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ABSTRACT 

Hydrogen production from the biomass has become more popular nowadays. 

This is because of its advantages of lower in sulphur and nitrogen content which 

would prevent the formation of SOx and NOx emission that is harmful to the 

environment. Because of its greener and environmentally friendly fuel, the demand 

for the study of the Hydrogen production from this biomass has increased in the last 

few years. There are a few methods identified to extract the hydrogen out from the 

biomass. One of them is through steam gasification process. There were many 

studies done through experimental analysis as to determine the amount of hydrogen 

production from the biomass. This has incurred with cost to build the model, time 

spent for the analysis and the safety of the personal who involved in the experiment 

and many others. Due to these reasons, the requirement of developing the kinetic 

model for estimating the hydrogen production from the biomass has escalate for the 

last few years. Despite its lower cost and lesser time spend, the safety of the personal 

is also protected.  

 

Therefore, in this study, understanding of the key critical parameters that 

influence the gasification process which could affect the hydrogen and other gases 

production have been identified through literatures studies and the experimental data 

that have been done by the post graduate students in the laboratory of University 

Technology of Petronas (UTP). Through these data, kinetic models for the Palm 

Kernel Shell (PKS) have been developed base on estimation values that have been 

validated using Hybrid Particle Swarm Optimization (HPSO) and Levenberg-

Marquat (LM) method. 
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CHAPTER 1 

 INTRODUCTION  

 

 

1.0 INTRODUCTION 

1.1 Background of study 

Current dependent of the world’s energy on fossil fuel has increased tremendously. 

Due to the rapid development of technology, the demand for energy has increased 

significantly during last few decades. This has result to the global warming effects 

and energy supplies issues around the world [1]. This alarming situation has drawn 

an attention to the world to find other alternative renewable energy which is greener 

and environmental friendly. Beside that, the dependency to the solely fossil fuel 

energy has result to uncontrolled price of fuel due to the higher demand hence 

increase the cost of leaving for many developing countries. The price is expected will 

continue to be increased since the supply and demand is not in balance due to the 

depleting of the fossil fuel supply. Because of these reason the urgency to find the 

alternative fuel is really essential and need to be expedited for the benefit of the 

future generation. 

Renewable energy such as from solar, hydro power, wind energy, biomass energy 

and many other have attracted many scientists to conduct the detail study. For 

country like Malaysia, biomass energy is more favours than others renewable energy. 

This is because Malaysia has abundant supply of biomass from the palm oil trees. 

Almost 85.5% of biomass waste is contributed from the palm oil [2]. Therefore, in 

this project it will focus on the hydrogen production from one of the biomass waste 

produced from the palm oil which is palm kernel shell (PKS). The project is related 

to the kinetic modelling of catalytic adsorptive gasification of the hydrogen 

production using the palm kernel shell. 
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1.2 Problem statement 

Due to the high demand of renewable energy from the world, it has attracted many 

researcher to focus on the alternative energy especially from the biomass. Palm 

Kernel Shell (PKS) is one of them where it has the capacity to produce sufficient 

hydrogen gas through gasification process. In order to obtain this hydrogen gas, it 

requires a lot of effort, money and time that need to be spent in the laboratory as to 

run series of experiments for collecting the data. Each of the data needs to be 

validated as to ensure the consistency and accuracy of the result. It is crucial for all 

data to be validated before the plant model for commercialize can be developed into 

a big scale. Failure to get the sufficient data from the study will cause the plant 

model that will be built base on the available data will be not delivered the amount of 

Hydrogen as per target. Therefore, in order to provide sufficient data for analysis, 

another alternative source of data need to be used other than from the experiment. 

With these sufficient data for study it can provide better understanding and can 

predict the hydrogen production base on the identified parameters. Besides that, the 

kinetic model for the PKS is hard to find. Unlike other type of biomass, there are 

many model that have been developed. So, it is important for this study to find the 

kinetic model for the PKS so that it can be used for future estimation.  

