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Abstract : Although it is not able to provide highly accurate results, mathematical models
can provide guidance regarding the quantitative influence of design, raw material, and other
operating parameters. In addition, the representation of gasification in the form of
mathematical equations can help understand the importance of the influence of operating
parameters on the performance of a gasifier and can give a good understanding of the
mechanisms that occur. In this paper, the steam gasification of char from Pattukku coal
using CaO as CO, absorbent in updraft gasifier was investigated. The aim is to determine
the influence of temperature on syngas composition. A mathematical model based on the
stoichiometric approach was developed in this study and the results were compared with
experimental data. A mixture of coal and lime (CaQ) with a ratio of 1:1.5 is fed into the
reactor. The electric heater (furnice) is turned on to raise the temperature of the reactor until
it reaches the desired reaction temperature ( i.e. 600, 700, and 800 °C). When the reaction
temperature is reached, steam was flowed from the bottom of the reactor to be reacted with
the char present in the reactor. The steam gasification carried out at a fixed temperature for
60 minutes and every 15 minutes, samples were taken for analysis. Base on the result of the
experimental and calculation showed if the temperature of gasifier increase by 100 °C, the
volume of gas will increase by approximately 1.7 time. The calculation showed that the
proposed model could quantitatively be applied to predict the gas composition of steam
gasification of char.

Keywords: CO, absorbent, mathematical models, steam gasification, syngas composition,
updraft gasifier.

1. Introduction

Combustion is one of the commonly used methods of coal utilization. Coal is usually
burned in the form of powder or briquette. In the combustion process, coal is reacted with excess
air to produce energy. The energy is then used for various purposes for example to produce steam
in the boiler contained in the Steam Power Plant (PLTU). The coal combustion process not only
produces energy but also produces polluting compounds such as NOx, SOx, and Volatile Organic
Compounds (VOCs) that can pollute the environment.

Gasification is most efficiency compared than the other thermal process such as
liquefaction, pyrolysis, and combustion. This process can convert solid fuels containing carbon into
synthesis gas. The syngas is appropriate for use in transportation, manufacture of chemicals,
electricity production. Gasification is a complex process, so in design and operation required an
understanding of the influence of raw material and other operating parameters. For it takes a
mathematical equations or modeling that can be used to perform the optimization process
parameters Although it is not able to provide highly accurate results, mathematical models can
provide guidance regarding the quantitative influence of design, raw material, and other operating
parameters. In addition, gasification process representation in the form of mathematical equations
can help understand the importance of the influence of operating parameters on the performance of
a gasifier and can give you a good understanding of the mechanisms that occur.
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Until now, some researchers have published various theoretical and experimental works on
the process of gasification. The main objective is to study the thermochemical process during the
gasification and evaluate the effect of several variables such as the water content, raw material
types and the operating conditions of the gasifier. Some researchers only focus at the final
composition of gas. Gasification takes place at a high temperature so that the gas is considered to
be at equilibrium. Therefore, the thermodynamic approach is considered the most appropriate. The
thermodynamic equilibrium model can be developed with two approaches, stoichiometric and non
stoichiometric models. The stoichiometric model is a model developed based on the chemical
equilibrium constants approach. This method requires knowledge of the chemical reactions that
occur as well as the flow of the reaction. This means that appropriate reaction and information
about the value of equilibrium constants is needed. While the non stoichiometric model is a model
that involves the minimization of Gibbs free energy. This model does not take into consideration
the mechanism of the reaction to be an effective tool for calculating the gas composition when the
direction of the reaction is unknown. Some researchers have used thermodynamic equilibrium
models to predict the composition of gases. Using the thermodynamic model to predicted the
syngas composition from biomass gasification in downdraft gasifier. Has developed the
thermodynamic model for steam gasification of biomass in fluidized-bed gasifier.

In this paper, the steam gasification of char from Pattukku coal using CaO as CO,
absorbent in updraft gasifier was investigated. The aim is to determine the influence of temperature
on syngas composition. A mathematical model based on the stoichiometric approach was
developed in this study and the results were compared with experimental data.

2. Themodynamic Equilibrium Model

The thermodynamic equilibrium model is developed based on the reaction that occurs
during gasification. To use this model, knowledge of the reaction that occurs is needed. [1]
reactions that may occurs in the process of gasification can be divided into four types i.c. water-gas
reaction, boudouard reaction, shift conversion and methanation.

