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Abstract: This research aims to analyze the influence of inhibitors from 
microwave pretreatment of oil palm frond pulping (OPFP) on the efficiency of 
bioethanol fermentation by S.cerevisiae in the simultaneous saccharification and 
fermentation (SSF) processes. OPFPs were achieved at different ages: 3-4, 4-7, 
7-10, 10-20, and 20-25 years old. OPFP was pretreated with a microwave and 
sulfuric acid (MW/SF), microwave and hydrogen sulfide (MW/HP), and 
microwave and water (MW/W). The results showed that the main inhibitors 
formed during the pretreatment process of OPFP were acetic acid, furfural, 5-
hydroxymethylfurfural (HMF), furfural, formic acid, and phenol. The 
pretreatment of OPFP with MW/W had the lowest concentrations of inhibitors 
compared to the other pretreatment methods. The highest bioethanol yields at 
all ages of OPFP were in the range of 0.41-0.42 g-bioethanol/g-glucose, 
corresponding to more than 80% fermentation efficiency. At these conditions, 
the concentrations of the acetic acid were 0.09-0.19 g/l, HMF =0, furfural =0, 
formic acid 0.05-0.28 g/l, and phenol 0.22-0.47 g/l. The MW/W was the suitable 
pretreatment of OPFP for bioethanol production due to the lowest to generate 
the inhibitor and high ethanol production yield.  

Keywords: Bioethanol production; Oil palm frond pulping; Inhibitors; Microwave  
                     pretreatment  

1. Introduction 
It is generally known that fossil resources decrease continuously, and 

fossil-based fuels cause environmental problems. An alternative way to solve 
these issues is using alternative energy, such as ethanol. Ethanol is particularly 
important as a liquid biofuel, which can be mixed with gasoline with different 
ratios (e.g., E10, E20, E85). Ethanol has been produced from sugar or starch-
based raw materials on the industrial scale. However, using starch and sugar 
for ethanol production has led to a “food vs. fuels” conflict due to the 
increasing global population [1]. Therefore, using lignocellulosic raw materials 
is attractive due to the large quantity, low prices, and no rapacious land for the 
plantation of humans.  

Biomass resources are organic materials containing carbon, hydrogen, 
and oxygen atoms in their structure [2]. The process of biofuel production and 
consumption results in zero net CO2 emissions because the amount of CO2 
released during combustion equals the amount of CO2 absorbed by trees and 
plants through photosynthesis [2]. In Thailand, an oil palm frond (OPF) is a 
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sustainable agricultural waste obtained from the harvest of fresh fruit bunch. OPF contains many 
carbohydrates in the form of simple sugars, which could certainly be used as a raw material for producing 
bioethanol. However, using lignocellulosic materials to produce bioethanol requires a pretreatment process. 
The pretreatment step aims to open up the structure and decrease the crystal structure of lignocelluloses via 
the solubilization of hemicellulose and lignin [3]. On the other hand, access to the cellulose surface area 
increased for the following saccharification and fermentation processes. The pretreatment process is a key 
step in the biochemical conversion of lignocellulose to produce bioethanol [4]. During pretreatment, 
inhibitors are somewhat generated depending on the pretreatment method. Inhibitors in lignocellulosic 
hydrolysates consist of aliphatic acids (i.e., acetic, formic, and levulinic acid), furaldehydes (i.e., 5-
hydroxymethylfurfural (HMF), and furfural), aromatic compounds (i.e.phenolics) and extractives; all of 
which affect bioethanol fermentation [5]. Jonsson and Matin [6] reported that the disadvantage of using 
sulfuric acid pretreatment was the formation of inhibitory by-products. Additionally, the advantage of 
hydrothermal pretreatment by controlling the pH around neutral values was the decreased amount of 
fermentation inhibitors [7]. Microwave pretreatment is a potential alternative to conventional heating due to 
its efficiency and ease of use. Energy consumption is reduced as treatment time is 10 times shorter than other 
heating systems [2]. Additionally, the combined method (microwave-assisted) can improve enzymatic 
hydrolysis and effectively remove lignin and hemicellulose, which is the maximum utilization of 
lignocellulosic components [8]. Biomass pretreatment provides a practical and clean process to increase 
surface area and improve access to enzyme binding sites. [9]. 

This research analyzes the influence of inhibitors formed during the different methods in the 
pretreatment of oil palm frond pulping (OPFP). These included microwave treatment with sulfuric acid 
(MW/SF), microwave treatment with hydrogen peroxide (MW/HP), and microwave treatment with water 
(MW/W). The research focuses on the effect of inhibitors (acetic acid, furfural, 5-hydroxymethylfurfural 
(HMF), formic acid, and phenol) on the efficiency of the bioethanol fermentation by S.cerevisiae in the 
following simultaneous saccharification and fermentation (SSF) processes. 

2. Materials and Methods 
2.1 Preparation of oil palm frond  

The fresh oil palm frond (OPF) without leaves was cut to 1.0 m in length. The OPF was selected from 
oil palm trees having different ages: 3-4, 4-7, 7-10, 10-20, and 20-25 years old as shown in Figure 1A. The oil 
palm frond juice was removed from OPF by pressing OPF with a conventional sugarcane press machine. The 
remaining OPF solid, oil palm frond pulping (OPFP), was then cut into small pieces and dried at 1030C for 24 
hours to remove the moisture. After that, it was ground to 0.2 - 2 mm in size and put in a plastic bag at room 
temperature to protect the sample from moisture before use (Figure 1B). The initial chemical components in 
OPFP are shown in Table 1. 

 
Figure 1. Raw material, (A) the fresh oil palm frond (OPF) without leaves used in the experiment, 

(B) Preparation of oil palm frond pulping (OPFP) 
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Table 1. The initial chemical components in OPFP 

Oil palm age 
(years) 

Components %(w/w) 

Cellulose Hemicellulose Holocellulose Lignin Ash 

3-4 38.84 34.68 73.52 24.74 1.74 

4-7 39.82 33.58 73.40 25.56 1.04 

7-10 40.44 31.06 71.50 26.94 1.56 

10-20 42.38 28.68 71.06 27.52 1.42 

20-25 43.50 26.34 69.84 29.44 1.24 
 
2.2 Pretreatment of oil palm frond pulping  

In this study, there are 3 types of pretreatments of OPFP:(i) using microwave and sulfuric acid (97%, 
Merck)(MW/SF),(ii)using microwave and hydrogen peroxide(37%, Merck) (MW/HP), and (iii) using 
microwave and water (MW/W). All pretreatments were carried out in 100 ml solutions (sulfuric acid, 
hydrogen peroxide, or aqueous solutions) in which 10% w/v of OPFP was loaded (fixed amount of OPFP at 
10 g). Different sulfuric acid and hydrogen peroxide concentrations were studied at 0, 1, 2, 3, and 4 vol.%. 
The microwave was generated by the Samsung Home Model (frequency 2.45 GHz multimode cavity and 
largest 800 W) by putting the samples in the microwave and setting it up at 500 W for 15 minutes to study 
the effect of different pretreatment processes. 

2.3 Enzyme hydrolysis and bioethanol production 
The pretreated OPFP was forwarded to the hydrolysis and bioethanol production by simultaneous 

saccharification and fermentation (SSF). Bioethanol production from OPFP cellulose by SSF was tested in a 
batch mode. The enzymatic hydrolysis was done in 250 ml volumetric flasks using 10% (w/v) of OPFP.             
5 ml of 5 M citrate buffer solution (pH 4.8) and 85 ml of distilled water were added to the flasks. Afterward, 
the flasks were sterilized in an autoclave (Model SA 300 VL Brand sturdy) at 121 0C for 15 min. The cellulosic 
enzyme used in this study was CellicR CTec2 (Cellulase + β-glucosidase). The enzymatic loading was 3% 
w/w (g-enzyme/g-cellulose). The mixtures were incubated at 55 0C with shaking (Shaking Incubator Model 
BJPX Series)at 150 rpm for 96 hours. Then, 10% (v/v) of S. cerevisiae and 1% (v/v) yeast extract were added. 
Finally, the mixtures were incubated at 37 0C with shaking at 150 rpm for 24 hours. Samples were collected 
at 0, 24, 48, 72, and 96 hours to determine the amounts of reducing sugar and bioethanol. Bioethanol yield 
and fermentation efficiency (%) were calculated using Eq. (1) and (2), respectively [10]. 