 

 

1.3 Objectives 

There are two main objectives of this study. 

i. To estimate the kinetic parameters estimation through hybrid particle swarm 

optimization method, gradient based method and Levenberg-Marquart 

method. 

ii. To validate the proposed kinetic model by comparing with the experimental 

data which have been obtained previously in UTP 
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1.4 Scope of study 

This current project will focus more on the kinetic parameter estimation for the 

gasification process of the Palm Kernel Shell based on the three parameters that 

could influence the Hydrogen production. Those identified parameters are the effect 

of the temperature, the effect of the steam to biomass ratio and the effect of the 

adsorbent Calcium Oxide (CaO) to the biomass ratio. Therefore, the main area of this 

study is mainly more on the finding of the kinetic parameter that is fit for all six 

reactions trough MATLAB program. The initial guest values will be accessed using 

the Hybrid Particle Swarm Optimization (HPSO) and Levenberg-Marquat (LM) 

algorithm that will be developed in the MATLAB program. From the values obtained 

from these two algorithms, it will be validated using the Residual Sump of Square 

Error (RSSE) until it shows the lowest possible error. Finally, the data obtained from 

this model will be compared with the experimental data as to ensure the consistency 

between these two result. 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2. Introduction 

Hydrogen is a kind of clear energy with good applications prospects [4]. It can be 

obtained from various type of biomass available in this world.  Palm kernel shell 

(PKS) is one of them. According to Yusuf et al [3], there are about 40 palm kernel 

crashing plants in Malaysia with a total capacity of 5.46 million tonnes. This palm 

kernel shell have good prospects to be utilized in biomass gasification process due to 

the high calorific value (20.40 MJ kg
-1

), considerable mass composition of fixed 

carbon (14.78%), volatile matter (81.03%), ash (4.10%) and moisture content 

(17.50%). One of the well-known methods to get the hydrogen from this PKS is 

through steam gasification process. Steam gasification is an effective way to extract 

or carry out the hydrogen production from the biomass [4]. To create steam 

gasification model requires understanding of the gasification process, the design, 

feedstock and operating parameters that will influence the production of the 

hydrogen. 

This chapter comprises the review on the experimental and the modelling of 

the catalytic adsorptive gasification of palm kernel shell for hydrogen production 

published in the journals and other source of information. There are several 

gasification methods available in the previous studies. Those methods such as air, 

oxygen, steam or combination of these agents as gasifying agent have been used in 

many biomass gasification studies. Among these methods, steam gasification is 

being identified as a potential process to produce more and clean hydrogen. It has 

many advantages compare with other methods [3] 

To investigate the gasification process, some of the related information from 

the previous experimental studies for the catalytic adsorptive steam gasification will 

be described in this part. Besides that, the model studies for the development of the 

kinetic parameters and equilibrium model for the hydrogen production also will be 

reviewed.  
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2.1 Experimental studies of biomass gasification 

There were many studies done via experimental work. This is to understand the 

issues and problem of the gasification process before it can be commercialized. 

Through these studies, understanding of the process behaviour through various 

factors can be identified for further study. There are many gasification agents have 

been used in gasification process. Those agents such as air, N2, pure O2, steam, CO2 

and mixtures are the known agents used in biomass gasification [5]. However, steam 

agents is more popular due to its value. As mentioned by Behdad [6], in his literature 

review, reveals that steam gasification is the most widely accepted agent for the 

production of hydrogen mainly due to the quantity of the product gas and the high 

yield of hydrogen. The main reactions of biomass gasification considered in the 

gasifier are as follow [7]; 

 

i. Water gasification  

C + H2O  CO + H2 + 131.5 kj/mol              ( 1 ) 

ii. Boudouard reaction 

C + CO2  2CO + 172 kj/mol              ( 2 ) 

iii. Steam/ Methane reforming 

CH4 + H2O CO + 3H2 + 206 kj/mol                       ( 3 ) 

iv. Water gas shift reaction 

CO + H2O  CO2 + H2 -41 kj/mol              ( 4 ) 

v. Methanation 

C + 2H2  CH4 – 74.8 kj/mol              ( 5 ) 

 

 

2.1.1. Effect of controlling parameters 

The primary emphasis of biomass gasification is to maximize the yield of the 

hydrogen production. There are many factors that influence the performance of the 

biomass gasification process. As stated by Ahmed [5] in his energy review, at least 

