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Abstract. In this work, the thermodynamic equilibrium model has been developed in Excel
software for evaluating gasification process. The software is called as Syngas software is
applicable to study the effects of gasification temperature either using air or steam as gasifying
agents for a wide range of biomass. The application of Syngas software has been highlighted
through gasification of EFB using air as gasifying agents. The effects of gasification temperature
between 650°C and 900°C has been conducted. The highest amount of hydrogen gas and carbon
monoxide gas produced are 29.4 mol% and 44.1 mol% respectively at gasification temperature
of 900°C. Meanwhile around 19.5 mol% of carbon dioxide gas and 5.8 mol% of methane gas
have been generated at similar gasification temperature. The thermodynamic equilibrium model
developed in the Syngas software has been validated against experimental data where root mean
square errors (RMSEs) lesser than 1 is obtained indicating a reliable of the developed Syngas
software.

1. Introduction

Recently waste to energy (WtE) is becoming one of the innovative technologies for producing
sustainable energy with minimum damage to the ecosystems. Through WtE, the waste produced from
household, industries and various other agricultural related activities is transformed into a fuel source
or in the form of electricity and/or heat [1-2]. One of the attractive WtE conversion technology is
biomass gasification. Biomass gasification process is a widely applied technology for converting solid
biomass into synthesis gas. The main components of synthesis gas are hydrogen, carbon monoxide,
carbon dioxide and methane [1]. The generated synthesis gas is useful for production of heat, power and
gaseous fuel. The synthesis gas can also be used to produce methanol, dimethyl ether (DME) and methyl
tert-butyl ether (MTBE) for liquid fuel in transportation [1,3].

Thus extensive works either based on experimental or simulation have been performed by numerous
researchers in investigating and studying the gasification using various types of biomass. In terms of
experimental works, the effects of gasification temperature has been performed on Eucalyptus wood
chips [4]. Effect of temperature on gasification using different types of biomass (switchgrass, hardwood,
softwood, fiber, cardboard and chicken manure) has been investigated [5]. The influences of temperature
and operation time for oil palm frond (OPF) gasification process have been investigated where optimum
synthesis gas can be produced at temperature range between 700 and 900°C [6]. In addition to
experimental works, the gasification performance can also be studied using simulation models. Through
simulation, the effects of various operating conditions on the gasification performance can be evaluated
without relying on experimental setup. The model for gasification process can be developed based on
kinetic rate models and a thermodynamic equilibrium model. Usually the thermodynamic equilibrium
model is preferable due to its simplicity, is easy to develop and the maximum achievable yield under
equilibrium conditions can be predicted [7]. Accordingly, a thermodynamic model of a fixed bed gasifier
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in Cycle-Tempo software has been developed for studying the gasification process [§8] and an
equilibrium model based on Gibbs free energy minimization has been used in Aspen Plus software to
predict the performance of oil palm frond and empty fruit bunch gasification processes [9-10]. In
addition the equilibrium model has been developed in order to study thermochemical gasification for
agricultural residues [11-12].

Although many experimental and simulation works have been done to study gasification process, but
there are some limitations on those approaches. Firstly, the suitability of biomass to be used as a
feedstock for gasification. This is depending on its properties such as ultimate analysis and proximate
analysis. For example, high moisture content and low fixed carbon of biomass tends to produce low
synthesis gas yield [1,9]. Secondly, the optimal operating condition for producing maximum hydrogen
gas is different for each biomass. This ultimately consumes a lot of experimental works for finding an
optimal condition for biomass to be studied as well as involving trial and error for finding the best
biomass to be used as feedstock for gasification process. Based on our literature review, there are most
of the model available in literature are applicable for problem specific case study and there is no specific
biomass database for studying a wide range of biomass as feedstock for gasification process. Therefore,
the objective of this work is to develop a software called as Syngas Software for studying biomass
gasification process which is based on thermodynamic equilibrium model. Through this software, it is
possible to investigate the synthesis gas production using air or steam. In addition, a database contains
around 250 biomass has been developed and integrated with the software in order to applicable for wide
range of biomass selection. This in turn helps for evaluating the suitability of biomass as feedstock
before it can be implemented in the experimental work.

