Hy,) in syngas, LHV; — lower heating value of this
component i, n — number of combustible components in
syngas (equal to three in the given case).

The efficiency of the gasification process was determined
based on the definition of cold gas efficiency n (Higman &
Van der Burgt, 2008):

LHV s X, LHV, 4+ X0 LHV o + Xy LHV
LHV

T" = =
fuel

(10)

LHV,

fuel
4.1. Temperature

The effect of gasification temperature on syngas composi-
tion, calorific value of the product and process efficiency was
investigated for atmospheric pressure and for conversion in
a mixture of steam and air (in a ratio of 1:1).

In figure 2 changes in the mole fractions of the constitu-
ents of the final gas (calculated for each of the analyzed
coals), as a function of temperature in the reactor were pre-
sented.

It could be observed, that the contents of CO,, N,, H,0,
CH, in syngas, decrease when the temperature of gasification
grows, while the concretions of CO and H, in the product
increase. The results obtained are in agreement with Le Cha-
telier’s principle. This rule expresses the effect of a distur-
bance on an equilibrium state: the system reacts in such
a way that the disturbance is counteracted (Atkins, 2001).
This means, that temperature increase shifts the equilibrium
of endothermic reactions (1) and (2) in the direction of the
product formation (CO and H,), while the equilibrium of
exothermic reactions (3) and (4) is moved in the direction of
the reactants (mainly H,). Therefore the raising of the tem-
perature of the gasification process is not beneficial to the
generation of methane.

The effect of temperature in the reactor on the lower heat-
ing value of the syngas and the process efficiency was shown
in figure 3. Syngas’s caloricity grows with the increasing of
temperature, which is due to boosting the amounts of CO and
H, in the process?. Because the heating value of the product
increases, the cold gas efficiency improves significantly
(from about 25% to 70% in the case of lignite, and from
about 15% to approximately 40% for hard coals).

2 Methane is produced in small amounts and has no significant
influence on the syngas’s calorific value.
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Figure 2. Effect of temperature on syngas composition — results of simulations obtained for gasification in a mixture of air and steam (in a ratio of 1:1)
of coal from mines: (a) — Belchatéw, (b) — Ziemowit, (c) — Bobrek, (d) — Bielszowice
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Figure 3. The effect of temperature on the lower heating value of syngas (a) and cold gas efficiency (b) — results of simulations obtained for gasification
in a mixture of air and steam (in a ratio of 1:1) of coal from mines: (1) — Betchatéw, (2) — Ziemowit, (3) — Bobrek, (4) — Bielszowice

4.2. Pressure

The role of pressure on the concentrations of syngas com-
pounds, the lower heating value of product gas and process
efficiency was examined for a temperature equal to 700°C?
and for conversion with a mixture of steam and air (in a ratio
of 1:1).

In figure 4 changes of syngas composition as a function of
growing pressure in the reactor are given. It can be observed

8 Rate of gasification depends on the transport of reactants and
products and the rate of chemical reactions. Above 700°C the rate of
chemical reactions begins to play a dominant role in this combina-
tion of processes (Petela, 1969). It is also a temperature observed in
the reduction zone in the UCG reactor (Bhutto, Bazmi, & Zahedi,
2013) where reactions provided to obtain H, and CO take place.

that, the concentrations of CO and H, in the final product
decrease as the pressure increases, while the contents of other
compounds (CO,, N, H,O, CH,) in the produced gas boost.
These changes are also compatible with conclusions from
Le Chatelier’s principle. Reaction (1), (2) and (3) have non
— equal amounts of gaseous molecules* on the left and right
side. Therefore pressure increase in the system promotes the
formation of CO, and H,O in reactions (1) and (2), where the
number of gaseous moles is smaller on the left and the pro-
duction of CH, in reaction (3) with a smaller amount of gase-
ous molecules on the right.

In figure 5 the effect of pressure on the caloricity of the
product gas and cold gas efficiency was illustrated. Because

4 Solid carbon is not taken into account in these considerations.
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the value of the first of these parameters decreases with in-
creasing pressure (which is due to the declining amounts of
CO and H, in the syngas, CH, is produced in small amounts
in comparison to the previously mentioned compounds), also
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the cold gas efficiency of the process reduces (from above
50% to about 30% in the case of lignite gasification and from
approximately 30% to about 20% for conversion of hard
coals).
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Figure 4. Effect of pressure on syngas composition — results of simulations obtained for gasification at a temperature of 700°C and using a mixture of air
and steam (in a ratio of 1:1) of coal from mines: (a) — Belchatéw, (b) — Ziemowit, (c) — Bobrek, (d) — Bielszowice
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Figure 5. Effect of pressure on the lower heating value of syngas (a) and cold gas efficiency (b) — results of simulations obtained for gasification at a tem-
perature of 700°C and using a mixture of air and steam (in a ratio of 1:1) of coal from mines: (1) — Betchatéw, (2) — Ziemowit, (3) — Bobrek, (4) — Bielszowice

4.3. Gasifying agent

The influence of the gasifying medium on syngas compo-
sition and other process indicators was investigated for at-
mospheric pressure and a temperature equal to 700°C. Three
types of converting agent were taken into account in the si-
mulations: a mixture of steam and oxygen, a mixture of steam
and air and a mixture of oxygen and air.

