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Abstract. One of the method to utilize coal as a soutce of fuel is to convert the coal into a
synthetic gas through the process of gasification. The composition of the gas formed
greatly depends on the gasification agent and the process conditions. Currently, some
researchers have developed a mathematical model based on thermodynamics to predict
the gasification gas composition, based on Gibbs free energy. The equations used to
calculate the Gibbs free energy are relatively complex. This study proposes simpler
equations to predict the gas compositions in the form of correlation of component’s
Gibbs free energy and temperature. The simpler equations proposed were then tested by
the experimental data of steam gasification of Pattukku coal char. 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 1.5 times. The largest average of error
obtained for model 1 is 22.95% while from model 2 is 23.45 %. The calculation showed
that the proposed model could quantitatively be applied to predict the gas composition of
steam gasification of Pattukku coal char.
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1. Introduction

Coal is largely available energy source in Indonesia. The deposits can be found in Sumatra, Kalimantan,
Sulawesi, and West Papua. Unfortunately, those coals belong to low-grade energy resources (sub-
bituminous) [1]. So in order to utilize it, upgrading is needed. One of the methods to upgrade the quality of
the coal as an energy source is gasification to produce synthetic gas [2]. Gasification is a thermal process
that converts raw materials containing carbon into the flammable gas. In the coal gasification, coal or
charcoal was reacted with gasification agents such as oxygen, steam or COz [3, 4]. The composition of the
formed gas depends greatly on the gasification agent and the operating conditions [5]. When gasification
using COz is run at a temperature of 900°C, the gas produced will be dominated by the CO and COx [0, 7].
Whereas when using the steam, then the most widely produced gas is H> and CO..

In the design and operation of the gasification process, the understanding of the influence of raw
material and other operating parameters are required. For this reason, mathematical equations or modeling
that could be used to perform the optimization of the process is of importance [8, 9, 10, 11]. Some
researchers already proposed modeling the process of gasification by using the equilibrium approach.
Sharma [12], used thermodynamic modeling and kinetics of the reduction reaction of char in the biomass
downdraft gasifier. Zainal et al, [13]; Sharma [14], used the equilibrium model for predicting the
distribution of the various types of gas. Florin et al., [15] studied the influence of thermodynamic
equilibrium in the formation of hydrogen through gasification of biomass with steam. Jarungthammachote
and Dutta [16], developed a thermodynamic equilibrium model based on the equilibrium constants to
predict the gas composition in a downdraft gasifier.

In the calculation process, some researchers have used the NASA polynomial equation to the
calculation of [17].
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The equation is considered relatively complex because it has seven parameters. Therefore, this study
aims to find simpler equations. The study includes laboratory experiments to generate gas composition
data of the char gasification process at different temperature and thermodynamics analysis to develop a
simple model for predicting the gasification gas composition. The char studied were obtained from
Pattukku coal pyrolysis product. In addition, the study also aims to observe the influence of the
temperature on the gas volume of gasification products.

2. Gasification Model

The process of gasification usually performed at high temperatures. So in this study, the reaction is assumed
to be spontaneous. According to Bell et al., [0], if the residence time in the gasifier is longer than the
reaction time, then the product will be out of a gasifier in a state of equilibrium. Thus, the equilibrium
thermodynamic approaches could be used in predicting the gasification gas composition. A
nonstoichiometry model is one approach that could be used in the determination of the composition of
gasification products when the reaction mechanism is unknown [18, 19]. This model uses a Gibbs free
energy minimization approach through Lagrange multiplier and does not require reactions formula in the
calculation process.
In the equilibrium, total Gibbs free energy of a system is minimum [20]. Consequently,
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At a certain temperature and pressure, the total Gibbs free energy of a single phase in system with
multi-components was defined by [21]:
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t . .. . .
where G ‘T , are the total Gibbs free energy of a system and ni is mole of each species in the gas product,

m is the number of components in the gas product.

oG
The value of [E is known as the chemical potential pi that can be expressed as :
i /T.Pn

i =AG’ +RT. In[%J “

Equation (4) can also be expressed in the form of:
P
1 =AG’ +RT. In(%) 5)