2. Thermodynamic Equilibrium Model-based Framework for Biomass Gasification Process
In our previous work, the framework for thermodynamic equilibrium model-based has been developed
as shown in figure 1 [13].

Step 1 : Problem Definition

y

Step 2 : Process and Product
Specifications

A

y

Step 3 : Thermodynamic Equilibrium
Model

y

Step 4 : Validation by Comparing
With Experimental Data

Achieved?

Yes

Step 5 : Performance Evaluation

Figure 1. Biomass gasification framework using thermodynamic equilibrium method adopted from [13]

The starting point of this framework is problem definition in terms of objective specification. The
example of objectives could be to evaluate gasification performance, to investigate the effects of
temperature on synthesis gas production or to compare gasification performance using either air or
steam. Based on specified objective, the process and product specifications are performed in step 2. For
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process specification, the option to select gasifying agents either air or steam is included. In addition the
biomass that needs to be investigated will be selected. Here the user is able to select biomass from the
developed database as shown in table 1. In the case of biomass data is not available in our database, the
ultimate and proximate analysis need to be provided since these properties are essential for
thermodynamic equilibrium model. In terms of product specification, the user able to select the
components of synthesis gas such as hydrogen gas or all synthesis gas components.

Table 1. Example of biomass properties in database

No. Type of Biomass C H 0 N S References

1 Bamboo 40.64 5.64 44.09 0.52 0.03 [1]

2 Empty Fruit 43.53 7.20 47.09 1.73 0.46 9]
Bunch

3 Oil Palm Frond 43.94 6.94 44.88 3.52 0.72 [14]

4 Palm Kernel 49.91 6.94 38.20 3.52 0.72 [15]
Shell

5 Pomace 51.31 6.40 35.01 2.00 0.26 [8]

6 Rice Husk 38.43 2.97 36.36 0.49 0.07 [12]

7 Wood Chips 45.69 4.65 50.32 0 0 [4]

8 Wood Pellet 43.52 7.00 43.53 0.23 0.08 [5]

Step 3 involves the calculation of synthesis gas using thermodynamic equilibrium model. Table 2 shows
the thermodynamic equilibrium model based on the selected gasifying agents. The steps needed for
applying thermodynamic equilibrium model is shown below:

a) Calculate value of w using equation (1)
We 24MC (0
18(1-MC)
b) Determine values of AA, AB, AC and AD using information of heat capacities.
c) Calculate values of AG® and AH® at reference temperature.
d) Obtain coefficients of J and / simultaneously using information from a) and b).
e) Calculate equilibrium constants k; and k, .
f) Based on e), the stoichiometries are obtained by using Newton Raphson method.
g) Based on values of stoichiometries, the synthesis gas produced can be calculated using mole
balance.

The information for heat capacities, heat of formation and Gibbs of formation at reference
temperature can be obtained from [16]. The validation is then performed in step 4 in order to compare
the values of synthesis gas obtained from thermodynamic equilibrium model with literature data. The
error between the synthesis gas from the experimental work and the thermodynamic equilibrium model
is calculated using root mean square error (RMSE) as shown in equation (2).

(Xex -X red)2
Z p P

N

2

RMSE = \/

Where Xexpand X, are the experimental data and predicted data of synthesis gas respectively and

N is the number of data used. If the RMSE obtained is lesser than 1 then the model is classified as
reliable indicating the predicted synthesis gas is in good agreement with literature data [12]. Otherwise
the user needs to specify process and product again in step 2 in order to reduce the RMSE. Lastly the
performance of gasifier is evaluated based on two factors which are synthesis gas produced at different
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temperature and different moisture content. Based on these two factors, the best operating conditions
can be obtained for improvement and validation of gasification process.

