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Simplification of Gibbs Free Energy Equation for
Predicting the Gas Composition of Steam Gasification

of Pattukku Coal Char
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Abstract. One of the method to utilize coal as a source 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 a2 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 PICdlCt the gas composition of
steam gasification of Pattukku coal char.

Keywords: Experimental data, gasification, Gibbs free energy, Pattukku coal char,
thermodynamic model.
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1. Introduction

Coal 1s largely available energy source in Indonesia. The deposits can be found in Sumatra, Kalimantan,
Sulawesi, and West Papua. Unfortunately, those coals ong to low-grade energy resources (sub-
bituminous) [1]. So in order to utilize it, upgrading is needed."One of the ggethods to upgrade the quality of
the coal as an energy source is gasification to produce synthetic gas [2]."Gasificationgs a thermal process
that converts raw materials containing carbon into the flammable gas. In the co:gasiﬁcaﬁon, 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 gasificationggoent and the operating conditions [5]. When gasification
using CO; 1s run at a temperature of 900°C, thegas produced will be dominated by the CO and CO; [6, 7].
Whereas when using the steam, then the most widely produced gasga H; and CO,.

In the design and operation of the gasification process, the Gnderstanding 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 J44], 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 g& 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 2 downdraft gasifier.

In the calculation process, some researchers have used the NASA polynomial equation to the
calculation of [17].

AG®;
RT

= Ag,+Bg,T+Cg, T* +Dg,T* +Eg,T* +%+Gg,..1nr 1)

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, [6], 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 corQ)sidon 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 equi].ibrium@)tal Gibbs free energy of a system is minimum [20]. Consequently,
G| =0 @)

TP

At a certain temperature and pressumﬁqe total Gibbs free energy of 2 single phase in system with
multi-components was defined by [21]:

m t
Gz| =>n aqi 7
reH o, ),
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calculation process.
In the equilibrium, total Gibbs free energy of a system 1s minimum [20]. Consequently,

dG'| =0 )

TP

At a certain temperature and pressure, the total Gibbs free energy of a single phase in system with
multi-components was defined by [21]:

oo (e
G |1:P - Z""( A ) 3)
T.P.n;

on,
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where G'|T - are the total Gibbs free energy of a system and ni is mole of each species in the gas product,

m 1s the number of components in the gas product.
t

The value of (—] is known as the chemical potential pi that can be expressed as :
T.P

on,
— AG? J.
1, =AG] + RT.In| ~= 4)
j; \
Equation (4) can also be expressed in the form of:
1, =AG? +RT. ln( éf:’ J (5)

If all the gasses are considered as ideal gasses then fugacity ratio could be replaced by number of mole of
the species:

n,

1, =AG; +RT.In (6)
>,
The combination of Eq. (6) and Eq. (3) results in:
N n
G' =) n.AG; +RTn,.In| - ©)

mn
i=1
2
i

Equation (7) could be partiall;@ifferentiated against the number of mole of each species 1. It is obtained
that:

oG" AG? n,
o) TrRrM ®
lli P, . Zni

i

In order to get dG* _— 0 , the value of

oG'
on, TP

for all 1 = 1, 2, 3, .., nm (Eq. (8)). So the minimization of G'TP can be conducted by solving

simultaneous Eqs. of (9) forall 1.
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N

In order to get dG* _— 0 , the value of

oG"
ani T ,P,n’,

for all 1 = 1, 2, 3, .., nm (Eq. (8)). So the minimization of Gr;p can be conducted by solving

simultaneous Eqs. of (9) for all 1.
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3. Mass Balance

%o calculate the number of moles of each component, the constraints of mass balance can be utilized.
ased on the concept of mass balance, the mass of each element is conserved. The mass balance of
component / can be written as follows:

U, —;a,j.ni =0, (j=123 k) (10)

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 simultaneously solving Egs. (9) and (10):

AGE o[ M|y, Oy g 02, s, 1 %Y
RT n, on, on, on, on,
Gy | 1| ™ + A U, + 2 oU, + 2 Ui ... + 2 Uy _
RT n, on, on, on, on,
AGY X ouU. ou, oU, oU
’+lni+31 1+L‘,A‘+230’+ ...... +2; —==0 (11)
n, on, on, on, on,

The solution gives the value of ny, ny,...., nm, Ay, Ao, ....., Ak
The simultaneous equations formed from Eq. (11) in the form of mole fraction ();) are as follows:

AGey,

+1n(vegy )+ Ae + 425 =0 12a
RT (Ve )+ Zc " (122)
AG.
—€0 4 In(yep)+ Ac + 45 =0 (12b)
RT
AG,
+In(vy, )+245 =0 12¢
RT (Vi2)+ 224 (12¢)
RT '
AG;,
—H20 4 n(Vyyp )+ Ay +24, =0 (12¢)
RT
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AGeo (Ve )+ Ac +245 =0