If all the gasses are considered as ideal gasses then fugacity ratio could be replaced by number of mole of
the species:
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The combination of Eq. (6) and Eq. (3) results in:

N
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Equation (7) could be partially differentiated against the number of mole of each species i. It is obtained
that:
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for all i = 1, 2, 3, ..., nm (Eq. (8)). So the minimization of G' L p can be conducted by solving

simultaneous Egs. of (9) for all i.
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3. Mass Balance

To calculate the number of moles of each component, the constraints of mass balance can be utilized.
Based on the concept of mass balance, the mass of each element is conserved. The mass balance of
component 7 can be written as follows:

U,-> a;n =0, (j=123,... k) (10)
i=1

4. Lagrange Multiplier

To solve Eq. (9) using constraint in Eq. (10) the Lagrange Multiplier method is applied. In this method of
minimization of Gt with the constraint of Eq. (10) can be done by simultancously solving Eqs. (9) and (10):
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The solution gives the value of ni, na,...., nm, Ay, Ao, ..., Ak
The simultaneous equations formed from Eq. (11) in the form of mole fraction (y) are as follows:
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Equation (10) and Egs. (12a) to (12¢) can be solved simultaneously by using Newton-Raphson method.

(0]
5. Model Formulation of '

0

To simultaneously solve Eqs. (10) and (12a) to (12¢), the correlation between and temperature (T)

are needed. For the purpose, NASA polynomials are available. However, the polynomials are relatively
0

complex. In this study two types of simpler correlations for are proposed, which are as the

following:
5.1. Model1

By definition in the literature [20]:

{46
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By integration Eq. (13), will be retrieved:
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If used the Cpi average, integration of Eq. (15) will be:
AH, =AH, , +Cp,(T -T) (16)
Substitution Eq. (16) into Eq. (14) will be:
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By completing Eq. (17), will be retrieved:
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Furthermore, Eq. (18) can write in the simpler model as follows:

AGO_ai bl( j 19)
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where
a = AGi(,)R n CpiTq _AHi,R
RT, RTx
q:AwR
RT,
5.2. Model 2
.0 0
Based on the relationship between versus —~ in the literature [11], the equation of RTI as
function of ?R can be expressed in the form:
AG] =a, +h, exp Ta 20
RT 2 7 T e

The parameters ai, by, or az, bz in Egs. (19) and (20) can be obtained by curve fitting in which the value of
Sum of Square of Error (SSE):

2
SSE = Z[ yi_data yi —calculate] (21)

i1 Yi _data

is to be minimized. The calculation flow chart is as in Fig. 1.
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Fig. 1. Calculation flow chart of the model.
6. Experimental Setup
6.1. Preparation of Char

The raw material used in the research is char produced by pyrolysis of Pattukku coal obtained
from Lappariaja area, district of Bone South Sulawesi. The pyrolysis was conducted in a quartz
tubular reactor with a diameter of 3.5 cm and a height of 55 cm at 450 °C and 1 atm. A schematic
diagram of the pyrolysis equipment is shown in Fig. 2.

One hundred grams of Pattukku coal with a particle size of 3.35-4 mm were fed to the reactor.
Before the process started, nitrogen gas was flowed from the bottom of the reactor to eliminate
the existing air in the reactor. The Pyrolysis was started by switching on the electric furnace to
heating the reactor. The pyrolysis experiment was carried out at fixed temperature (450 °C) with a
heating rate of 30 °C/minutes. After the temperature reached 450 °C, the temperature controller
was turned on and the isothermal process was held for 60 minutes. After that, the reactor was left
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until the temperature reached 30 °C. The elemental composition of proximate and ultimate
analysis of the coal and the char obtained are presented in Table 1.

Table 1. Proximate and Ultimate analysis results.

Proximate analysis (%) Ultimate analysis (%)
of the coal of the char
VM FC Moisture  Ash C H O N S
38.28 47.92 4.7 10.80 68.93 299 2439 1.81 1.88

1. Regulator 4. Reactor
2. Isolator 5.  Coil heater
3. Thermocouple 6. Nitrogen tank

Fig. 2. The schematic diagram of the pyrolysis apparatus.