Table 2. General gasification process using thermodynamic equilibrium approach [13]

Gasifying Agent: Air

Gasifying Agent: Steam

CH, 0, +WH,0+mO, +3.76mN, = x,H, +x,CO
+X3C0, +X,H,0+x5CH, +3.76mN,

+X,H,0+x;CH,

Carbon balance:

Carbon balance:
Hydrogen balance:
2%y +2X, +4X5 —a—-2w=0

Hydrogen balance:

2%y +2X, +4X5 —a-2w-2m=0
Oxygen balance:

Xy +2X3+ X, —W—-2m-b=0

Oxygen balance:
Xy +2X3+ X, —W—m—-b=0
Equilibrium constant:
_%s
1 2
(%)

Equilibrium constant:

k2 — X1X3
2
Ink:—i+AAInT+AB'T +AC'T + AD +
RT 6 oT 2
o 2 3
AH :i+AAT+AB'T +AC.T _&
R 2 3 T
2
AG°=J-RT AA.InT+AB'T+AC'T —AD+I
6 212

Data on heat capacity:
AA= Ay, —Ac —2Ay,
AB =By, —Bc —2By,
AC=Cgy, -Cc —2Cy,,
AD =Dy, —D¢ —2Dy,

3. Application of Syngas Software

In this work, the gasification process based on thermodynamic equilibrium has been constructed in Excel
software which is called as Syngas software. The selection of Excel software is due to its simplicity and
accessible. All of the mathematical equations as shown in table 2 has been setup in Excel sheet for ease

of the solution. In this section the applicability of the Syngas software is highlighted through the
gasification of empty fruit bunch (EFB).

3.1. Problem Definition (Step 1)
The objective of this work is to validate the performance of gasification process as shown in figure 2.
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(SILkP1... |
T * Problem Definition

To investigate and 1.0 |Problem Definition |
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downdraft biomass |‘I’u validate the performance of biomass gasif obtained using modl -
gasification using
thermodynamic
equilibrium model
e
husk, empty fruit
bunch and sawdust.

and fluidized bed
gasification.

Figure 2. Problem definition (Step 1).

3.2. Process and Product Specifications (Step 2)

In terms of process specification, the gasifying agent selected is air and type of biomass to be studied is
empty fruit bunch (EFB) as shown in figure 3. Meanwhile the main product for this work is the amounts
of synthesis gas produced. The main variables to be studied for operating condition is gasification
temperature.

* Process and Product Specifications

21 \ Process Specification 2.2|Pmducl Specification
2141 Process Specification 2.2.1 Product Specification
Biomass Gasification : Gnd A
2.1.2 Mode of Operation 2.2.2 Main Product
[Air [Hydrogen €
2.1.3 Methods for Analysis 2.2.3 Operation Condition
Thermodynamic Equilibrium Model Temperature

2.1.4 Type of Biomass

EmptyFruitBunch
Figure 3. Process and product specifications (Step 2).

3.3. Thermodynamic Equilibrium Model (Step 3)

Based on selection in step 2, the chemical formula for EFB is then extracted from database as shown in
figure 4. Notes that the elements of S and N are not considered in this work since both amounts are
relatively small and thus neglected. Here the user needs to specify the gasification temperature in the
range from 600-1000°C. In addition the moisture content used for this case study is 0.2. Based on this
specifications, the model is then performed as shown in figure 5 where the values of AA, AB, AC and
AD are calculated based on heat capacities for each chemical components. Then Gibbs of formation (
AG®) and heat of formation (AH?®) at 25°C are calculated. These values are then used for determining
variables J and / which subsequently used for calculating equilibrium constants k, and k, as shown in

figures 5 and 6 respectively. Based values of equilibrium constants, the coefficients of x; (hydrogen),
X, (carbon monoxide) and X, (carbon dioxide) are obtained by using Newton Raphson method as shown
in figure 7. Meanwhile the remaining coefficients of x, (water) and x5 (methane) are then obtained by

solving the carbon, hydrogen and oxygen balances as shown in figure 8. Lastly the composition of
synthesis gas produced can be calculated using mole balance.
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( SIgtP3 |
* Thermodynamic Equilibrium Model