R1: Boudouard reaction: C + CO, < 2CO AHC 208K = 172,58 kJ/gmol (1)
R2: Water gas reaction: C + H,O < CO+H,  AH’;0sx = 131,38 kJ/gmol (2)
R3: Methanation reaction: C + 2H, < CH, AH’ 205k = -74,90 kJ/gmol (3)
R4: Shift Conversion: CO + H;O < CO, + H,  AH’; 2031 = -41,98 kJ/gmol (4)

When in the gasification process added lime, CaO in lime will absorb the CO, present in
the gas results. The equation of CO, absorption can be written as follows:

R5: CO, absoption: CaO + CO, < CaCO; ®)]
From Egs. (1-5), we can obtain the corresponding equilibrium constants to the mole fraction of
each component as follows:

2
Ki=22p  (6)

Yco,
Ky =2222p (7)
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The Eq. (8) not use in the calculation because it can be calculated from Egs. (5) and (6).
Thus, the equilibrium constant of K; - K; and K5 can be calculated using the equation as follows
[17]

Ki=exp (Koi +72) (1)
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where A; and B; are parameters obtained from the simulation results. While the constraints
used in this calculation is obtained from the mass balance of components as follows:

C: N¢ =n¢o + neo, + ncn,
N¢ = ng()’co + Yco, T yCH4) (12a)
H : Ny = ZnH2 + 411,;,,,4 + ZnHZO
Ny = ng(2yu, + 4Ycu, + 2Vu,0) (12b)
O : No = n¢o +2n¢g, + Ny,0
Ny = ng(yCO + 2yco, + YHzo) (12¢)
Yizi N =ng =Ny, + Ngo + Neo, + Nep, + Niyo (12d)

The equations used to predict the gas composition are obtained by rearranging  Egs. (6) -
(8) and (10) as follows:

fi =KiYcoz — PJ’(,Z*O =0 (13a)
f2 =K Y420 = PYco yu2 =0 (13b)
f3=Ks 3’}212 P—Yeua=0 (13¢)

fa=KisYco2—1=0 (13d)

The value of the equilibrium constant K; to K, is obtained from the calculation using Eq.
(11). While the value of each parameters (Ky; and K;;) on the Eq. (11) can be obtained by curve
fitting in which the value of Sum of Square of Error (SSE) (Eq. 14) is to be minimized.

2
_ Vvk Ydata—Ycal
SSE = 2i=1( Ydata ) (14)
Furthermore, Eqs. (13a) - (13d), (12a) - (12d), and (11) are solved by the Newton Raphson
method combined with multi-variable optimization.

3. Experimental Setup

3.1. Preparation of Char

Two hundred grams of Pattukku coal is fed into a tubular reactor with a diameter of 3.5 cm
and a height of 45. The pyrolysis was conducted at 450°C and 1 atm. To eliminate the existing air
in the reactor, nitrogen gas was flowed from the bottom of the reactor before the process started.
The experiment begin by turning on the electric furnace to heating the reactor. The process was
carried out with a heating rate of 30 °C/minutes at fixed temperature (450°C). The temperature
controller was turned on after the temperature reached 450 °C, and the isothermal process was held
for 60 minutes. After that, the reactor was left until the temperature reached 30 °C. The elemental
composition of ultimate analysis of the char and proximate analysis of the coal are presented in
Table 1 and 2.

Table 1. Proximate analysis

Component Composition (%o wt/wt)
Volatile matter 38.28

Fixed carbon 4792

Moisture 4.7

Ash 10.80

Table 2. Ultimate analysis

Component Composition (% wt/wt)
C 68.93

H 2.99

o 24.39

N 1.81

S 1.88
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3.2. Gasification Process

A mixture of coal and lime (CaO) with a ratio of 1:1.5 is fed into the reactor. Nitrogen was
flowed from the bottom of the reactor for 15 minutes to remove air from the reactor before the
process started. The electric heater (furnice) is turned on to raise the temperature of the reactor until
it reaches the desired reaction temperature ( i.e. 600, 700, and 800 °C). When the reaction
temperature is reached, steam was flowed from the bottom of the reactor to be reacted with the char
present in the reactor. The steam gasification carried out at a fixed temperature for 60 minutes and
every 15 minutes, samples were taken for analysis. The gas compositions (H,, CH,, CO, and CO,)
were analyzed using Shimadzu GC-2010. The experiment was repeated with temperature variations
of 600, 700, and 800 °C.

10
11

[2]
1

Figure 1. The schematic diagram of the experimental apparatus
(1) Steamer, (2) Regulator, (3) Isolator, (4) Reactor, (5) Coil heater, (6) Thermocouple,
(7) Condenser, (8) Condensat tank, (9) Sampling gas, (10) Water tank, (11) Water reservoir

4. Result and Disscussion

4.1. Effect of temperature

In this study, the gasification process was run until 60 minutes in a three different
temperatures, i.e. 600, 700, and 800 °C. Data obtained include the amount of gas produced and the
composition of the four main gasses CHy, CO, H,, and CO,. The volume of gas produced at any
time was presented in Fig. 3.
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Figure 2. The relationship between the volume of gas and time at gasification temperature



ICon-ITSD IOP Publishing
IOP Conf. Series: Earth and Environmental Science 175 (2018) 012027 doi:10.1088/1755-1315/175/1/012027