20 operating parameters that could affect the gasification performance. This are the 

challenges that the researcher need to overcome in order to get the optimum output 

from this process.  
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In the experiment work conducted by Yusuf [3], they have considered 5 process 

variables on 2 output response which is Hydrogen composition (In percent volume 

fraction, %) and hydrogen yield (in term of g kg
-1

 of biomass) in their studies. Those 

5 process variables are : 

i. gasification temperatures (X1) 

ii. Steam to biomass ratio (X2) 

iii. Superficial velocity (X3) 

iv. CaO adsorbent to biomass ratio (X4) 

v. Biomass particle size (X5) 

According from their result, the highest hydrogen yield (150.99 g kg
-1

) was obtained 

at the temperature of 750 
o
C. However, the percentage composition of the hydrogen 

is only at 68.16 %. Compare to the gasification temperature at 675 
o
C, the hydrogen 

composition has achieved to 84.62% with the yield only at 91.11 g kg
-1

. 

From their experiment, the final model equation for the hydrogen composition with 

significant variables represent the second ordered polynomial regression model. 

 

H2  composition (%) = 75.53 – 2.70X1 + 6.07X4 – 335X5 + 6.94 X1X3  

– 6.33X1X4 – 8.51X2X4 + 8.72X3X5              ( 6 )

  

For the hydrogen yield, the mathematical relationship of the regression model with 

significant process variables are as follow: 

 

H2 (g kg
-1

 of biomass) = 73.31 – 32.72X1 + 19.01X2 + 16.17X4 + 8.35X5  

    + 11.88X1X3 + 9.59X1X5 – 8.25X2X4 + 12.17X3X5       ( 7 ) 

 

According to the study done by Zakir [2], the high temperature and higher steam to 

biomass ratio favoured for higher hydrogen yield, gas yield, gasification and carbon 

conversion efficiency but did not favour the lower heating value of gas. However, for 

the steam to biomass ratio, the effect was not significant if the ratio more than 2. 

Below table 1 and 2 shows the effect of the temperature and the steam to biomass 

ratio. 
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Another study done by Behdad [6], as shown in figure 1 below, its reveal that, at 

lower temperatures, the selectivity of the gasification reactions shift toward methane 

production with little amount of H2, CO and CO2. However, with increasing in 

temperature (Between 600 – 900 
o
C), the selectivity shifted toward the H2 

production. This situation occurs because of at higher temperature, methane gas 

produced from the first reaction will be reacted with the steam and produce H2 and 

CO. 

Table 1 : Experimental results under effect of temperature [2] 

Table 2 : Experimental results of different steam to 

 biomass ratio [2] 
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2.1.2. Catalytic steam gasification  

Despite the tremendous research effort on the catalytic steam gasification of biomass, 

the process under the condition of low temperature (< 750 oC) is still not fully 

understood. According to the Moghtaderi [6], in his experiments, reveals that at low 

temperatures, the selectivity of the gasification reaction will shift toward methane 

production with little H2, CO and CO2. With increasing in temperature, the 

selectivity will shift toward more H2 production primarily. The controlling 

parameters such as steam to biomass ratio, catalyst weight to biomass flow rate ratio, 

heating rate and reaction temperature have been used in his research. According to 

Zakir [2] the use of catalyst in biomass steam gasification has improved the hydrogen 

production significantly. It has enhance the reaction rate at lower reaction  

temperature and improve the gas quality through reducing the tar content in the 

product gas. The catalyst activity in the biomass gasification has increased the 

hydrogen content to 60 vol% [2]. 

 

 

 

 

Figure 1: Experimental results of the effect on temperature 
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2.2. Modelling and simulation of biomass gasification 

Biomass gasification is a proven technology to produce satisfactory yield of 

hydrogen. It has been identified as the most efficient and economical route for 

hydrogen production. Many studies have been performed to increase the hydrogen 

yield. Due to the extensive range of investigations, mathematical and computational 

approaches have been applied to conduct the studies [5].  