3.1| Downdraft Gasifier (Air) |

3.1.1 Materials EmptyFruitBunch

3.1.2| Chemical Formula CH1.43000.615

3.1.3 asificationTemperaty 973 K
3.1.4| Moisture Content 0.2
3.1.55team Biomass Ratia -

Figure 4. Thermodynamic equilibrium model (Step 3).
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Figure 5. Calculation of equilibrium constant, k,
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Figure 6. Calculation of equilibrium constant, k,
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NEWTON RAPHSON METHODS

[setting [vumber |
[Temperature(x) | 273
[moisture content | 0.20]
Variables Number

K1 10888613877
K2 477439.2987
A 243272.7797|
8 -525177.8973
c ~803971.3525
D 43012
£ 870265423
w 0.

xL 0.951819252
[x2 | 0423388705
[xz | o.42041655)
B 9864647422
le | 43607.34689|
[n | -229630.8277|

Equation used For EFB

K +xy g -1=0
1 % - %2 (W - &+ 25 +2 5 ~(2-a/2)K2 =0
Ax; + Bxy +C x5 +D w +E =0

44480782
19.785963
19.647067
7.2993526
8.7868358

Partial Derivation Equation for EFB
e

Tf._ 2K,
ar

2 1

s 1

e

= K x)
&

(w-(2-2/ 2K+ K (3 2K w3 Kooy}
2Ks(x) -(x1)

A

8

c

Form the Matrix from Partial Derivation(3x3)

[zomead 1] 1
-2

G8E+16| -1.09E+16)

-2 .

284 68E+16] 1.089E+16)|

284753.46[ 707515.59]

| -1.436+22] 6.538E+10] -1.64E+11] -1.43E+22)

4.824E-11]  -26-17| -4.96E-17
4.583€-12 1.1776-06| 5.874E-07]
1.152E-11) -7.63E-07| -1.62E-06

0.9518193
423388
4204166

©
k5]

e

Figure 7. Calculation of coefficients using Newton-Raphson method

Equation to find value of x; and x5

EFB CHy 43000515

Carbon balance:

1=x2 +x3 +x5
Hydrogen balance:

2w +a=2x1 + 2x4 +4x3
Oxygen balance:

W+ bE2m = X, + 2% Xy

Variables Number

xl 0.951819252)
x2 0.423388705

x3 0.42041655

W 0.333333333

Calculation of x4 and x5

Variables Number

x4 0.215723892

x5 0.156194744|
m 0.050006533

Figure 8. Gas composition calculation (Step 3).

3.4. Model Validation (Step 4)
The synthesis gas compositions is compared with EFB gasification experimental data at temperature of

Composition of Gas

CH, 4400 65 +W HaO +m05 +3.76m Na = x1
Taking w= 0.2 and temperature of 800°C

Assume 100 mol biomass inlet

H,+ x2C0 +x3 CO, + x4H,0 + x5 CH, +3.76m N,

Comp Outlet mol Percentage of outlet(%)

H2 95.18192524 44.48078151
co 42.33887054, 19.78596299|
cOz2 42.04165505 19.64706711
CH4 15.61947442 7.299352551
N2 18.80245633 8.786835841
Total 213.9843816 100

700°C where RMSE of 0.6173 is obtained. In order to further validate the developed thermodynamic

equilibrium model, RMSE at different gasification temperature from 650 to 900°C are calculated where
RMSEs lesser than 1 have been obtained at all investigated temperature as shown in figure 9. This

indicates the thermodynamic equilibrium model is indeed reliable for representing gasification process.
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mmm STEP4 Ay
* Model Validation

Synthesis gas Raw EFB
c::z\:(;?l::;n Present Experimental RMSE
. model data
basis)
H. 16.31 15.67
co 33.02 32.64
CO: 42.16 43.08 06173
CHs 8.60 8.62
Feedstocks Gasification Temperature (°C) RMSE
650 0.5812
700 0.6173
Raw EFB 750 0.7348
800 0.8537
850 0.8892
900 0.8609

Figure 9. Model validation (Step 4).