 

( ) ( )
( )

Maximum ethanol concentration g / l  
Ethanol yield g ethanol / g glucose

Utilized glucose g / l
− − =

   (1) 
 

( ) ( )
( )

Actual ethanol yield g / l
Fermentation efficiency % 100

Theoretical ethanol yield g / l
x=

    (2) 
 

2.4 Analytical methods 
The total sugars were analyzed by high-performance liquid chromatography (HPLC) with a 

refractive index detector at 50 0C. 5.0 μl of samples were injected into a column (SH1011, 8.0x300 nm, Shodex) 
with 0.04 N H2SO4 as the mobile phase (flow rate 0.8 ml/min). The running time of the samples was 20 min. 
The dichromate reagent method determined the bioethanol concentration [11]. Formic acid, acetic acid, 
HMF, and furfural were determined by HPLC using a Bio-Rad HOX-87P ion-exclusion column, a Waters 
2414 refractive index detector, and 0.01 N H2SO4 as the mobile phase at a flow rate of 0.6 ml/min and 60 0C. 
The phenolic compounds in samples were determined by the Folin-Cio-Cateu method [12]. 
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3. Results and Discussion 
3.1 Effect of microwave-hydrogen peroxide pretreatment (MW/HP) on the formation of inhibitors 

The effect of microwave-hydrogen peroxide (MW/HP) pretreatment of OPFP obtained from 
different oil palm ages (3-4, 4-7, 7-10, 10-20, and 20-25 years) on the formation of inhibitors in OPFP 
hydrolysates after 96 hr of enzyme hydrolysis is shown in Figure 2. Compared with microwave-water 
(MW/W) pretreatment, the pretreatment of OPFP with MW/HP promoted the formation of inhibitors. 
Increasing the concentration of HP combined with microwave resulted in the increased concentrations of 
inhibitors found in hydrolysate at all oil palm ages. The inhibitors found with MW/HP were formic acid, 
acetic acid, and phenol. All of these compounds inevitably occurred even with water pretreatment. Matin 
and Jonsson [15] reported that the main inhibitors in lignocellulosic hydrolysates were formic acid, acetic 
acid, 5-hydroxymethylfurfural (HMF), furfural and phenol, which could be produced in different 
concentrations depending on the pretreatment methods. Indeed, the concentration of the inhibitors 
significantly affected enzyme digestion and the fermentation process, which will be discussed later. 
Additionally, Table 2 shows the concentration of inhibitors found in this study with other experiments [13]. 

 

 

 

 
Figure 2.  Inhibitors concentrations in hydrolysates of OPFP aged 3-4, 4-7, 7-10, 10-20, and 20-25 years using 

the different OPFP pretreatment methods with MW/HP. 
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Table 2. Comparison inhibitors concentration between all palm age of OPFP and other experiments 

Sample Pretreatment 
Inhibitors concentration (g/l) 

Reference Formic 
acid 

Acetic 
acid 

HMF Furfural Phenol 

OPFP  
(3-4 Y) 

MW+W (15 min) 0.08 0.19 0.00 0.00 0.22 This study 

MW+4%HP (15 min) 0.94 1.02 0.00 0.00 0.66 This study 

MW+4%SF (15 min) 1.56 2.75 0.45 3.50 1.85 This study 

OPFP  
(4-7 Y) 

MW+W (15 min) 0.05 0.11 0.00 0.00 0.25 This study 

MW+4%HP (15 min) 0.98 1.12 0.00 0.00 0.86 This study 

MW+4%SF (15 min) 1.66 2.65 0.75 3.65 1.75 This study 

OPFP  
(7-10Y) 

MW+W (15 min) 0.18 0.19 0.00 0.00 0.42 This study 

MW+4%HP (15 min) 0.84 1.02 0.00 0.00 0.69 This study 

MW+4%SF (15 min) 1.66 2.45 0.65 3.35 1.75 This study 

OPFP  
(10-20 Y) 

MW+W (15 min) 0.19 0.09 0.00 0.00 0.32 This study 

MW+4%HP (15 min) 0.98 0.95 0.00 0.00 0.86 This study 

MW+4%SF (15 min) 1.66 2.65 0.85 3.25 1.67 This study 

OPFP  
(20-25 Y) 

MW+W (15 min) 0.28 0.19 0.00 0.00 0.47 This study 

MW+4%HP (15 min) 0.91 0.67 0.00 0.00 0.92 This study 

MW+4%SF (15 min) 1.75 2.85 0.75 3.65 1.77 This study 

wheat straw Thermal autoclaving  
(60 min) 

0.07 1.02 0.00 0.00 0.50 [14] 

1.5%HCL autoclaving 
(60 min) 

0.18 0.82 0.04 0.84 0.96 [14] 

1%NaOH autoclaving  
(60 min) 

2.06 3.59 0.00 0.00 3.24 [14] 

5% H2O2 (60 min) 0.62 0.69 0.00 0.00 0.29 [14] 

Eucalyptus 
residue 

065%H2SO4 (15 min) 0.00 3.10 0.20 1.23 0.00 [15] 

 
3.2 Effect of microwave-sulfuric acid pretreatment (MW/SF) on the formation of inhibitors 

The effect of microwave-sulfuric acid (MW/SF) pretreatment of OPFP obtained from different oil 
palm ages (3-4, 4-7, 7-10, 10-20, and 20-25 years) on the formation of inhibitors in OPFP hydrolysates after 96 
hr of enzyme hydrolysis is shown in Figure 3. Compared with microwave-water (MW/W) pretreatment, the 
pretreatment of OPFP with MW/SF promoted the formation of inhibitors. Increasing the concentration of SF 
combined with microwave resulted in the increased concentrations of inhibitors found in hydrolysate at all 
oil palm ages. The inhibitors found with MW/SF were formic acid, acetic acid, phenol, HMF, and furfural. 
Compared with MW/HP, sulfuric acid promoted more types of inhibitors, such as HMF and furfural. 
However, HMF and furfural have been reported to be less toxic to S. cerevisiae than phenol, acetic acid, and 
formic [6]. Behera et al. [16] similarly reported that the formation of inhibitors depended on the conditions 
used in the acid pretreatment process, such as the acid type and concentration. 
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Figure 3. Inhibitors concentration in hydrolysates of OPFP aged 3-4, 4-7, 7-10, 10-20, and 20-25 years using 

the different OPFP pretreatment methods with MW/SF. 

3.2.1 Acetic acid 
All the pretreatment methods gave concentrations of acetic acid in the range of 0.09-2.85 g/l at 

various oil palm ages (Figures. 2 and 3). Therefore, it can be concluded that acetic acid is inevitably 
generated regardless of the type of pretreatment methods and the age of the oil palm. Compared to the other 
pretreatment methods, the pretreated OPFP with MW/W generated the lowest concentrations of acetic acid 
in the range of 0.09-0.19 g/l. The concentrations of acetic acid after the pretreatment of OPFP with MW/HP 
and MW/SF were in the range of 0.32-1.12 g/l and 1.65-2.84 g/l, respectively. Sulfuric acid generated a greater 
amount of acetic acid than hydrogen peroxide. The pretreatment of OPFP with MW/SF at the same 
concentration produced a more severe reaction than MW/HP, which was affected by a higher reaction 
temperature, resulting in the generation of acetic acid inhibitors than the pretreatment by MW/HP.  The 
nature and concentration of inhibitors depend highly on the amount of solids in the reactor, pretreatment 
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conditions such as time, pH, temperature, and the concentrations of chemicals and raw materials used [17]. 
It has been reported that the cellular growth of yeast and ethanol production was inhibited completely when 
the concentration of acetic acid was about 3.5 g/l [5]. Therefore, the pretreatment of OPFP with MW/W, 
MW/HP, and MW/SF (concentrations of HP and SF not more than 4%) in this study can be applied to practice. 

3.2.2 Furfural 
Furfural was formed only by the pretreatment of OPFP with MW/SF. During the thermochemical 

pretreatment, inhibitors such as furfural and HMF are produced by dehydration of the pentose and 
hexose(Palmqvist, E., Hahn-Hagerdal, 2000)[17]. The concentrations of furfural were found in the range of 
1.38-3.65 g/l for oil palm ages 3-4, 4-7, 7-10, 10-20, and 20-25 years (Figure. 3). The concentration of furfural 
increased with the acid concentration. This is consistent with the previous study [18]. Furfural harmed the 
ethanol production rate and such impact increased with concentration [16],[19]. Decreased ethanol 
production occurred at 2 g/l of furfural and the complete inhibition was reported at 4 g/l [20]. Therefore, 
furfural generated from MW/SF in this study has a significant effect on the production of bioethanol. 
Furfural inhibited the growth of S. cerevisiae, leading to a slower sugar consumption rate of yeast [21]. This, 
in turn, reduces the production of bioethanol. The pretreatment with MW/W and MW/HP did not generate 
furfural (Figure 2). Toquero and Bolado [13] similarly reported that no furfural was formed after the 
pretreatment of wheat straw with dilute alkali. The pretreatment of rice hulls with alkaline peroxide neither 
generated furfural [22]. 

3.2.3 5-hydroxymethylfurfural (HMF) 
HMF was formed only with the pretreatment of OPFP with MW/SF; the concentrations of HMF 

were found in the range of 0.15-0.85 g/l at various oil palm ages (Figure 3). The pretreatment with MW/W 
and MW/HP generated no HMF (Fig. 2). The generation of HMF is believed to be associated with the 
formation of furfural when SF was used in the pretreatment. The pretreatment with dilute acids similarly 
generated furfural and HMF [23]. However, the concentrations of HMF were lower than those of furfural at 
all oil palm ages. This agrees with a previous study in which furfural was formed more easily than HMF in 
acid pretreatment at high temperatures [24]. HMF was formed from the degradation of glucose catalyzed by 
sulfuric acid [25]. The HMF concentrations that have an inhibiting effect on bioethanol production were 
reported to be higher than 1 g/l [26]. Since the HMF concentrations in this study were lower than 1 g/l, it is 
not severely toxic compared to furfural. Furfural has more potent toxicity than HMF [19]. However, HMF 
was reported to have a synergistic effect when combined with other inhibitors [16]. 