 

2.2.1. Thermodynamic equilibrium model for steam gasification in   

    present of CaO 

According to the Acharya [3], kinetic of hydrogen enriched gas production from 

biomass in presence of CaO was studied by Guoin and Hao in a fixed bed reactor. 

They found the optimum operating conditions to be steam to biomass ratio (S/B) = 

0.9, calcium to carbon molar ratio (Ca/C) = 0.5 and reaction temperature at 495 
o
C/ 

923 K. The overall reaction for steam gasification in presence of CaO can be written 

as: 

CHhOo + aH2O + bCaO = CO2CO
2
 + CH4CH4  

+ COCO + H2H2 + H2OH2O + CaCO3CaCO3              ( 8 ) 

To identify the composition CO2 , CH4 , CO ,H2 ,H2O and CaCO3 for different values 

of a and b and temperature, equilibrium model is used. At equilibrium , the total 

Gibbs free energy is at minimum. The total Gibbs free energy is given by : 

          

                    ( 9 ) 

 

ni = number of moles of species i 

i = Chemical potential of species I given by,  

Chemical potential I can be written in terms of pressure as: 

 

      

0

iG = Standard Gibbs free energy and standard fugacity of species I,  

  = Fugacity coefficient 
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CHAPTER 3 

METHODOLOGY 

 

3.1 Project Flow Chart  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Understanding the Kinetic model of gasification 

process using Palm Kernel Shell (PKS) 

Familiarization of Hybrid Particle Swarm 

Optimization (HPSO)  and Levenberg-Marquardt 

(LM) Method 

Estimate the Pre-exponential factor and activation 

energy. Then run the MATLAB program 

Develop the optimization algorithm program 

HPSO (PSO and LM) into MATLAB software 

Obtain the model parameters value from 

MATLAB and compare with the experimental data 

START 

END 

Start develop the main report, technical report and 

poster 
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3.2 Gantt Chart and Key Milestone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Table 3 : Gantt Chart and key milestone FYP-1 

1 2 3 4 5 6 7 8 9 10 11 12 13 14

1 Selection of the Topic

2 Start searching & collecting relevant data

3 Start research work from literatures

4 Regular discussion with Supervisor

5 Submission of Extended proposal 

6 Prepare the proposal defence presentation slide

7 Proposal Defence

8 Continue the project work & Get MATLAB software

9 MATLAB work start

10 Submission of interim draft report

11 Submission of interim report

Detain works

Key milestone

WEEKS

DETAIL WORKNO

Legend :
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Table 4 : Gantt Chart and key milestone for FYP-2 
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3.3 Methodology 

In this study, the kinetic model data will be obtained based on three identified 

parameters that will influence the hydrogen gas production. Those identified 

parameters that will be used for data comparison with the experimental work are; 

 Effect on Gassifier operating temperature. 

 Effect on the steam to biomass ratio. 

 Effect on the adsorbent to Biomass ratio 

In order to achieve the objective of this study, the work will be divided into several 

parts. Those parts are mathematical model development and validation of the 

experimental work from various models available in the current research. The 

mathematical model will be developed using the MATLAB software. It consist of 

rate of equation, mass balance equations, Hybrid particle swarm Optimization 

(HPSO), Arhenius equation, Modified Arhenius equation and residual sump of error 

calculation.. Inside the model, the reaction kinetics also implemented in the model to 

simulate the rate of consumptions of reactants and the rate of gas production. 

MATLAB software is used since its ability to solve the ordinary differential equation 

(ODE) that able to solve the energy balance equations with short period of time. A 

kinetic model parameters need to be developed to estimate the pre-exponential factor 

and activation energy of Arrhenius equation for all 6 reactions that takes place in the 

steam gasification process for palm kernel shell.  

 

3.4 Parameter Estimation 

For this kinetic model, hybrid particle swam optimization (HPSO) method will be 

used as to estimate the activation energies Ei and the pre-exponential Factor Ai for all 

reactions. HPSO is combination method of Particle Swarm Optimization (PSO) and 

Levenberg-Marquat (LM) algoritm. 