Figure 2 shows the relationship between gas volume and time at various temperatures.
From the figure it can be seen that the volume of gas produced will increase each time and a
significant increase occurs until 45 minutes and after that is relatively slow. Furthermore, from
Figure 3 it is also seen that with increasing temperature, the volume of gas produced also increases.
This increase is due to the main reaction (Eq. (2)) is endothermic so that the temperature rise
greatly influences the course of the process [18] [19]; In addition, at high reaction temperature and
in the presence of steam will result in greater char reactivity so that the reaction between char and
steam will be faster so that the resulting gas will be more and more [18] [9].
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Figure 3. Effect of temperature on the gas composition at 600, 700, and 800 °C
for 60 minutes (a. CHy, b. CO, c. H,, d. CO,)

Figure 4 shows the effect of temperature on the yield of each gas. From Fig. 4, the yield of
H, and CO gas increases with increasing temperature. At 600 °C, the yield of H, was 29 mL / g and
then increased to 231 mL/g at 700 °C and 382 mL/g at 800 °C. While yield of CO at 600 °C was
59 mL/g and then increased to 108 mL/g at 700 °C and 168 mL/g at 800 °C. This increase is due to
the reaction between char and steam (water gas reaction) is endothermic. So that with increasing
temperature, the reaction will shift toward the formation of products (H, and CO).

The increasing of H, yield on gasification has also been reported [18]. In their study,
gasified using pine bark with variations of temperature 500, 600, and 700 oC. From this study
obtained that yield of H, rises with rising temperatures. Figure 4 also shows that CO yield rises, but
the increase is not significant compared to CO, increase. This is because some CO reacts with H,O
to form CO, and H, in the gas phase ( based on Eq. (4)) [20].



ICon-ITSD IOP Publishing
IOP Conf. Series: Earth and Environmental Science 175 (2018) 012027  doi:10.1088/1755-1315/175/1/012027

From Fig. 4 it appears that the yield of CH, is very small compared to the other gas. This is
because the reaction between char and hydrogen (Eq. (3)) to form methane is very slow (Walker et
al., 1959). Yield CH, decreases with increasing of reaction temperature. yield of CH4 decreased to
5.7% when the temperature rose from 600 to 700 °C. While from 700 to 800 °C, yield of CH4
decreased to 26.3%. The effect of temperature on CH, yield has also been investigated [18] In their
study it was found that by raising the temperature from 500 to 600 °C, yield of CH,4 decreased to
61.9%. Meanwhile, when the temperature is increased from 600 to 700 °C, CH, yield decreases to
53.13%. This decrease is due to the increasing temperature, the reaction of methane decomposition
by steam (Eq. (15)) progresses faster (endothermic reaction). In addition, based on Eq. (3), with
increasing temperature, the reaction will shift to the left.

CH4 + HzO < CO + 3H2 AHOrx,zgg K= 206kJ/gm01 (1 5)

4.2. Validation Model
Experimental results are generalized using the thermodynamic equilibrium model. When
the reaction temperature is relatively high, the reaction rate can be assumed to be faster so that

equilibrium is achieved. The gas composition was approximated by stoichiometric approach as in
Egs. (11), (12a) - (12d), and (13a) - (13d).

The curve fitting method is used to obtain the value of each parameter present in equation
(11). The gas composition from the laboratory experiment were compared to the gas compositions
obtained from the calculation. The values of the parameters chosen were the ones that give the
minimum value of the SSE (Eq. (14). The values of the parameters obtained are presented in Table
3. Meanwhile, the comparison of calculated results and the experimental data was presented in
Figs. 5a-5c.

Table 3. The parameter values of model

Reaction No. Ky K
R1 -6.5693 7.5001 x 10°
R2 11.309 9.0457 x 10°
R3 -23.734 2.0694 x 10*
RS 1.6360 1.4197 x 10°
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Figure 4. Comparison of mole fraction from thermodynamics model and experimental data
at gasification temperature 600 °C.
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Figure 5.. Comparison of mole fraction from thermodynamics model and experimental data
at gasification temperature 700 °C.

70% -
60% - B Experiment data M Calc
c 50% -
.0
S 40%
<«
o 30% -
o
2 20% -
10% -
0% T T T - T 1
CH4 (6(0) H2 C02 H20

Gas component

Figure 6. Comparison of mole fraction from thermodynamics model and experimental data

Figures 4-6 shows a comparison of mole fraction from the calculation result and the
experimental data. From Figs. 5a-5c¢ seems that the gas compositions from calculation results were
matched with the experimental data. The smallest average of error obtained at a temperature of
600 was 8.6% while the largest average error was 10.8 % at the temperature of 800 °C. Sum of
Squares of Errors obtained from the calculation at a temperature of 600, 700, and 800 °C were
1.12x 10%,1.25 x 10" and 5.43 x 10 respectively.

5. Conclusion

Based on the results of the experimental data and calculation, some conclusions could be
obtained as follows: Rising temperatures will increase the volume of gas product. If the
temperature of gasifier increases by 100 °C, the volume of gas will increase by approximately 1.7
times. Stochiometric approach could be used to predict the composition of gas produced from char
gasification
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