3.2.4 Formic acid 
All the pretreatment methods gave concentrations of formic acid in the range of 0.05-1.75 g/l at 

various oil palm ages (Figures 2 and 3). The lowest concentrations of formic acid were in the 0.05-0.28 g/l 
range when OPFP was pretreated with MW/W. The concentrations of formic acid after pretreated OPFP with 
MW/HP and MW/SF were 0.25-0.98 g/l and 0.91-1.75 g/l, higher than the pretreatment with MW/W. Similar 
to the case of acetic acid, SF generated a greater amount of formic acid than HP. This is partly due to the 
formation of furfural and HMF. It has been reported that formic acid could occur from the degradation of 
furfural and HMF and had a more inhibitory effect than acetic acid [16], [27]. The complete inhibitory effect 
of formic acid on ethanol production was reported to occur at a concentration of 2 g/l [10]. However, if the 
formic acid concentration was less than 1 g/l, a higher bioethanol yield than fermentation without formic 
acid was observed [14]. This is consistent with our result. The pretreatment of OPFP with MW/SF, which 
gave concentrations of formic acid higher than 1 g/l, caused a decrease in the bioethanol yields compared to 
the pretreatment with MW/HP and MW/W. 

3.2.5 Phenol 
The phenol concentrations of all pretreatment methods were in the range of 0.22-1.77 g/l for oil 

palm ages 3-4, 4-7, 7-10, 10-20, and 20-25 years(Figures 2 and 3). The minimum phenol concentrations were 
in the range of 0.22-0.47 g/l after the pretreatment of OPFP with MW/W. After the pretreatment with 
MW/HP and MW/SF, the phenol concentrations were in the range of 0.36-0.92 g/l and 0.85-1.77 g/l, 
respectively, higher than the pretreatment with MW/W. Phenolic compounds were formed during the 
pretreatment due to the partial breakdown of lignin [16].  

In conclusion, the concentrations of inhibitors after all pretreatment conditions in this study were in 
the range of 0.09-2.85 g/l of acetic acid, 1.38-3.65 g/l of furfural, 0.15-0.85 g/l of HMF, 0.05-1.75 g/l of formic 
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acid and 0.22-1.77 g/l of phenol. These ranges are consistent with previous research. In diluted acid 
pretreatment, using 0.65%H2SO4 (20 min) to treat the Eucalyptus residue generated 3.10 g/l of acetic acid, 
1.23 g/l of furfural and 0.20 g/l of HMF [28]. Interestingly, the increased ages of OPF produced more 
inhibitors. Increasing the age of OPF increased the initial components in OPFP, which affected the synergism 
to have the inhibitors after the pretreatment with MW/HP and MW/SF. The pretreatment with MW/W 
created the lowest inhibitors when compared to the others. Similar to the liquid hot water (LHW) 
pretreatment, the advantage of the combined pretreatment with water and microwave was to avoid the 
formation of inhibitors [3], [29]. These inhibitors harm the hydrolytic process by reducing the adsorption of 
an enzyme [30]. 

3.3 Glucose concentration  
The OPFP from different pretreatment methods was subjected to enzymatic hydrolysis and bioethanol 

production by simultaneous saccharification and fermentation (SSF), and the glucose concentrations were 
measured after 96 hours of enzymatic hydrolysis. The results are shown in Figure 4. It was found that OPFP 
from the pretreatment with MW/HP (4%)gave the highest glucose concentrations, which were 13.35, 19.61, 
21.73, 25.07, and 28.67 g/l for oil palm aged 3-4, 4-7, 7-10, 10-20 and 20-25 years, respectively. Regardless of 
the age of the oil palm, the glucose concentration was enhanced with the increased concentration of 
hydrogen peroxide used in the pretreatment. The pretreatment with HP gave higher concentrations of 
glucose than the pretreatments with MW/W, which were 11.10, 15.10, 16.75, 19.56, and 22.30 g/l for oil palm 
aged 3-4, 4-7, 7-10, 10-20 and 20-25 years, respectively. 

For OPFP with MW/SF pretreatment, the highest glucose concentrations were found with 4% SF that 
was 11.91, 18.27, 19.07, 23.46, and 24.76 g/l for oil palm aged 3-4, 4-7, 7-10, 10-20 and 20-25 years, 
respectively. Increasing the sulfuric acid concentration from 1-4% for the combined microwave and chemical 
pretreatment process positively affected the glucose concentration. The pretreatment with SF gave lower 
glucose concentrations than with HP at the same concentrations as the pretreating agent. This is because the 
lignin that inhibited the enzymatic hydrolysis was removed with acid pretreatment but to a lesser extent 
than the alkali treatment [31]. When the lignocellulose structure is destroyed with the pretreatment process, 
the enzyme will work more effectively. Using hydrogen peroxide in the pretreatment was found to have 
more effect on the enzymatic digestibility than using sulfuric acid in the pretreatment [29]. Moreover, the 
pretreatment with MW/SF at some concentrations was better than that with water in terms of glucose 
concentrations released from enzymatic hydrolysis. 

All types of pretreatment methods gave higher glucose concentrations than without pretreatment. 
This is because the high energy radiation of microwave pretreatment leads to more change in cellulosic materials 
by increasing specific surface area and decreasing the degree of polymerization of cellulose [32]. Taherzadeh 
and Karimi [3] reported that the pretreated bagasse with microwave radiation resulted in a double glucose 
concentration compared to the untreated bagasse, corresponding to this study's result (Figures 4 and 5). 

3.4 Bioethanol production from the SSF process  
Production of bioethanol from cellulose hydrolysate by S. cerevisiae in the combination of pretreated 

OPFP with MW/W gave the most significant bioethanol concentrations: 4.55, 6.28, 6.95, 8.02, and 9.17 g/l at 
different oil palm ages of 3-4, 4-7, 7-10, 10-20 and 20-25 years, respectively (Figures 4 and 5). The bioethanol 
yields based on the amount of glucose are also shown. The pretreatment of OPFP with MW/W gave the 
highest bioethanol yields in the range of 0.41-0.42 g-bioethanol/g-glucose regardless of the ages of OPFP. 
Similarly, the studies of Kaparaju et al. [33] and Kadar et al. [34] reported that the ethanol yields from rice 
straw and industrial wastes using S. Cerevisiae in simultaneous saccharification and fermentation (SSF) were 
0.41 and 0.31-0.36 g-bioethanol/g-glucose. The bioethanol yield obtained from sago pith waste using 
microwave hydrothermal hydrolysis was 0.47 g-bioethanol/g-glucose [10]. 

The pretreated OPFP with MW/W gave the highest bioethanol yield compared to MW/HP and 
MW/SF pretreatments. Although the MW/HP and MW/SF pretreatments showed higher glucose 
concentrations than the MW/W pretreatment in enzymatic hydrolysis, they generated greater amounts of 
inhibitors. These inhibitors significantly affected the efficiency of enzymatic hydrolysis, as seen from the 
higher glucose concentrations in the pretreatments with MW/HP and MW/SF. However, the inhibitors 
harmed the growth of yeast in fermentation. As a result, increasing the concentrations of hydrogen peroxide 
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and sulfuric acid decreased bioethanol yield. The combined pretreatment with MW/HP and MW/SF could 
increase the amount of cellulose. Still, it inevitably generated more toxicity (furfural, HMF, formic acid, 
acetic acid, phenol, etc.), negatively affecting the SSF's yeast activity. Inhibitory components such as acetic 
acid, furfural, HMF, formic acid, and phenolic compounds caused a lag phase in the cell growth of S. 
cerevisiae, resulting in a slow sugar consumption rate [35]. Therefore, the combined pretreatment of OPFP 
with MW/W is attractive. Furthermore, this type of pretreatment could save the cost of chemicals. 

 

 

 
Figure 4. Glucose, bioethanol concentration, and bioethanol yield in SSF process of OPFP at oil palm aged  

3-4, 4-7, 7-10, 10-20, and 20-25 years using the different OPFP pretreatment methods with MW/HP. 
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Figure 5. Glucose, bioethanol concentration, and bioethanol yield in the SSF process of OPFP aged 3-4, 4-7,  

7-10, 10-20, and 20-25 years using the different OPFP pretreatment methods with MW/SF. 
 