3.5. Performance Evaluation (Step 5)

Lastly the gasification performance is evaluated based on synthesis gas compositions at different
gasification temperature as shown in figure 10. Overall, a good agreement has been obtained between
predicted values and the experimental data of synthesis gas for EFB indicating that the thermodynamic
equilibrium model used in this work is able to predict the synthesis gas compositions accurately. The
amount of hydrogen gas produced has increased from 14.65 mol% to 29.4 mol% when the gasification
temperature is increased from 650°C to 900°C as shown in figure 10. Meanwhile the carbon monoxide
composition has also increased from 30.56 mol% to 44.1 mol%. However, the amount of carbon dioxide
and methane show an opposite trends as shown in figure 10. At gasification temperature of 650°C around
44.44 mol% of carbon dioxide composition have been produced and the amounts have decreased to 19.5
mol% when the gasification temperature is increased to 900°C. In the same condition the methane gas
composition has initially produced approximately 9.72 mol% but has decreased to 5.8 mol%. The
increment of carbon monoxide and hydrogen gas compositions can be explained through Boudouard
reaction, water gas reaction and water gas-shift reaction as shown in Equations (3) — (5) respectively.

C+COy =2CO 3)
C+HyO=CO+Hy 4)
CO+HyO=COy +Hj (5)

As gasification temperature is increased, Boudouard and water gas reactions become more dominant
and thus produce more carbon monoxide and hydrogen gas compositions. At low temperatures, carbon
monoxide reacts with steam from moisture content of feedstock to produce both hydrogen and carbon
dioxide gases. However, at higher temperatures, the water gas-shift reactions is shifted from right to left
where carbon monoxide and steam are produced due to the consumption of hydrogen and carbon dioxide
gases. Consequently, the amount of carbon dioxide and methane gases are decreased in order to produce
carbon monoxide and hydrogen gases as the gasification temperature is increased.
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Figure 10. Performance Evaluation (Step 5).

4. Conclusions and Future Perspectives

The gasification model based on thermodynamic equilibrium approach has been integrated in Excel
software for studying the gasification process. The database contain biomass properties has been
integrated within the software for covering a wide range of biomass as feedstock for gasification process.
The applicability of this software has been highlighted in gasification of EFB using air as gasifying
agents. A good agreement has been obtained between predicted and experimental data where RMSEs
lesser than 1 have been obtained at different gasification temperature. Based on the effects of gasification
temperature, it was found that temperature of 900°C produces a highest hydrogen gas production at
29.4%. Although the software can be used to evaluate the effects of gasification temperature for a wide
range of biomass but the gasifier’s performance is not considered in this work. The performances of
gasifier in terms of cold gas efficiency (CGE), lower heating value (LHV) and carbon conversion (CC)
are essential in determining the suitability of the biomass as the feedstock for gasification process. In
addition, the biomass database developed in this work consists only the raw biomass where some of the
biomass have high moisture content and low carbon content. This ultimately reduces the production of
synthesis gas. Due to the low carbon content and high moisture content, a further pre-treatment is
recommended to improve the properties of biomass before it can be used for the gasification process.
One of the pre-treatment methods that can be used is by using the torrefaction process where the moisture
content will be significantly reduced and the carbon content as well as the calorific value will be
increased [1, 15]. The addition of torrefied biomass in this developed software could provide a good
alternative for biomass utilization as energy generation. This could represent the future direction of this
work.
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