In figures 6 and 7 the parameters of the final gas and gasi-
fication process were plotted against the moisture concentra-
tion in the gasifying medium, which was a mixture of air and

steam. It has been observed that with the increasing content
of steam in the converting agent, the concentrations of almost
all syngas components (CO, CO,, H,0, H,, CH,) boost, only
the content of N, reduces. Therefore the lower heating value
of the obtained gas and the process efficiency also improves.
Admittedly, the concentrations of noncombustible compo-
nents (CO,, H,O) in syngas increase with boosting the con-
tent of steam in the gasifying medium, but they are formed in
small amounts when compared to the amount of CO and H,,
so their changes have no significant influence on the gas’s
caloricity.
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A slightly different situation is observed in the case of ga-
sification in a mixture of steam and pure oxygen (fig. 8).
Concentrations of compounds including hydrogen (H,0, H,,
CHy,) increase when moisture content in the gasifying agent is
boosted, while the contents of carbon oxides (CO, CO,) drop
(the amount of nitrogen, present in the process, in comparison
to the other produced substances is negligible). Despite this
fact, both the caloricity of the obtained gas and the cold gas
efficiency improves (fig. 9), because the drop in carbon mo-
noxide concentration is compensated by the increase in hy-
drogen concentration. Nevertheless, the enhancement of
syngas’s lower heating value, which is due to the increase of
moisture content in the converting agent, is more significant
in the case of gasification in a mixture of steam and air (from
about 4 MJ/m?® to 10,5 MJ/m?) than when the process is car-
ried out in an atmosphere of steam and pure oxygen (from
about 8,5 MJ/m°to 10,5 MJ/m®).

In practice, the process of coal gasification carried out in
steam is significantly more complicated than can be observed
from the isothermal equilibrium model. Water gas reaction
(2) is strongly endothermic, absorbing considerable amounts
of heat and leading to a reduction of temperature in the reac-
tor. Therefore gasification in a steam environment has to be
carried out with continuous heat delivery to the reacting sys-
tem (Biatecka, 2008).

Air enriched in oxygen is another important medium ap-
plied in coal gasification. Changes of syngas composition and
process parameters, as a function of increasing concentration
of oxygen in air, were shown in figures 10 and 11. It could be
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observed that, when the content of O, in the gasifying agent
is enhanced, the concentrations of CO, CO,, H,0, H, in syn-
gas increase while the concentration of N, naturally decreas-
es. Changes in CH, content in the gas obtained are negligibly
small. Because the amount of combustible components
boosts, also the caloricity of the product gas and the cold gas
efficiency enhances. The increase in the amount of H,O in
the final gas could probably be explained by the enhanced
number of oxygen molecules added to the reacting system.
Changes of H, concentration in the product gas are likely to
be a result of the reaction (4), between CO formed in the
process (in increasing amounts) and the moisture included in
the fuel (it can be observed that for coal with higher moisture
content more H, is formed).

To summarize the considerations presented above, it
should be indicated, that air is the least effective agent
applied in coal gasification. The heating value of syngas,
obtained via coal conversion carried out in unenriched air, is
low and amounts to about 4-5 MJ/m?, while the caloricity of
the product from gasification conducted in pure steam or pure
oxygen was calculated, respectively, for about 10-10,5
MJ/m® and 8,5-9 MJ/m>. The efficiency of gasification in
a pure air atmosphere is also very low — approximately 10%
for hard coals and about 25% for lignite. In comparison, the
efficiency of gasification in steam amounts to about 80% for
lignite, 45-55% for hard coals, while the gasification effi-
ciency in pure oxygen is 50% for lignite and 20-30% for hard
coals. Therefore, in order to obtain an appropriately high
caloric product gas, it is necessary to reduce the amount of
nitrogen in the applied gasifying agent”.
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Figure 6. Effect of steam concentration in air used as gasifying medium on syngas composition — results of simulations obtained for gasification
at a temperature of 700°C of coal from mines: (a) — Betchatow, (b) — Ziemowit, (c) — Bobrek, (d) — Bielszowice