Comparisons between the concentrations of bioethanol from the experiment with the theoretical 
values were made and shown in Figures 6 and 7. The fermentation efficiency (%) is also included. The results 
showed that combining the pretreated OPFP with MW/W gave the highest efficiencies, about 82% of the 
theoretical bioethanol yield (0.51g-bioethanol/g-glucose), regardless of the ages of OPFP. Jung et al. [21] 
reported that the combined pretreatment with 1% (w/v) sulfuric acid and microwave at 1,200W and a 
heating time of 3 min resulted in 52.5% of theoretical ethanol yield after 72 hr of SSF. 
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Figure 6. Comparison of experimental and theoretical concentrations of ethanol and fermentation efficiency 

(%) at different oil palm ages: 3-4, 4-7, 7-10, 10-20, and 20-25 years using the different OPFP 
pretreatment methods with MW/HP. 
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Figure 7. Comparison of experimental and theoretical concentrations of  ethanol and fermentation efficiency 

(%) at different oil palm ages: 3-4, 4-7, 7-10, 10-20, and 20-25 years using the different OPFP 
pretreatment methods with MW/SF 

4. Conclusions 
OPFP pretreated with MW/W showed the highest bioethanol yield compared to MW/HP and 

MW/SF pretreatments. MW/HP and MW/SF pretreatments yielded higher glucose concentrations during 
enzymatic hydrolysis than MW/W pretreatments but produced large amounts of inhibitor. These inhibitors 
significantly affected the efficiency of enzymatic hydrolysis, as evidenced by the high glucose concentrations 
in the MW/HP and MW/SF pretreatments. However, the inhibitor adversely affected yeast growth during 
fermentation. As a result, bioethanol yield decreased with increasing hydrogen peroxide and sulfuric acid 
concentrations. Combined MW/HP and MW/SF pretreatments can increase the amount of cellulose but 
inevitably produce more toxic substances (furfural, HMF, formic acid, acetic acid, phenol, etc.) and reduce 
yeast activity in the SSF. 
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Abstract: This research was focused on the synthesis of 20 % wt silver, silver 
platinum alloy, and silver-copper alloy catalysts on carbon Vulcan XC- 72 
supporter for proton exchange membrane fuel cell (PEMFC) and direct ethanol 
fuel cell (DEFC) cathode using sodium borohydride method.  Herein, the ratio of 
silver and platinum or copper sources was 1:1 by weight.  The obtained catalysts 
were characterized by X-ray diffraction (XRD) and transmission electron microscopy 
(TEM), and the electro-activity performance was investigated on single-cell testing. 
XRD and TEM results confirmed the catalytic products of the Ag metal, AgPt alloy, 
and silver copper oxide (AgxCu2-xO).  Therefore, the particle size of the catalytic 
20% wt AgPt/ C was observed in the smallest size of about 4. 71 ± 1. 03 nm.  The 
catalyst was selected for PEMFC and DEFC cathode testing. It showed high power 
density of 14.68 and 1.26 W/cm2.g(M), respectively.  

Keywords: Silver-based alloy; Cathode catalyst; Proton exchange membrane fuel                       
                     cell, Direct ethanol fuel cell 

1. Introduction 
The proton exchange membrane fuel cell (PEMFC) and direct ethanol fuel 

cell (DEFC) are green technologies developed for continuous clean energy. 
Platinum supported on carbon catalyst was generally used as anode and cathode 
materials. Platinum will catalyze the hydrogen or ethanol dissociation into protons 
and electrons at the anode. After that, protons travel through the polymer 
electrolyte membrane from the anode to the cathode, where electrons travel along 
an external load circuit to the cathode side. At the cathode, platinum will catalyze 
the dissociation of oxygen. The electrons recombine with the protons and oxygen 
to form pure water as the reaction byproduct. Using a platinum catalyst at the 
cathode, the oxygen reduction reaction (ORR) was reported to be two electrons, 
producing hydrogen peroxide and destroying the electrode surface. Moreover, the 
platinum catalyst is an expensive reagent [1, 2]. Cathode catalysts such as platinum 
and non-platinum alloys have replaced pure platinum catalysts. This research 
focuses on silver and silver alloys because catalysts do not agglomerate after a long 
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operation. It has properties similar to platinum (same group of the periodic table and same face center cubic 
crystal structure) but at a much lower cost [3, 4]. Silver alloy catalysts such as CuAg/C [5], AgCu/C [6], and 
PtAg/C [7, 8, 9] have higher electro-activity than platinum catalysts. The catalyst for the cathode fuel cell should 
have nano-size particles with a good dispersion on the carbon supporter. To obtain a nano-sized product, many 
processes, such as heat treatment in hydrogen gas and nitrogen gas, are used [10, 11]. However, this method 
requires high energy and a complicated procedure. This research uses sodium borohydride (NaBH4) to reduce 
metal ions in solvent to form metal or metal alloy because of its strong reductive ability [12, 13, 14]. Moreover, 
good dispersion of catalysts on carbon support will be obtained using modified surface carbon with hydrogen 
peroxide (H2O2) [15, 16]. In this research, the functional groups on the carbon surface were modified by being 
treated with hydrogen peroxide. After that, the Ag, AgCu, and AgPt catalyst supported on treated carbon was 
synthesized by the NaBH4 method using AgNO3, Cu(NO3)2·3H2O and H2PtCl6·xH2O as metal sources and 
ethylene glycol as a solvent 

2. Materials and Methods 
2.1 Carbon supporter treatment 
 H2O2 was used to modify the carbon surface. First, Carbon Vulcan XC-72 (Fuel Cell Store) was stirred 
in H2SO4 (97.5-98.5%, RCI Labscan). Then, washed with deionized water and stirred in KOH (85.0%, Ajax 
Finechem). Then, it was washed and stirred in H2O2 (50%, World Chemical Group) for 48 hours at room 
temperature. Finally, it was filtered, washed with deionized water, and dried in the oven. Fourier transform 
infrared spectroscopy (FTIR, FTIR-8900, Shimadzu) characterized functional groups of the carbon surface. 

2.2 Synthesis of silver and silver-alloy 
Twenty percent by weights of silver, silver-platinum alloy, and silver-copper alloy catalysts supported 

on carbon Vulcan XC-72 were prepared using NaBH4 reducing agent. The ratio of silver to other metals was 
varied as 1:1 by weight. The treated carbon and metal sources (AgNO3 99.8%, RCI Labscan, Cu(NO3)2·3H2O 99.5%, 
QRëC, and H2PtCl6·xH2O, Sigma-Aldrich) were added into ethylene glycol (99.5%, LoBa Chemie). The NaBH4 

(97.0%, LoBa Chemie) was added to the mix solutions. The reaction was stirred for 24 hours. Finally, the black 
product was filtered, washed with ethanol (95%, World Chemical Group), and dried in an oven to obtain the 
catalyst samples (20 %wt Ag/C, 20 %wt AgCu/C, and 20 %wt AgPt/C). The prepared catalysts were characterized 
by X-ray diffraction (XRD, RigaKu, Cu Kα (λ 1.54)), Scanning Electron Microscopy (SEM, JSM-5910LV, JEOL) 
equipped with Energy Dispersive Spectroscopy (EDS, The Microanalysis Suite Issue-16, INCA) and 
Transmission Electron Microscopy (TEM, JEM-2010, JEOL) techniques. 

 

2.3 Single-cell testing 
 A single-cell testing station investigated the electrochemical performance of all catalysts acting as 
PEMFC and DEFC cathode (FCED, P200, APFCT). Catalyst-coated membrane (NR-212, Fuel Cell Store, as 
electrolyte for both fuel cells) was prepared using the commercial 20 %wt Pt/C (Fuel Cell Store, Pt/C_std) for the 
anode side and prepared catalyst for the cathode side. One membrane side was sprayed with an anode catalyst 
area of about 3 cm x 3 cm and nearly 0.4 mg/cm2 for catalyst loading. Another membrane side was sprayed 
with a cathode catalyst in the same area. A single-cell testing technique was used to compare the electro-
catalyst activity of PEMFC and DEFC. The PEMFC used hydrogen gas on the anode side and oxygen gas on 
the cathode side. The gas flow rate is 0.5 slpm for both sides. The single cell was operated at room temperature 
and 1 atm pressure. The DEFC used oxygen gas at the cathode side, and the gas flow rate was 0.5 slpm. At the 
anode side with 10% ethanol solution, the flow rate was 1.0 Lhr-1, and the temperature was 60 C. The single 
cell was operated at 60 C and 1 atm pressure. 
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3. Results and Discussion 
The modified functional groups on the treated carbon surface were compared with untreated carbon. 

They were characterized by FTIR, as shown in Figure 1.  It can be seen that the untreated carbon’s peaks at 
3155. 3 and 1602. 9 cm- 1 correspond to the vibration of - O- H and - C= C- , respectively.  However, they were 
observed with low intensity.  The treated carbon with hydrogen peroxide was detected in the bands at 3396.4, 
1652.9, and 1558.4 cm-1, corresponding to the vibration of –O-H, -C=O, and –C=C-, respectively.  It also detected 
the bands at 1440-1395, 1320-1210, and 750-650 cm-1 corresponding to the vibration of -C-O, -O-H, and -O-H out 
of the plane, respectively, confirmed carboxylic group (-C(=O)-O-H). Those functional groups appeared due to 
hydrogen peroxide, which acted as a strong oxidizing agent [17]  and can oxidize the carbon-carbon bond on 
the carbon surface to carboxylic group [18, 19] .  This carboxylic group, a negatively charged functional group, 
induces the formation of metal alloy catalysts on carbon due to electrostatic interaction between a metal ion 
and carboxylic group.  The catalyst on treated carbon surface with a good uniform distribution and smaller 
nanoscale than catalyst on untreated carbon because nucleation rate was greater than agglomeration rate of 
particle [20,21]. 