AG;IEO

2t In(Vy0)+ Ay +24, =0
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Equation (10) and Eqs. (12a) to (12€) can be solved simultaneously by using Newton-Raphson method.

o
i

5. Model Formulation of

o
i

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
o

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]:

AG,
RT AH,

=- - (13)
or RT*

By integration Eq. (13), will be retrieved:

1

o AG°, L AH.
AG _AGir _ _[ AH; oT (14)
RT ~ RI, LRT

where
T
AH, = AH,, + [ Cp, dT (15)
I

If used the Cpi average, integration of Eq. (15) will be:
AH, = AH, 5 +Cp,(T ~Ty) (16)

Substitution Eq. (16) into Eq. (14) will be:

AG; _AGH +(Cp,.TR —AH,.RJ’ 1

Cp, 1
: dr-=21 [~ or (17)
RT  RT, R

BT R ;T

By completing Eq. (17), will be retrieved:

AG! _ MG +Cp,TR ~AH, 4 _(CpiTR—AHiR ](QJJ’%I’{T_RJ
T

18
RT  RT, RT, RT, T) R a9
Furthermore, Eq. (18) can write in the simpler model as follows:
AGY T,
—=ath | (19)
RT T
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FAWS J\JR \ FAN /TR ps FAN TR 4L

By completing Eq. (17), will be retrieved:

AG? _ MGy | Cply— MM, _(Cp,-TR ~AH J(£j+%1n(r—*‘]

18
RT  RT, RT, RT, T) R \T a8
Furthermore, Eq. (18) can write in the simpler model as follows:
AG! T
: :(’1+bl(_R (19)
RT T
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12 of 32

7/5/2021, 10:58 AM



Cek_Similarity Engineering Journal Vol 21 Nomor 7 2017.pdf - takd...

13 of 32

DOI:10.4186/€1.2017.21.7.29

where
o = AG:_R N Cp I, —AH ,
' ORI, RT,
b = AH,
.
RT,
5.2. Model 2
1 °
Based on the relationship between versus ?R in the literature [11], the equation of as
: Ty _
function of ? can be expressed in the form:
G, _ a, +b, exp ) 20
rr RtH ; (20)

The parameters a;, by, or 2, bz in Egs. (19) and (20)Qan be obtained by curve fitting in which the value of
Sum of Square of Error (SSE):

i}

2
z \",- aa_-‘i_cacuae
SSE=Z(' ~dat ! “J 1)
i=1

v

Yi _data

is to be minimized. The calculation flow chart is as in Fig. 1.
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Enter
yidata, T, Tg

Y
Enter parameter
values of
A BandC

Y

Calculate AG/RT
by using model 1 or model 2

—

Calculate

Addjust the
parameters

=
<
=z

Calculate
SSE=X(yigasYica)?

i

Print results

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
om Lappariaja area, district of Bone South Sulawesi. Zhe pyrolysis was conducted in a quartz
bular 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 pgsplysis equipment is shown in Fig. 2.

One hundredgrams of Pattukku coalavith 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 gg eliminate
the existing air in the reactor. The Pyrolysis was started by switching on the electricQu.( ce to
heating the reactor. The pyrolysis experiment was cartied out at fixed temperature (450 °C)with a
heating rate 030 °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

ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.engj.org/) 35
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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 cartied 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

ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.engj.org/) 35

https://lib-umi.turnitin.com/viewer/submissions/0id:29585:8202920/print...

7/5/2021, 10:58 AM



Cek Similarity Engineering Journal Vol 21 Nomor 7 2017.pdf - takd... https://lib-umi.turnitin.com/viewer/submissions/0id:29585:8202920/print...

DOI:10.4186/€).2017.21.7.29

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 theggoal of the char
VM FC Moisture  Ash C H ®) 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&f the gas collected at the
various time was measured. Gasification process was carried out for G(ﬁminutcs, in which every 15
minutes, samples were taken for analysis. The concentration of CHs, CO, H; and CO; were
measured with gas chromatography.

36 ENGINEERING JOURNAL Volume 21 Issue 7, ISSN 0125-8281 (http://www.engj.org/)
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minutes, samples were taken for analysis. The concentration of CHi, CO, H; and CO; were
measured with gas chromatography.
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9

1. Water tank 8. Condenser

2. Pump 9. Condensate tank
3. Nitrogen tank 10. Sampling gas

4. Thermocouple 11. Water tank

5. Coil heater 12. Water reservoir
6. Reactor 13. Steamer

7. Isolator 14. Regulator

Fig. 3. The schematic diagram of the experimental apparatus.
7. %esult and Disscussion
7.1. Effect of Temperature on the Gas Volume
Qn 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 CHs, CO, Ha, and COz. The volume of gas produced at any time was presented in Fig. 4.
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gasses CHs, CO, Hz, and COz. The volume of gas produced at any time was presented in Fig. 4.
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Fig. 4. TheQelatjonship between the volume of gas and time at gasification temperature of 600, 700, and
800 °C.