 

PSO method has some drawback. It is not considerate much on the initial guest 

value. Therefore, in order to overcome this issues, HPSO method is applied where 

the PSO algorithm will be provide the initial guest value for the Levenberg-MArquat 

(LM) algorithm to calculate the objective function. LM algorithm is an interactive 
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technique that locates the minimum of a multivariable function which express as the 

sum of squares of non-linear real value function.                

 

This value later will be evaluated using the Residual Sump of Square Error (RSSE).  

The kinetic parameters from the experimental data that is gained from the 

experimental work done in gasification unit in UTP will be used to validate the 

model prediction profiles. The PKS model will be tested with several case studies to 

demonstrate the accuracy of the model with the experimental work and other 

comparable model. The model will be simulated using different values of set 

parameters. 
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3.5 Reaction Stoichiometry  

There are six chemical reactions identified for the gasification process in this study. 

The reaction stoichiometry for each of the chemical reactions are as below : 

 

i. Gasification:  

C6H9O3 + 3H2O                      7.5 H2 + 6 CO           ( 14 ) 

 

ii. Methanation:  

C6H9O3 + 10.5H2                       6 CH4 + 3 H2O          ( 15 ) 

 

iii. Methane reforming:  

CH4 + H2O                                CO + 3 H2                 ( 16 ) 

 

iv. Water gas shift reaction:  

CO + H2O                                      CO2 +  H2                ( 17 ) 

 

v. Boudouard reaction: 

C6H9O3 + 3CO2                           9CO + 4.5 H2          ( 18 ) 

 

vi. Carbonation: 

CO2 + CaO                         CaCO3            ( 19 ) 

 

 

 

3.6 Rate equations 

From the above chemical reactions, the rate of equations are as follow: 

r1  = -k1CPKSCS                 (20) 

r2 = -k2CPKSCH                  (21) 

r3  = -k3
fCMCS +  k3

rCCOCH                (22) 

r4  = -k4
fCCOCS +  k4

r
CCO2CH                           (23) 

r5 = -k5CPKSCCO2                 (24) 

r6 = -k6CCO2CCaO                            (25) 

 

 

k1 

k2 

 

 

 

k6 

k5 
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The rate of reaction for each reaction is very much depending on the reaction 

constant and the concentration of the reactant. The reaction constant is defined by 

Arrhenius equation as below : 

 

RTiEi

ii eAk
/

                 (26)
 

Where ; 

Ai is the pre-exponential factor 

Ei is the activiation energy 

Ti is the gasifier temperature 

R is the ideal gas constant 

 

In order to have best estimate of the rate of the reaction, a reference pre-exponential 

factor will be used. This involved with modification of the original Arhenius 

equation as below : 

  

 
))/1/1(/( TavTRE

refi eAk



              (27)

 

Where :  
)/( RTavE

ref AeA


  

Where: Tav is the temperature average 
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3.7 Material balance equation 

Unsteady state mass balance in a batch reactor is identical to steady state mass 

balance in ideal Plug Flow reactor. Gasification is modelled as ideal plug flow 

reactor. Below table 5 are the material balance equations for all components: 

 

 

Component Material balance Equations  

 

PKS 

 

                                                                         

 

(28) 

   

Steam 

             

                                                                         

 

(29) 

 

Hydrogen 

 

                                                                         

 

(30) 

 

Carbon 

Monoxide 

  

(31) 

 

Carbon Dioxide 

  

(32) 

 

Methane 

  

(33) 

 

CaO 

  

(34) 

 

 

 

Table 5 : Material balance equations 

dt 

dCS    =  (3r1 - 3r2 + r3 + r4 ) 

dt 

dCH    =  (-7.5r1 + 10.5r2 - 3 r3 - r4 – 4.5r5 

) 

dt 

dcCO   = ( - 6r1 – r3 + r4 – 9r5 ) 

dt 

dcCO2   =  (- r4 + 3r5 + r6 ) 

dt 

dcCH4   =  (- 6r2 +  r3 ) 

dt 

dcCaO   =  r6 

dt 

dCPKS  =  (r1 + r2 + r5 ) 
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3.8 Reaction Kinetic Modelling flow chart 
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CHAPTER 4 

RESULT AND DISCUSSION  

 

4.0   Result and Discussion 

4.1. Introduction 

This chapter presents the results of the reaction kinetic model obtained from the 

Hybrid Particle Swarm Optimization (HPSO) method base on the three identified 

parameters. Each of the parameters has been set up according to the experimental 

work set up. From the experimental data, the work set up as per below: 

 Effect on temperature set for  600 
o
C , 675 

o
C and 750 

o
C. 