 

 
 

Figure 1. FTIR spectra of treated carbon and untreated carbon 
 

XRD patterns of 20 %wt Ag/C, 20 %wt AgCu/C, and 20 %wt AgPt/C catalysts are shown in Figure 2. All 
catalysts show the board peak at 2θ  24 corresponding to the (002)  plane of carbon.  20%Ag/C showed the 
peaks at 2θ = 38.06 (111), 44.21 (200), and 64.45 (220), which corresponded planes of cubic Ag metal with space 
group Fm3m (JCPDS No.00-004-0783) .  While XRD patterns of the catalytic products from synthetic 20 %wt 
AgCu/C were identified as AgxCu2-xO compound [22, 23] , XRD patterns exhibited evidence of the diffraction 
peaks have shifted to lower 2θ values, the position of (111) plane was closer to silver copper (I) oxide than Ag 
metal due to copper (I)  oxide with the larger hole radius than silver had replaced the silver position with the 
metals oxide can be oxidized by oxygen in air under NaBH4 solution condition at the ambient temperature is 
represented in Table 1.  The XRD pattern of the catalytic product from 20 %wt AgPt/C, the 2θ position of (111) 
plane of the sample, was compared with Ag and Pt metals, which were identified as AgPt alloy [8, 24, 25]  as 
shown in Table 1. The characteristic diffraction peaks of AgPt/C catalysts have shifted to higher 2θ values. The 
position of the (111) plane was closer to Ag alloy than Ag metal because the size of the unit cell from Ag alloy 
was smaller than that of Ag metal. In addition, platinum had been replaced with a smaller atomic radius than 
silver at the silver position.  After the metals were mixed to form an alloy, the acquired alloy phase provided 
the different unit cell parameters from the pure metals. In the case of the atomic distance, the distance between 
the same atomic types appeared further than the distance from the heteroatom by the effect of the atomic force. 
All XRD patterns are illustrated in Figure 2. The EDS technique confirmed the Ag, Cu, Pt, and O compositions 
of both silver compound and alloy, as listed in Table 2. 
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The EDS technique conducted the qualitative and quantitative analyses of elements for all catalysts, 
as shown in Table 2.  The EDS spectra of all catalysts confirmed the presence of respective elements and the 
amount of carbon, oxygen, and all metals on carbon.  The observed oxygen from this technique mostly came 
from metal oxide. The amount of the observed metals was less than the theoretical metals ratio because of the 
limitation of this technique and sampling was a small area to use as a representative for all catalysts. 

 
Table 1. Peak positions of the (111) plane between standard and alloy samples 

Sample catalysts 2θ for (111) plane 

Ag (JCPDS No. 00-004-0783) 38.12 

Pt (JCPDS No. 00-004-0802) 39.76 

Cu2O (JCPDS No. 00-005-0667) 36.42 

AgPt 38.78 

AgxCu2-xO 37.46 
 

 
 

Figure 2. The XRD patterns of silver metal, silver platinum alloy, and silver copper (I) oxide on carbon-
supported catalysts 

 
Table 2. Weight percent of silver metal, silver platinum alloy, and silver copper (I) oxide on carbon-supported 

catalysts from EDS 

Synthetic conditions 
Element (Wt%) 

Ag Cu Pt C O 
20 %wt Ag/C 22.71 - - 77.29 - 
20 %wt AgCu/C 10.01 9.15 - 76.92 3.92 
20 %wt AgPt/C 15.28 - 2.78 81.94 - 

 
 From TEM images of all catalysts shown in Figure 3, the particle sizes of catalysts were observed on 
the nanoscale with a good dispersion on the carbon surface. The average particle sizes (were used by ImageJ) 
from Ag/C, AgCu/C, and AgPt/C were 40.67±10.58, 21.99±7.20 and 4.71±1.03 nm, respectively. Figure 3 shows that 
the smallest particle is the AgPt/C catalyst. The catalyst with the smallest nanoscales will improve the fuel cell 
performance due to its high surface area [20]. The microstructure of all catalysts was characterized by TEM 
technique and the phases of products could be confirmed by the selected area electron diffraction (SAED) pattern. 
In Figure 3, the catalytic products from the synthetic conditions of 20 %wt Ag/C exhibit diffracted ring patterns 
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of (111), (200), (220), (311), and (222) planes of silver metal. By contrast, the catalytic products from the synthetic 
condition of 20 %wt AgCu/C exhibit diffracted ring patterns of (111), (200), (220), (311), and (222) planes of silver 
copper (I) oxide. Moreover, the catalytic products from the synthetic condition of 20 %wt AgPt/C exhibit 
diffracted ring patterns of (111), (200), (220), and (311) planes of silver platinum alloy. All the SAED results were 
related to the results from XRD and EDS techniques. 

 

 

 

 
 

Figure 3. TEM and SADE images of 20 %wt Ag/C (a), 20 %wt AgCu/C (b), and 20 %wt AgPt/C (c) catalysts 
 

Table 3. The power density of silver metal, silver platinum alloy, and silver copper (I) oxide on carbon-supported 
catalysts 

Synthetic onditions Catalysts at cathode 
Particle size 

(nm) 
Power density (W/cm2.g(M)) 

PEMFC DEFC 

- Pt/C_std - 10.32 1.17 

20 %wt Ag/C Ag/C 40.67 ± 10.58 4.99 0.37 

20 %wt AgCu/C AgxCu2-xO/C 21.99 ± 7.20 5.10 1.19 

20 %wt AgPt/C AgPt/C 4.71 ± 1.03 14.68 1.26 
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Single cells techniques for PEMFCs and DEFCs (in acidic type) were used to compare the electro-
catalysts activity performance between standard and sample cells. The anode catalyst for both cells was 
commercial 20 %wt Pt/C (Pt/C_std). The cathode catalyst for the standard cell was commercial 20 %wt Pt/C, and 
sample cells were prepared catalyst (20 %wt Ag/C, 20 %wt AgCu/C, and 20 %wt AgPt/C). The PEMFC was 
operating at room temperature. The DEFC was operating at 60 C because a higher temperature lowers the 
activation loss of the redox reactions, decreases the cell resistance, and enhances the reactant transport [26]. 
Figures 4(a) and 4(c) show the polarization curve between current density and voltage from single-cell testing 
of all catalysts for PEMFC and DEFC, respectively. It was found that the 20 %wt AgPt/C catalysts showed higher 
current density than other catalysts for both testing cells.  

The performance curves between current density and power density from PEMFC and DEFC testing 
of all catalysts are shown in Figure 4b and 4d, respectively. In Table 3, the 20 %wt AgPt/C catalysts showed 
higher power density than others. The catalysts were 14.68 and 1.26 W/cm2.g(M) (M as silver or silver alloy 
catalysts) from PEMFC and DEFC, respectively. The power density of PEMFC was higher than that of DEFC 
because, on the anode side, PEMFC used hydrogen gas, but DEFC used 10% ethanol solution. Hydrogen gas 
was faster to decompose with catalyst into positively charged protons and negatively charged electrons than  
ethanol solution [27,28]. The performance of 20 %wt AgPt/C catalysts was influenced by smaller particles than 
other catalysts, as confirmed by TEM images. The fine particle catalysts showed better performance because 
of many active sites on smaller particles compared to catalysts with large particle sizes [29]. In addition, 20 %wt 
AgPt/C catalysts were reportedly stable after long cell operation with less agglomeration and metals leaching 
[13]. Therefore, the ORR mechanism of silver platinum alloy formation can break the oxygen bond, leading to 
completed four-electron reduction without hydrogen-peroxide generation (Eq 1-3) [30,31]. 

 

AgM + O2 + e-  →  AgM-O-O- + H+ + e- → AgM-O-OH-         (1) 
 

 AgM-O-OH- + H+ + e- →  AgM-O- + H2O           (2) 
 
 AgM-O- + H+ + e-   →  AgM-O-OH- + H+  →   AgM + H2O         (3) 
 

 
Figure 4. Polarization curves and performance of silver metal, silver platinum alloy, and silver copper (I) 

oxide on carbon-supported catalysts for PEMFC (a-b) and DEFC (c-d) 
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4. Conclusions 
This research focused on synthesizing 20 %wt silver and silver alloy catalysts on carbon Vulcan XC-72 

for PEMFC and DEFC cathode with NaBH4 reduction methods. XRD, TEM, and SAED techniques confirmed 
the AgxCu2-xO/C catalyst using equal silver and copper nitrate. Meanwhile, 20 %wt AgPt/C catalyst can easily 
synthesize due to the high reduction potential of Pt. The particle size of the silver platinum alloy catalyst was 
observed in a smaller size, around 4.71±1.03 nm. It was selected for the catalytic PEMFC and DEFC cathode 
testing and showed higher power density than other catalysts. Both testing cells were 14.68 and 1.26 W/cm2.g(M), 
respectively. This research concluded that 20 %wt AgPt/C catalysts exhibited the highest performance catalyst 
for PEMFC and DEFC.  
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Abstract: Agile methodology is one of the most widely used methodologies in 
software development in many agencies and organizations thanks to its quick 
response to user’s needs and feedback and high level of user participation in the 
development process. This research aimed to develop a construction permit 
application system to enhance local governmental organizations’ efficiency in 
providing services to residents by applying Agile methodology and assessing 
user satisfaction with the system efficiency. The system was developed in the 
form of a responsive web application. The research was carried out in 2 parts: 1) 
System development by applying Agile methodology, and 2) Measuring user 
satisfaction in the efficiency of construction permit application system using 
black-box testing with a 5-point scale rating and applying descriptive statistics, 
namely average and standard deviation. The results from the research indicated 
that user satisfaction with the efficiency of the construction permit application 
system by adopting Agile methodology was at a very high level, scoring an 
average of 4.55 and a standard deviation of 0.57. The developed system using 
Agile led to the practical construction permit application system, which 
effectively met user’s needs. The system also met the standard criteria, which 
include the ability to operate according to functionalities designed, user-
friendliness, system performance, and satisfaction with security features. 
Moreover, the system development using Agile also provided quick responses 
to user needs and thorough, continuous engagements from all users in 
operations management. This would aid in developing a system that met the 
users needs and truly addressed current challenges. 