6.2. Gasification Process

The schematic diagram of the gasification equipment is presented in Fig. 3. In the gasification
process, 10 g of char was fed into the gasifier for each experiment. Before the process started,
nitrogen was flowed from the bottom of the reactor to remove oxygen from the reactor. The
experiment was started by switching on the electric furnace to increase the temperature of the
gasifier. After the desired temperature was reached, steam flowed from the bottom of the reactor
at the rate of 5 mL/minute. The non-condensed gas product was collected continuously in a tank
containing water after it passed through the condenser. The volume of the gas collected at the
various time was measured. Gasification process was carried out for 60 minutes, in which every 15
minutes, samples were taken for analysis. The concentration of CH4, CO, H, and CO, were
measured with gas chromatography.
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1. Water tank 8.
2. Pump 9.
3. Nitrogen tank 10.
4. Thermocouple 11.
5. Coil heater 12.
6. Reactor 13.
7. Isolator 14.

Condenser
Condensate tank
Sampling gas
Water tank
Water reservoir
Steamer
Regulator

Fig. 3. The schematic diagram of the experimental apparatus.

7. Result and Disscussion

7.1. Effect of Temperature on the Gas Volume

DOI:10.4186/¢j.2017.21.7.29

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 CHy4, CO, Ha, and COz. The volume of gas produced at any time was presented in Fig. 4.
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Fig. 4. The relationship between the volume of gas and time at gasification temperature of 600, 700, and
800 °C.

Figure 4 shows the gas volume varies with time at gasification temperature of 600, 700, and 800 °C. It
is seen that in general, the volume of gas produced will increase each time and a significant increase occurs
until 45 minutes and then the gas volume will be steady.

Furthermore, Fig. 4 also shows that the increase of the temperature results in the increase of the
volume of gas produced. The total volume of gas produced at a temperature of 600, 700, and 800 °C is
1701, 2305, and 3483 mL respectively. This significant volume increase shows that the reactor temperature
significantly affects the rate of the gasification process. The increase was caused by the reaction between
char and steam that are endothermic. So by adding heat into the reactor, the reaction will shift toward
products.

7.2. Effect of temperature on the gas composition

Figures 5 show the effect of the gasifier temperature on the gas compositions. As shown in Fig. 5, the mol
fraction of CH4 decreases with the increase of the temperature. At a temperature of 600 °C, mole fraction
of CH4 was 0.224% and decteased to 0.156% at a temperature of 700°C. While at a temperature of 800°C
mol fraction was 0.146%. It is caused by methanation reaction that is exothermic.

The mole fraction of H» increases with the increase of the temperature because the reaction between
char and steam to produce hydrogen (water gas reaction) is endothermic. So the higher temperature will
shift the equilibrium reaction to produce more hydrogen. This indicates that the temperature of the gasifier
has an important role in the composition of gas produced by gasification.

From Fig. 5, it seems that the mole fraction of CO increases with the increase of the temperature. At a
temperature of 600 °C, mole fraction of CO was 6.83% and increased to 8.7% at a temperature of 700 °C
and 12.39% at a temperature of 800 °C. However, the increase of mole fraction of CO from 700 °C to
800 °C was approximately two times larger than the increase of the one from 600 °C to 700 °C. In addition,
the increase of mole fraction of CO; from 700 °C to 800 °C was smaller than the one from 600 °C to
700 °C. Watet-gas shift reaction is exothermic thus the reaction equilibrium will shift to produces more CO
and less CO; by increasing temperature.
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Fig. 5. Effect of temperature on the gas composition at 600, 700, and 800 °C for 60 minutes.
7.3. Thermodynamic Analysis

To generalize the experimental result, thermodynamics equilibrium model was applied. Since the
temperature was relatively high, the reaction rates were assumed to be fast, so the equilibrium was attained.
The gas composition was approximated by thermodynamics equilibrium approach as in Egs. (10), (12), (13)
and (14).

To get the values of the parameters in the equation, curve fitting method was applied. The gas
compositions obtained from the calculation were compared to the gas composition from the laboratory
experiment. The values of the parameters chosen were the ones that give the minimum value of the sum of
squares of errors between the calculated and experimental data (Eq. (16)).

The values of the parameters obtained for model 1 and model 2 are presented in Table 2. Meanwhile,
the comparison of calculated results and the experimental values was presented in Figs. 6a-6¢ and 7a-7c.