 Effect on Steam to biomass ratio set for 1.5, 2.0 and 2.5 

 Effect on the adsorbent to biomass ratio for 0.5, 1.0 and 1.5 

 

The result from the experimental data obtained from the previous studies in UTP will 

be used to validate the data that will be obtained from the kinetic model. The main 

focus is more towards the H2 production and some other gases such as CO2, CO and 

CH4. 



4.2. Kinetic Modelling reaction of the Palm Kernel Shell (PKS) 

Base on the result obtained from the Hybrid Particle Swarm Optimization (HPSO) 

and the Levenberg Marquat (LM) algorithm, the kinetic values obtained are as per 

table 6 below. The minimum RSSE obtained from the initial guess value is 5.32 x 10
3
 

and F-value at 1.43 x 10
2
. In order to get the best fit data, the RSSE vale should be as 

low as possible while the F-value should be as high as possible. This involved with 

more than 50 times initial guess values with 150 iterations (Maximum).  
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4.3. Model validation with the experimental data 

4.3.1. Effect on Temperatures 

Below figure-2, shows the effect of three different operating temperatures; 873 K, 

948 K and 1023 K on the hydrogen products concentration between the kinetic 

model and the experimental work. The three lines represent the model data while the 

three symbols (Triangle, diamond and square) represent the experimental data. Based 

on these trending, both data shows almost similar pattern of the H2 production. 

Except that for the first 10 minutes, the experimental data shows higher value than 

the model. This because the experimental work was carried out under batch process. 

This will result to sudden spike of hydrogen concentration at the beginning before it 

start to follow the model data. The mean error between these two data will be 

discussed later. Base on the model trending, the H2 production has the higher 

concentration at the temperature of 873 K. However, based on the experimental data 

the highest H2 concentration was detected at the temperature of 948 K. The different 

between these two data was not so significant. The different between 873 K and 948 

K is less than 5 mol/m3. 

 

 

 

 

 

Table 6 : Pre exponential factor and Activation energy obtained  from  

              PKS model 
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Below figure 3 shows for other gases production such as CO, CO2 and CH4 that also 

will be produced in this gasification reaction based on the effect of various 

temperatures between the experimental data and the model. 

 

Based on these three trending, especially the CO2 concentration, the experimental 

data does not detect any CO2 gas during the experiment except at temp 1023 K.. 

Compare with the model data, the CO2 concentration increased slowly. This 

discrepancy is due to the amount of the CaO (adsorbent) used for the experiment is 

not as per model prediction. The CO2 produced during the water gas shift reaction 

have been converted to CaCO3 by the present of the absorbent CaO. However, for 

the CO, the experimental data shows almost similar pattern with model data. Base on 

the identified reaction, CO2 gas will be produced from the water gas shift reaction 

where it has reversible reaction. There are two reactions occurred in the gasifier that 

will produce the CO. Those reactions are gasification reaction and Methane 

reforming reaction. 

 

For the CH4 gas, the trending shows slow increment of gas from 0 to a range of 1.8 

to 10 for all three ratios. CH4 is produced in the gasifier from the reaction of the PKS  

 

Figure 2 : Effect on temperatures to Hydrogen production 

873 

K  

948 K 

1023 K  

Model : 
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and the H2. Based on these two models, both data shows that the CH4 production is 

more favours at higher temperature. This can be seen when the CH4 is detected at 9 

with the temperature at 1023 K. Similarly with the model data, where it shows higher 

CH4 concentration at the temperature 1023 K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 3 : Effect on temperatures to CO,CO2 and CH4 production 

873 K  948 

K 

1023 K  

Model: 
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4.3.2. Experimental data for Effect on Steam to Biomass ratio 