Figure 4 shows the g 'olume raries with time at ga51ﬁcat10n 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 volqe will be steady.

Furthermore, Fig. 4 also shows That the increase of the temperature results in the increase of the

Qolume 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 slqu 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.%ffect 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 CH,4 decreases with the increase o@he temperature. At a temperature of 600 °C, mole fraction
of CHs was 0.224% and deggeased to 0.156% 4t a temperature of 700°C. While at 2 temperature of 800°C
mol fraQn was 0.146%. ItTs caused by methanation reaction that is exothermic. 0

The™mole fraction of Hj 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 incregge 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 fmctlon 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 incggase of mole fraction of CO; from 700 °C to 800 °C was smaller than the one from 600 °C to
700 °C.*Water-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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From rig. 2, It S€ems that the mole Iracuon oI LU INCreases With the MCrease oI 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. Water-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. g,ffcct of temperature on the gas composition at 600, 700, and 800 °C for 60 minutes.
7.3. Thermodynamic Analysis

To generalize ghe 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 Eqs. (10), (12), (13)
and (14).

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

The values of the parameters obtained for model 1 and model 2re 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 b1 a2 b2
CH4 -17.4685 3.1156 -19.4312 24.001
CcO -19.5351 -19.8290 -45.1244 28.4406
H2 10.9054 -5.2005 9.3508 -15.3774
Cco2 -75.0775 -28.9851 -124.6406 101.5045
H20 -143.5496 16.5224 -171.8075 196.3864
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Fig. GaAQomparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 600 °C for model 1.
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Fig. 6bQompaﬁson of mole fraction from thermodynamics model and experimental data at gasification
temperature 700 °C for model 1.
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Fig. GC.Qompaxison of mole fraction from thermodynamics model and experimental data at gasification
temperature 800 °C for model 1
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Fig. 6c. Comparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 800 °C for model 1
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Figures 6a-6¢ showq comparison of mole fraction from the experimental result and mole fraction from
calculation result by using model 1. It is shown from Figs. 6agfic that the calculated gas compositions by
model 1 and the expgrimental data were matched with the Targest average error was 22.95 % at the
temperature of 700 °Cwhile 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 showa comparison of mole fraction from the experimental result and mole fraction from
calculation result by using model 2. It 1s shown from Figs. 7aﬁ:that the calculated gas compositions by
model 2 and the e}gimental data were matched with the Targest average error was 23.45% at the
temperature of 700 °Cwhile 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.
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Fig. 72.Qomparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 600 °C for model 2.
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Fig. 7bQomparison of mole fraction from thermodynamics model and experimental data at gasification
temperature 700 °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.Qomparison 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.
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Fig. 9. The deviation of model 2 results to experimental data for all temperatures and gas components.

By compgging the values of the average of errors and Sum of Squares of Errors of model Jpand 2, it can
be conclude at model 1 gives slightly better results than model 2. Since the complexity of model 1 and
model 2 are comparable, it 15 suggested the use of model 1. So, for practicality model 1 is suggested to be
applied.

8. Conclusions

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

follows:

a.@.ising temperatures will increase the volume of gas product. The volume of gas will increase by
pproximately 1.5 times if the tempe e of gasifier increases by 100 °C.

b. Gibbs free energy models proposcdq::ﬂd be used to predict the composition of gas produced from
char gasification.

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

AG=: Qibbs free energy species i (J/mol)
R universal gas constant (J/mol.K)
L1} temperature (K)

Ag;- Gg; constants in Eq.

ui chemical potential'Species 1 (J/mol)
B partial pressure species 1 (atm)

Pe total pressure species i (atm)

85 number of mole element |

a5 number of atom element j in species 1
n; mole species 1 (mol)

Vi mole fraction species 1

i Lagrange constants for element j

a1 — b constants in Eq. (14)
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R universal gas constant (J/mol.K)

T temperature (K)

Ag; - Gg;  constants in Eq. (1)

pi chemical potential species 1 (J/mol)

P; partial pressure species 1 (atm)

Pe total pressure species 1 (atm)

85 number of mole element j

35 number of atom element j in species 1
n; mole species 1 (mol)

Vi mole fraction species 1

A Lagrange constants for element j

a1 —bs constants in Eq. (14)
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