Table 2. The parameter values of model 1 and 2.

The equation parameter

Component Model 1 Model 2
a1 b, a2 b2
CH4 -17.4685 3.1156 -19.4312 24.001
CO -19.5351 -19.8290 -45.1244 28.44006
H2 10.9054 -5.2005 9.3508 -15.3774
CO2 -75.0775 -28.9851 -124.6406 101.5045
H20 -143.5496 16.5224 -171.8075 196.3864

ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.engj.org/) 39



DOI:10.4186/¢j.2017.21.7.29

0.60 -

© o
H U1
o o
I I

Mole fraction
o
w
o

0.20

0.10

0.00

B Experiment data

M Calc

H2 co2 H20

CH4 Co

Fig. 6a. Comparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 600 °C for model 1.
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Fig. 6b. Comparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 700 °C for model 1.
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Fig. 6¢c. Comparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 800 °C for model 1
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Figures 6a-6c show a comparison of mole fraction from the experimental result and mole fraction from
calculation result by using model 1. It is shown from Figs. 6a-6¢ that the calculated gas compositions by
model 1 and the experimental data were matched with the largest average error was 22.95 % at the
temperature of 700 °C while the smallest average of error was 8.09 % at the temperature of 600 °C . Sum of
Squares of Errors obtained from the calculation at a temperature of 600, 700, and 800 °C were 0.130, 0.522,
and 0.174 respectively.

Figures 7a-7c show a comparison of mole fraction from the experimental result and mole fraction from
calculation result by using model 2. It is shown from Figs. 7a-7c that the calculated gas compositions by
model 2 and the experimental data were matched with the largest average error was 23.45% at the
temperature of 700 °C while the smallest average of error was 8.41% at the temperature of 600 °C. Sum of
Squares of Errors obtained from the calculation at a temperature of 600 °C , 700 °C, and 800 °C were 0.118;
0.569 dan 0.213 respectively.

0.60 -
B Experiment data

M Calc

H2 co2 H20

Fig. 7a. Comparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 600 °C for model 2.
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Fig. 7b. Comparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 700 °C for model 2.
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Fig. 7c. Comparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 800 °C for model 2.

The deviations of the results of model 1 and model 2 to experimental data for all components and
temperatures are presented in Figs. 8 and 9. It can be visually observed that the models 1 and 2 were
matched to experimental data.
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Fig. 8. The deviation of model 1 results to experimental data for all temperatures and gas components.

42 ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.engj.otg/)



DOI:10.4186/¢j.2017.21.7.29

o
(e)]
\

@® T =6000C
@
05 1 AT=7000C
W T=28000C
=04 - .
S
c pid
o Ve
503 - 4
s
@ @
0.2 - ,rl
b e
|
0.1 -
ol
o . .

0 0.2 0.4 0.6

Mole fraction (exp)
Fig. 9. The deviation of model 2 results to experimental data for all temperatures and gas components.

By comparing the values of the average of errors and Sum of Squares of Errors of model 1 and 2, it can
be concluded that model 1 gives slightly better results than model 2. Since the complexity of model 1 and
model 2 are comparable, it is suggested the use of model 1. So, for practicality model 1 is suggested to be

applied.
8. Conclusions

Based on the results of the calculation and experimental data, some conclusions could be obtained as

follows:

a. Rising temperatures will increase the volume of gas product. The volume of gas will increase by
approximately 1.5 times if the temperature of gasifier increases by 100 °C.

b. Gibbs free energy models proposed could be used to predict the composition of gas produced from
char gasification.

c. Although an average of error and SSE value for model 2 is greater than the one of model 1, model 2 is
simpler than model 1.
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Nomenclature

AGe; Gibbs free energy species i (J/mol)
R universal gas constant (J/mol.K)

T temperature (K)

Agi- Ggi  constants in Eq. (1)

wi chemical potential species i (J/mol)
P partial pressure species i (atm)

Po total pressure species i (atm)

U; number of mole element |

aj number of atom element j in species i
nj mole species 1 (mol)

Vi mole fraction species i

A Lagrange constants for element j

a1 — by constants in Eq. (14)
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az— bz constants in Eq. (15)
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