Below figure 4, shows the effect of three different ratios of steam to biomass; 1.5, 2.0 

and 2.5 on the hydrogen products concentration between the kinetic model and the 

experimental work. The three lines represent the model data while the three symbols 

(Diamond, square and triangle) represent the experimental data. Based on these 

trending, both data shows almost similar pattern of the H2 production. However, the 

experimental data shows a bit higher value than the model. Through the model data, 

the highest H2 concentration detected at the ratio of 2.0. similarly with the 

experimental data where the highest H2 concentration detected was at 2.0.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the effect on the other gases such as CO, CO2 and CH4 to steam biomass ratio, 

below figure 5, shows some discrepancy for the CO and CH4. This is similar with the 

effect on temperature, where the gases concentration detected high for the first 10 to 

20 minutes. This is similar with the H2 concentration, where its detected higher 

concentration for the first 10 minutes. As highlighted earlier this is due to the batch 

reaction process where the H2 concentration will sudden increase since the PKS still 

has more H2 in it until the gasifier reaction continue and reduce the H2 concentration 

in the PKS. Unlike the model data, the unsteady state mass balance in a batch reactor 

Figure 4 : Effect on Steam to Biomass ratio to H2 Production 

1.5  2.0 

2.5  

Model : 



24 
 

is consider identical to the steady state mass balance in an ideal plug flow reactor. 

The gasifier in the model is considered as ideal plug flow reactor. Therefore, the 

model data shows slow increment of the CH4 and CO throughout the 60 minutes 

operation. For the CO2 gas, both data shows similar trend where both does not 

detected any CO2 at the steam to biomass ratio of 1.5. This is because at lower ratio, 

the CO produced from the gasification and methane reforming reaction does not have 

enough steam to react with the H2O in order to produce CO2. Through the model, the 

CO2 was detected at higher ratio of 2.5 and similarly with the experimental data. 

However, at the ratio of 2.0 the experimental data does not indicates any CO2 gas. 

Unlike the model data, the CO2 was detected from a range of 0 to 2.8. This is 

because, the model is in ideal condition while the experimental work is on the real 

condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 : Effect on steam to biomass ratio  to CO,CO2 and CH4 production 

1.5  2.0 

2.5  

Model : 
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4.3.3. Effect on the Adsorbent to the Biomass ratio 

Below figure-6, shows the effect of three different ratios of adsorbent to biomass; 

0.5, 1.0 and 1.5 on the hydrogen products concentration between the kinetic model 

and the experimental work. The three lines represent the model data while the three 

symbols (Diamond, square and triangle) represent the experimental data. Based on 

these trending, both data shows almost similar pattern of the H2 production for all 

three ratios. However, the experimental data values shows a bit lower value than the 

model data. Generally, H2 concentration is directly proportional with the adsorbent to 

biomass ratio. The higher ratio, H2 concentration will be higher. Base on the trending 

below, both have an agreement on that statement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 : Effect on Adsorbent to Biomass ratio for H2 Production 

0.5  1.0 

1.5  

Model : 
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Below figure 7 shows the effect on the other gases such as CO, CO2 and CH4 to 

adsorbent to biomass ratio. For the CH4 gas, the model and the experimental data 

does not fit much. The model shows the CH4 concentration is higher at the lower 

ratio (0.5). Unlike the experimental data, the highest CH4 concentration was detected 

at the ratio of 1.5. Similar with the CO gas concentration, the model data and the 

experimental data does not have a good agreement. For the CO2 gas, both data shows 

almost similar pattern. The CH4 value is high at the lower ratio. However, the value 

for the experimental data is lower than the prediction data. For the ratio of 1.0 and 

1.5, the experimental and model data have an agreement. This is because the higher 

amount of CaO in the gasifier, the lower CO2 gas will be produced. The carbonation 

reaction between CO2 and CaO will be occurred and produced CaCO3. That is the 

reason why the CO2 is not detected at the higher ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.5  1.0 

1.5  

Model : 

Figure 7 : Effect on Adsorbent to biomass ratio to CO,CO2 and CH4 production 
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4.4. Overall model validation for each gas of all three parameters using parity 

diagram 

In order to validate the overall model data accuracy, all the parameters such as effect 

on temperature, steam to biomass ratio and adsorbent to biomass ratio, have been 

collected into single diagram called parity diagram. Through this diagram, the overall 

data fitting can be seen and the overall fitting accuracy can be obtained using R
2 

method. R
2
 value is unitless. The fraction of this R

2
 is between 0 to 1. At zero R

2 

value, it shows the data does not help each other and no linear relationship. However, 

at one R
2
 value, it means all points lie exactly on a straight line with no scatter. It 

help and fit each other. 