Keywords: Agile methodology; Construction permit application; Local government 
organization; Scrum; Web application 

1. Introduction 
Thailand’s 20-year national strategy ensures it achieves its vision of 

becoming “a developed country with security, prosperity, and sustainability.” 
The first phase of the strategy focuses on public services and government 
efficiency to push Thailand to the world’s top 60 highly digitalized governments 
[1]. This will also represent Thailand’s success in transforming into a digitalized 
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government on the global stage. Such transformation is vital to the government’s policy on digitalization and 
meets the needs of the public under the New Normal era, as per the Order of Prime Minister No. 267/2560 
dated 15 October 2017, which pursues adaptation of technology under the notion of “smart government 
service,” as a means to drive the country and serve the public by “local governmental organizations,” which 
is one of the government’s entities assigned to provide services to residents [2], [3]. 

Thailand scored a relatively high mark compared with 2018, moving to 57th out of 193 countries and 
ranking 3rd in ASEAN. Nonetheless, the Local Online Service Index (LOSI), which measures information 
services, transactions, and participation mechanisms from the local people of the main cities, is down in 2020; 
therefore, it is important to take into consideration all the measures [4], [5]. Local government organizations 
play a key role with residents and communities based on their importance. It is also equally important for 
local government organizations to adopt the policy of digitalization to meet the needs of residents since the 
policy would be one of the tools to enhance government agencies’ capability. Moreover, it is a decisive factor 
in fully embracing the government’s digitalization transformation policy. 

“Bureau of Mechanics, Surat Thani City Municipality” is a local organization located in the 
northernmost province of Southern Thailand or Surat Thani Province. The Bureau holds various 
responsibilities, such as monitoring, designing, drafting, and keeping records of historical infrastructure, 
building, and city planning per the Town Planning Act. Building control and inspection per the Act also fall 
under the Bureau’s responsibility. However, data is kept as hard copies and the construction permit 
application process is outdated. Lack of innovation and digitalization causes negative consequences to 
operations, management, and service provisions to the public. Information and communication technology 
are essential in transforming the organization. 

Therefore, this research aimed to develop a construction permit application system by applying Agile 
methodology to enhance local governmental organizations’ services to residents. Also, the study aimed to 
assess user satisfaction with the efficiency of the construction permit application system. System development 
using Agile methodology will pave the way to gather and store data systematically, access government data, 
track the status of applications via the LINE online messaging platform, etc. In addition, the methodology will 
increase speed and accuracy in managing, analyzing, storing, and utilizing data by applying digital 
technologies to manage the organization’s affairs and access from the public on every level. The use of Agile 
methodology in system development provides quick responses to user needs and thorough, continuous 
engagement from all users in operations management, which will aid in developing a system that meets the 
user's needs and truly addresses current challenges. 

2. Literature Review 
2.1 Background of Surat Thani City Municipality 

Surat Thani Municipality began as a community in Talat Sub-district, Mueang Surat Thai District, 
Surat Thani Province, the northernmost province of southern Thailand. It was governed as a sanitary district 
until 1932 when Thailand changed from absolute monarchy to democracy. The new form of governance 
brought new legislation in 1933 that converted Surat Thani Province sanitary districts into municipalities on 7 
December 1935 with a total area of 2.67 km2. On 14 October 1958, Surat Thani Province expanded its area, 
resulting in a total area of 6.95 km2. Years later, as the province experienced rapid prosperity and development, 
new communities and commercial regions were established within and surrounding Surat Thani 
Municipality. Those areas did not differ much in action and had their local governing entity. As the districts 
and sub-districts increased, those sanitary districts were later assimilated or converted into districts on 22 
December 1994, which enlarged Surat Thani province overall size to 68.97 km2. Currently, Surat Thani 
Province has a total population of 127,542 inhabitants. 

On 19 April 2007, Mr. Aree Wong-araya, Minister of Interior, signed the regulation, which came into 
force on 4 May 2007, promoting Surat Thani Town Municipality to become the City Municipality. The City 
Municipality has 8 offices: Office of Education, Office of Finance, Bureau of Mechanics, Office of Public Health 
and Environment, Office of the Municipal Clerk, Academic and Planning Division, Social Welfare Division, 
and Tax Information System Division [6]. This research is an extension of the e-tracking system, which is a 
part of big data management for enhancing the efficiency of serving people in the old town of Surat Thani 
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Municipality. The municipality once received support from the program management unit on Area-Based 
Development (PMUA), the Office of National Higher Education Science Research and Innovation Policy 
Council, and the Ministry of Higher Education, Science, Research and Innovation in 2020. Those supports were 
mainly given to the Bureau of Mechanics of Surat Thani City Municipality because much data was still stored 
in folders as hard copies. Searching for files and information was done manually, which was not in line with 
the government’s digitalization policy, where everything had to be fast and meet user’s needs. Moreover, the 
agency was ready to support and accommodate in terms of personnel and information for this research. 

2.2 Agile and Scrum 
Agile development methodology and Scrum are one of the most widely-used methods thanks to their 

fast-paced work by reducing hierarchical bureaucracy and paperwork, thus resulting in a more streamlined, 
straightforward, flexible, and result-oriented working environment [7], [8] [9], [10], [11], [12], [13], [14]. The 
frameworks focus on collecting feedback through user testing to rapidly adjust and fix any flaws, fostering 
faster system development and leading to achieving user needs in a timely fashion [7], [8]. 

Scrum is an implementation of an agile framework proposed for project management to manage the 
iterative software development process. It focuses on providing the most value at the earliest. Scrum is a team-
oriented agile technique that sets a limited-time boxed iteration called ‘Sprint’ in which the system is 
incrementally built and produces different artifacts for its work. It is one of the most popular agile 
methodologies, thanks to its simplicity and concentration on software management challenges rather than 
technical software development processes, making it broadly applicable to any domain. Three primary phases 
of the Scrum life cycle are described below [8]. 

1) The outline planning phase, also known as the pre-sprint phase, is the first step to describe the 
general objectives for the system being designed and built. The project team, tools, and resources needed are 
detailed. It is also known as iteration 0. 

• A Product Backlog is created and utilized to document client requirements through user stories and 
features. 

• The requirements are then reviewed and prioritized, and implementation effort is estimated by the 
product owner, whose role is to keep the product backlog visible and transparent. 

• As user stories are created gradually, the product backlog can be continuously updated, and the 
priority of existing stories may change throughout development. 

2) Development phase or sprint phase: It comprises sprint cycles, with the outcome of each cycle being 
incrementally added to the system. A sprint cycle has the following details: 

• Sprints are iterative fixed-length cycles that last between 2-4 weeks. 
• Each sprint follows the standard software process steps, starting from requirement analysis or sprint 

planning from the product backlog and finishing in the delivery phase following the sprint review. 
In the sprint planning meeting at the beginning of each sprint, which includes the development team 

and the product owner, works that must be completed will be agreed. Based on their priority, user stories are 
incrementally moved from the product backlog to the sprint backlog, and features and functionalities to be 
implemented are determined. A sprint cycle begins once the pre-sprint planning is completed. During a sprint, 
the Scrum master isolates the team from external distractions, and the features are built and tested daily 
through a meeting called daily scrum. Daily scrum meetings are limited to 15 minutes long to improve 
communication, synchronize activities, refocus the team on the common goal shared by all team members, 
and resolve any difficulties or hurdles that may arise. The sprint concludes with two meetings: the sprint 
review meeting, in which the sprint output, a potentially shippable increment, is inspected, analyzed, and 
assessed, and the sprint retrospective meeting, in which possible future improvements are discussed. 

• A burn-down chart is used to track the progress of the sprint. 
• Increments may be built by multiple teams, i.e., parallel sprints. 
3) The project closure phase occurs when the requirements meet the goals agreed upon by the product 

owner and the team. The most recent version of the product is now ready for release and distribution, and all 
the paperwork and user manuals are ready. 

It is crucial to work on product quality and measure software development projects to get better 
insight into the project's progress. Agile methodology addresses quality issues continuously and repeatedly, 
focusing on software quality through customers, minimizing errors, rapid development, and embracing changes. 
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 Thanks to its flexibility, adaptability, and light documentation, local and international researchers 
have applied Agile and Scrum in new system developments. In Thailand, many researchers have successfully 
reached their objectives by applying Agile, such as Lertjabok [15], who researches the implementation of Agile 
to Design and Develop a Visualization System in Digital Living Book: A Case Study of Office of Academic 
Resources and Information Technology, Raja Mangala University of Technology Isan which applies the agile 
methodology to design and develop a digital living book. The design and development are conducted in rapid 
mode as system users require. Users are, on average, well-received. 