> Moreover, it should be said that nitrogen effects not only on product’s heating value, but also reduces the partial pressure of oxygen and
therefore the reaction with coal is more difficult and decrease temperature in the reactor (what may prevent steam dissociation).
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Figure 7. The effect of steam concentration in air used as a gasifying medium on lower heating value of syngas (a) and cold gas efficiency (b) — results
of simulations obtained for gasification at a temperature of 700°C of coals from mine: (1) — Belchatéw, (2) — Ziemowit, (3) — Bobrek, (4) - Bielszowice
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Figure 9. The effect of steam concentration in a mixture with oxygen used as a gasifying medium on a lower heating value of syngas (a) and cold gas
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Figure 8. The effect of steam concentration in a mixture with oxygen used as a gasifying medium on syngas composition — results of simulations obtained
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Figure 10. The effect of oxygen concentration in a mixture with air used as a gasifying medium on syngas composition — results of simulations obtained for
gasification at a temperature of 700°C of coal from mines: (a) — Betchatéw, (b) — Ziemowit, (c) — Bobrek, (d) — Bielszowice
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Figure 11. The effect of oxygen concentration in a mixture with air used as a gasifying medium on lower heating value of syngas (a) and cold gas efficiency
(b) — results of simulations obtained for gasification at a temperature of 700°C of coal from mines: (1) — Betchatéw, (2) — Ziemowit, (3) — Bobrek,
(4) - Bielszowice

4.4. Fuel composition

The influence of fuel composition on syngas parameters
is the best noticeable on graphs presenting changes in the
calorific value of the product gas and cold gas efficiency
(figures 3, 5, 7, 9 and 11) as a function of modified process
parameters (temperature, pressure, converting agent compo-
sition). It is seen, that the lower heating value of produced
gas depends on the rank of gasified coal- it is the highest
for lignite (Betchatow) and decreases with growing carbon
content in the fuels analyzed. This relation could be easily
explained — low-rank coals have a higher moisture content
than hard coals. High moisture level in fuel promotes reac-

tions by which combustible components are formed. This
applies especially to reaction (2), where CO and H, are
produced.

Process efficiency is strictly connected, not only with syn-
gas caloricity, but also with the lower heating value of the
fuels. High-rank coals have a higher calorific value (which is
due to having a higher carbon content). Therefore the best
scope for high process efficiency was obtained for the gasifi-
cation of lignite (the highest caloricity of syngas compared to
the lowest caloricity of fuel). In the case of gasification in
steam, the efficiency of lignite conversion was calculated to
be about 80%, while the efficiency of conversion of hard
coals was determined to be only 45-55%.
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5. CONCLUSIONS

1. Coal gasification is a very complex and complicated tech-
nology — its final results (composition and calorific value of
the obtained syngas) depend on many variables. The main
factors that should be taken into account in the stage of pro-
cess design and proceeding are:

o the temperature and pressure in the reactor,

o the composition of the converted fuel,

e the composition and type of the gasifying agent.

There are obviously other factors that affect coal gasifica-
tion (for example the parameters of the coal seam in the case
of UCG process). However, these issues were not a subject of
the presented work.

2. Equilibrium models, based on thermodynamic considera-
tions of the process, are the simplest models to be used in the
analysis of coal gasification. These models are useful tools
for the investigation of the thermodynamic limits of the pro-
cess and may be applied to preliminary analysis and optimi-
zation. Simple mathematical formulation, good convergence
and the lack of requirement of specialized software are the
greatest advantages of equilibrium models.

3. Equilibrium calculations of coal gasification indicate
a significant relationship between process parameters — tem-
perature and pressure and syngas composition. The raising of
temperature in the reactor leads to an increase of the H, and
CO concentration in the product gas, while the boosting of
pressure results in the enhancement of the content of other
compounds (CO,, N,, H,O, CH,). Therefore processes oriented
to obtain syngas with a high calorific value (or destined for
various chemical syntheses) should be carried out at high tem-
perature and under lower pressure. In contrast, when the pro-
duction of CHj, is the purpose of the process, a lower tempera-
ture and a higher pressure are more beneficial conditions.

4. The management and running of a coal gasification process
is also possible via changes of the composition of the convert-
ing agent. Mixtures of air, pure oxygen and steam are mostly
used in gasification processes. Increasing the moisture content
in the converting medium (in mixtures of steam and air or
oxygen) leads to an increase in the amount of combustible
syngas components. Also, enriching air with oxygen results in
obtaining a higher calorific gas. Therefore air is the least bene-
ficial converting agent used in gasification processes.

5. Syngas composition and its calorific value also depend on
the properties of the fuel used. Generally, the gasification of
low-rank coals with higher moisture content leads to a higher
calorific gas being obtained. Moreover, the efficiency of
lignite gasification is better than the gasification efficiency of
high-rank coals.

6. The model presented in this paper assumed a uniform
temperature for the gasification process — which means that
the initial temperature was also the temperature of the gas
produced. In this case no temperature changes can occur as
a consequence of exothermic and endothermic reactions.

Therefore the results presented in this study may significantly
differ from values obtained in the case of a real reactors.
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