 

4.4.1. Effect on Hydrogen concentration 

Refer to the below figure 8, almost 60% of the experimental data and the model data 

are lies together. It means the model prediction for H2 production base on all three 

parameters; temperatures, steam to biomass ratio and adsorbent to biomass ratio, 

have 60% agreement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 : Parity diagram for H2 concentration between  

               model and experimental data 
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4.4.2. Effect on Methane concentration 

For the Methane gas (CH4) in the below figure-9, it has only 10.9 % agreement 

between these two data. The reason of this poor agreement is due to the condition of 

the gasifier process between the model and the experiment. In the model, the reaction 

is considered under continuous process whereas for the experimental data, it is a 

batch process. In batch process, the H2 production is higher at the first few minutes 

and start to reduce toward the one hour experiment. This result to both data does not 

lies each other. Besides that, the model operation is works under steady state process 

where it does not involve with any fluctuations.. Unlike the experimental work, it 

involve with many factors that could lead to poor result. For example, the sample 

preservation, sampling technique, time interval for sample collection and many 

others disturbances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 : Parity diagram for CH4 concentration  

               between model and experimental data 
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4.4.3. Effect on Carbon Dioxide concentration 

Refer to the figure 10 below, the CO2 production by the model prediction data and 

the experimental data shows almost 60% agreement for all three different 

parameters; effect on temperature, steam to biomass ratio and adsorbent to biomass 

ratio. Under the lower ratio of adsorbent and steam to biomass ratio, both model 

detected well the CO2 gas whereas under higher ratio, both model does not detect any 

CO2 gas. This is considered good agreement as there are many factors that could 

affect the result especially from the experimental work.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 : Parity diagram for CO2 concentration  

               between model and experimental data 
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4.4.4. Effect on Carbon Monoxide concentration 

For the CO gas, below figure 11 shows the CO production by the model prediction 

data and the experimental data shows only 10% agreement for all three different 

parameters; effect on temperature, steam to biomass ratio and adsorbent to biomass 

ratio. CO can be produced from the gasification reaction and the methane reforming 

reaction. These are the only source of CO producer in the gasifier. In the model 

prediction data, the reversible reaction for the methane reforming has been 

considered. Whereas under the dynamic process of the experimental work, this 

reversible reaction is unknown. This has result to the poor agreement.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 : Parity diagram for CO concentration  

               between model and experimental data 
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CHAPTER 5 

CONCLUSION AND RECOMMENDATIONS 

 

5.1 Conclusion 

Based on the first order of the reaction kinetic model that have been developed for 

the prediction of the product gas composition, the data was validated with the 

experimental data that have been conducted in UTP by the previous students. in the 

current study the kinetic constant values have been validated using the HPSO method 

which have reduced the error to the minimum possible. With the estimated value 

obtained from this model, it can be concluded that, the model and the experimental 

data are almost in correspond each other. Even though the two data are not 100 % 

linear to each other, but it is still can be accepted. This is because the model is under 

steady state condition while the experiment work is a real condition where it involve 

with many disturbances during the experiment.  

Therefore, with the kinetic model development it will ease the future study for the 

researchers to further explore the technique so that it could help them to validate the 

experimental data and improve the result. 

 

 

5.2 Recommendation 

In order to have a better and accurate prediction, the experimental data need to be 

validated with several experiments. This is to ensure the consistency of the data 

before it can be used to validate the data from the model prediction. Besides that, the 

time interval for the sampling also need to be revised. This is because to provide 

ample time for the operator who run the experiment to collect the sample at the right 

time.  
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