Another study is Development of Decision Support System for Asset Budget: A Case Study of Krung 
Thai Bank Training Center, Khao Yai, Nakhon Ratchasima, which applies the agile methodology to designing 
and building a decision support system [16]. The system receives a very high level of user satisfaction since it 
serves as a tool for a training center to allocate budget fairly and appropriately. In addition, the system 
minimizes errors in asset budgeting. Phusri and Kritworakan’s research titled Factor Influencing Employee 
Motivation and Demotivation: A Study of the Siam Cement Group, Songkhla Province [17] has applied Agile 
methodology and Scrum to speed up website design for a small and medium enterprise. The research also 
aids daily interactions and communications between customers and team members to notify customers of any 
work progress and obstacles continuously, and fosters collaboration in creating the solution, ultimately 
reducing wasted time. 

Overseas researchers such as Hossain and Kashem [18] have stated that Agile techniques are applied 
to minimize risk factors by developing software quickly. Under agile methodology, any changes are welcome 
in the software development phase. Ultimately, this paper concludes that Agile techniques can increase 
software quality and customer value. Muhammad et al. [12] research has collected data from different software 
development companies’ employees to compare factors affecting software quality with agile and scrum 
methods. The main advantage of the agile technique is its emphasis on customer satisfaction and 
responsiveness to user requirements throughout its development cycle. By adopting the agile method, the 
software can capture almost all the required qualities. 

Therefore, applying agile methodology to rapidly complete the system development on time to have 
a system that meets user’s requirements becomes an alternative for developers to choose. 

3. Materials and Methods 
The research was divided into two parts. The first part focused on developing a construction permit 

application using agile methodology. The second part focused on stakeholders’ or users’ satisfaction towards 
the system efficiency using black-box testing [19], [20] with a 5-point Likert scale, then using statistical 
computation including average (x-bar) and standard deviation (S.D.) to derive the results [21]. Details are 
shown as follows. 

3.1 Development of construction permit application system by applying Agile methodology 
Agile methodology was used along with  Scrum as shown in Figure 1, to carry out this plan. 
 

 
 
 

 
 
 
 
 
 
 
 

Figure 1. System Development by applying Agile and Scrum. 
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minimizing costs and time to establish clear objectives. The development started with meetings between all 
stakeholders, such as the government sector (Bureau of Mechanics, Surat Thani City Municipality), the general 
public, and academics to collect issues, current situations, and organizational needs, to check human resource 
readiness, to exchange opinions, to collect requirements and expectations to set a scope of work and an 
operation plan, and to create user stories. The user stories can be summarized as shown in Table 1. For each 
user story, acceptance criteria were determined to build feasible system capabilities as intended. Each process 
could be explained as follows: 

• Setting up meetings to explain and inquire about user needs: 11 officials (Bureau of Mechanics, Surat 
Thani City Hall) from various sub-divisions were selected, including Application Form Screening and 
Evidence Verification Officer, City Planning Auditor, District Monitoring Officer, Engineering Officer, 
Sanitation Officer, Building Energy Auditor, Chief of Building and City Plan Control Sub-division, Director of 
Building and City Plan Control Sub-division, Director of Bureau of Mechanics, District Clerk, and Mayor. The 
public, including owners of local firms, the general public, and academics, were also chosen to understand the 
responsibilities of all sub-divisions;   

• Analyzing related documents, including (1) Application Form for Permission to change the Use of 
the Building (From Kor.2.), (2) Application Form for Permission to modify or use Parking Spaces, U-turns, and 
Vehicle Entrances/Exits for Other Purposes (Form Kor.3), (3) Application Form for Renewal of Permit for 
Construction, Modification, Demolition, or Relocation of Building (Form Kor.4), (4) Application Form for the 
Substitute of Permit or Substitute of Certificate (Form Kor.5), (5) Summary Report of Application to change 
the Use of Building (Form Kor.2), (6) Summary Report of Application to modify or use Parking Spaces, U-
turns, and Vehicle Entrances/Exits for Other Purposes (Form Kor.3), (7) Summary Report of Application for 
Renewal of Permit for Construction, Modification, Demolition, or Relocation of Building (Form Kor.4) and (8) 
Summary Report of Application for the Substitute of Permit or Substitute of Certificate (Form Kor.5); 

• A Performing feasibility analysis based on collected data, including assessment of the current 
information technology system or capital required to install the system, human resources needed to operate 
the system; 

Table 1. User stories. 

Step Stories Acceptance Criteria 

1 

As a public user/firm, I want to register and 
submit an application for different type of 
construction permit online to register and 
request a construction permit via the online 
platform. 

1) Register to submit an online application for a 
construction permit 
2) Edit information registered 
3) Display a registration result 

4) Print out a registration result 

2 

As a public user/firm, I want to 
register/save details of construction permit 
application form to register/save 
information of construction permit 
application via an online platform. 

1) Register/save details of various construction 
permit applications 
2)Display the result of registration and the 
information saved 

3) Print out the details of the application form 

3 

As public users/firms, I want to attach and 
track additional required documents (in 
case of missing to add) to complete the 
application. 

1) Display required documents (in case of missing to 
add) 

2) Submit additional required documents (in case 
additional documents are required) 

4 

As a public user/firm, I want to track an 
application and approval progress via an 
online platform and LINE application to 
check if the application is complete. 

1) Display a construction permit application status 
via an online platform 

2) Display the result of the construction permit 
application via the LINE application 



ASEAN J. Sci. Tech. Report. 2024, 27(1), 24-36. 29
ASEAN J. Sci. Tech. Report. 2024, 27(1), 24-36. 6 of 13 
 

 

Table 1. User stories. (continue) 

Step Stories Acceptance Criteria 

5 
As an official, I want to search and verify 
applications to approve/deny applications 
conveniently via an online platform. 

1) Search for applications for a construction permit  
2) Approve/deny applications  
3) Note a reason for denying applications 
4) Notify an applicant for additional documents (in 
case of incomplete application) 
5) Display details of approved/denied applications 

6 
As an officials, I want to see application 
data online, to manage and print out 
application data online conveniently. 

1) Submit details of different construction permit 
application forms 
2) Display a submission result 

3) Print out the information submitted 

7 

As an official, I want to search for 
information on construction permit 
applications submitted with selected 
conditions to verify information on different 
types of applications. 

1) Print out application documents submitted online. 
2) Generate construction permit application letters 

3 )  Generate reports of construction permit application 
results 

8 

As an official, I want to specify a level of 
approvals and centralize the approval 
permission to delegate approval authority 
to other officers. 

1) Determine a level of approvals to officers 
2) Delegate approval authority to officers 

 

 
2) Development phase or sprint phase: This step was where all stakeholders took part in a meeting to 

plan the entire system process and then bring user stories to break down into smaller items. Those stories are 
prioritized based on importance and assigned to sprint cycles. For this system, we assigned 8 sprints for the 
whole development cycle with a 24-week duration until the completion. For each sprint, user stories were 
chosen for development, testing, and trial run by a target group to collect user feedback and system 
functionalities flaws and find a solution to meet user’s needs. Details of the development were as follows.  

2.1) System Architecture  
From data collection and analysis, the development team designed the system architecture by 

facilitating users or stakeholders, including officials from several sub-divisions of the Bureau of Mechanics 
and ordinary users, to use the system as a responsive web application on various devices via the internet [22]. 
Programming languages included PHP and HTML with Bootstrap Framework, jQuery Framework, and LINE 
Messaging API to accommodate all types of devices. As for storing user data and construction permit 
applications, MySQL was chosen, as shown in Figure 2 of the system architecture. 

2.2) Database Design  
The development team and stakeholders designed a database using MySQL to systematically store 

and display data, as shown in Figure 3 (Entity Relationship Diagram). The diagram consisted of 29 tables with 
details as follows: user control (syst_avl), API to notify users (syst_avl_api), levels of approval 
(syst_avl_control), main application submissions (pvs_req), types of application (pvs_req_type), officials’ note 
(pvs_req_note), approved applications (pvs_req_approved), building proprietor form 1 (pvs_req_form1_owner), 
building proprietor’s agent form 1 (pvs_req_form1_agent), land dimensions detail form 1 (pvs_req_form1_land), 
building proprietor form 6 (pvs_req_form6_owner), building proprietor’s agent form 6 (pvs_req_form6_agent), 
permit application form 6 (pvs_req_form6_land), building proprietor form 7 (pvs_req_form7_owner), 
building proprietor’s agent form 7 (pvs_req_form7_agent), permit transfer details form 7 (transferer) 
(pvs_req_form7_land_pass), permit transfer details form 7 (transferee) (pvs_req_form7_land_receive), 
building proprietor form 2 (pvs_req_form2_owner), building proprietor’s agent form 2 (pvs_req_form2_agent), land 
dimensions detail form 2 (pvs_req_form2_land), building proprietor form 3 (pvs_req_form3_owner), building 
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proprietor’s agent form 3 (pvs_req_form3_agent), land dimensions detail form 3 (pvs_req_form3_land), building 
proprietor form 4 (pvs_req_form4_owner), building proprietor’s agent form 4(pvs_req_form4_agent), land 
dimensions detail form 4 (pvs_req_form4_land), building proprietor form 5 (pvs_req_form5_owner), building 
proprietor’s agent form 5 (pvs_req_form5_agent), land dimensions detail form 5 (pvs_req_form5_land). 

 

 

 

 

 

 
 

Figure 2. System architecture. 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 3. Entity-Relationship Diagram. 

3) Maintenance and Project closure phase: This process was divided into two parts. Each part could 
be explained as follows.  

3.1) Maintenance phase: This phase was about testing, fixing, and adjusting the system, which 
involved users’ direct interaction. After system development was complete in each development sprint, the 
system would be tested to gather inputs from different users, such as the Bureau of Mechanics, ordinary 
citizens, and the development team. In other words, we conducted a sprint review and then fixed all the bugs 
and flaws in the system functionalities. With the sprint retrospective for every sprint, we sought solutions to 
improve the system developed. Also, when an additional fix in each sprint was required, the development 
team would select works with lower priority from the product backlog or change the priority of each work to 
run a sprint backlog for each function until the development was complete.  

3.2) Project closure phase: This phase is about the requirements that could achieve the development 
of the operational system as per user stories designed, given the needs met and the goals set as agreed upon 
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by the system owner and the team. The most recent version of the system was now ready for release and 
distribution, and at the same time, all the paperwork and user manuals were ready. 

3.2 Designing a survey questionnaire to gather data on user satisfaction with the Construction Permit 
Application System by applying Agile methodology 

1) Design a questionnaire to measure the system to validate its accuracy, comprehensiveness, security, 
and quality, whether it met specifications or objectives, using the black-box testing method [19-20]. The survey 
comprised 25 questions in 5 dimensions: 1) Function Test, 2) Functional Requirement Test, 3) Usability Test, 4) 
Security Test and 5) Performance Test. Details of each test are as   

• First dimension: The function test was composed of 5 questions measuring the system’s ability to 
search for public user applications, set the level of approval, centralize the approval permission, ability to print 
application documents submitted, and the ability to generate reports on user applications.  

• Second dimension: Functional Requirement Test was composed of 5 questions measuring the 
system’s ability to record the application (officials), verify information and approve applications online 
(officials), submit applications online (public users), track each application status (public users), and send 
notification through LINE application. 

• Third Dimension: The usability Test was composed of 5 questions measuring the system’s user 
interface design, size of the user interface components, consistency of user interface, font size, and design, 
icon, and image to convey messages. 

• Fourth Dimension: The security Test was composed of 5 questions measuring the system’s ability to 
differentiate types of authorized users, protect users with a username and password, allow users to change 
the password, protect any technical error when retrieving documents submitted by users, and prevent data 
breach. 

• Fifth dimension: Performance Testing was composed of 5 questions measuring the speed of 
computation and display of submitted applications, ability to support simultaneous, multiple user access, 
stability to tolerate heavy continuous usage, stability to store simultaneous, multiple applications and 
information submitted, and ability to recover data in case of system crash. 

2) The questionnaire survey was measured by 3 experts using item objective congruence (IOC) to 
assess its validity and quality before testing in real situations [23]. 

3) After the experts reviewed the questionnaire survey, a 5-level Likert rating scale [21] was used to 
measure user satisfaction with system performance. There were 30 evaluators, including government officials 
from the Bureau of Mechanics and ordinary citizens. 

4. Results and Discussion 

4.1 Results of the development of construction permit application system by applying Agile methodology 
With a user-friendly design, the system was in the form of responsive web application designed for 

two main types of users: officials (government sector) and the general public. Details of the development 
outcome are shown in Figures 4 and 5: 

1) Officials (government sector): Officials included officers and personnel of the Bureau of Mechanics, 
Surat Thani City Municipality, including the Application Form Screening and Evidence Verification Officer, 
City Planning Auditor, District Monitoring Officer, Engineering Officer, Sanitation Officer, Building Energy 
Auditor, Chief of Building and City Plan Control Sub-division, Director of Building and City Plan Control 
Sub-division, Director of Bureau of Mechanics, District Clerk, and Mayor. The system allowed officials to 
search, review, approve, and deny applications. Also, the system could keep records of approved/denied 
applications, display details of approved/denied applications, and manage types of applications (Form Kor.2, 
3, 4, 5) via an online system (https://etracking.sru.ac.th/login.php). The system was able to authorize and 
assign different levels of approval. Besides, the system could display reports of different application statuses. 
Details of the development outcome for officials are shown in Figure 4. 

2) Public: Users, including residents, communities, and local firms, were allowed to submit and revise 
applications (Form Kor.2, 3, 4, 5), and check their application and approval status through the online system 
and LINE application. Details of the development outcome for the public are shown in Figure 5. 
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Figure 4. (a)-(d) Results of system development for officials (government sector users). 
 

 
 
 
 
 
 

 
 
 
 
 

(a) Screen of approval status through the online system.                          (b) Screen of approval status 
through LINE application. 

Figure 5. (a)-(b) System development results for the public (general public users). 
 

4.2 Results of user satisfaction in the efficiency of the construction permit application system by applying 
the methodology of Agile  

1) The results of designing a tool for assessing user satisfaction are shown below. 

Table 2 displays the results of the average IOC  score of each item calculated by 3 experts' ratings. The 
survey comprised 25 questions in 5 dimensions: 1) Function Test, 2) Functional Requirement Test, 3) Usability 
Test, 4) Security Test, and 5) Performance Test. The average IOC score for the questions was 1.00, within the 
standard limit of not less than 0.50. Therefore, it can be concluded that all the assessment items of the 
satisfaction assessment are accurate and can be utilized for evaluation. 

2) The results of user satisfaction in developing the construction permit application system. The results are 
shown below. 
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Table 2. The results of Item-Objective Congruence (IOC) scores from experts. 

Questions 
Experts Total 

score IOC Result 
1 2 3 

Functional Testing       

The ability to search for public user applications +1 +1 +1 3 1.00 Congruent 
The ability to set the level of approval +1 +1 +1 3 1.00 Congruent 
The ability to centralize the approval permission +1 +1 +1 3 1.00 Congruent 
The ability to print application documents submitted +1 +1 +1 3 1.00 Congruent 
The ability to generate reports on user’s applications +1 +1 +1 3 1.00 Congruent 

Functional Requirement Testing       

The ability to record the application  +1 +1 +1 3 1.00 Congruent 
The ability to verify information and approve 
applications online  

+1 +1 +1 3 1.00 Congruent 

The ability to submit applications online  +1 +1 +1 3 1.00 Congruent 
The ability to track each application status  +1 +1 +1 3 1.00 Congruent 
The ability to send notifications through the LINE 
application 

+1 +1 +1 3 1.00 Congruent 

Usability Testing       

User interface design +1 +1 +1 3 1.00 Congruent 
Suitable size of the user interface components +1 +1 +1 3 1.00 Congruent 
Consistency of user interface +1 +1 +1 3 1.00 Congruent 
Font size and design +1 +1 +1 3 1.00 Congruent 
Icon and image to convey messages +1 +1 +1 3 1.00 Congruent 

Security Testing       

The ability to differentiate types of authorized users  +1 +1 +1 3 1.00 Congruent 
Protecting users with a username and password +1 +1 +1 3 1.00 Congruent 
Allowing users to change the password  +1 +1 +1 3 1.00 Congruent 
Protecting any technical error when retrieving 
documents submitted by users  

+1 +1 +1 3 1.00 Congruent 

Preventing data breaches +1 +1 +1 3 1.00 Congruent 

Performance Testing       
The speed of computation and display of submitted 
applications 

+1 +1 +1 3 1.00 Congruent 

The ability to support simultaneous multiple-user access +1 +1 +1 3 1.00 Congruent 
The stability to tolerate heavy continuous usage +1 +1 +1 3 1.00 Congruent 
The stability to store simultaneous multiple 
applications and information submitted 

+1 +1 +1 3 1.00 Congruent 

The ability to recover data in case of system crash +1 +1 +1 3 1.00 Congruent 
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Table 3. User satisfaction in the development of the construction permit application system. 

Feature Tested  𝒙𝒙 S.D. Level   

Functional Testing 4.55 .59  Highest 
Functional Requirement Testing 4.67 .51  Highest 
Usability Testing 4.54 .53  Highest 
Security Testing 4.47 .63  Highest 
Performance Testing 4.53 .58  Highest 
Total 4.55 .57 Highest  

 
Table 3 displays user satisfaction with developing the construction permit application system, ranging 

from least to most satisfied. Regarding efficiency in meeting the user’s needs (Functional Requirement 
Testing), it was at the highest level with an average and standard deviation of 4.67 and .51, respectively, 
followed by the ability to operate according to functionalities designed (Functional Testing), which scored at 
the highest level with an average and standard deviation of 4.55 and .59 respectively, user-friendliness 
(Usability Testing) which scored at the highest level with an average and standard deviation of 4.54 and .53 
respectively, system performance (Performance Testing) which scored an average and standard deviation of 
4.53 and .58 respectively, and satisfaction in security features (Security Testing) which scored at the highest 
level with an average and standard deviation of 4.47 and .63 respectively. 

This research aimed to develop a construction permit application system to enhance local 
governmental organizations’ efficiency in providing services to residents and assess users' satisfaction with 
the system efficiency. The Methodology was carried out in 2 parts. The first part focused on system 
development by applying agile methodology, which included 3 main phases: problem recognition and 
feasibility study or pre-sprint phase, development phase, and maintenance phase. The second part focused on 
stakeholders’ or users’ satisfaction with the system efficiency. The result of system development was divided 
into two main sections: officials (government sector) and the general public. There were various functionalities 
of the system to use depending on the demands of the users, such as approving or denying various 
applications, notifying applications for additional documents, displaying details of various approved or 
denied applications, determining a level of approval officers, submitting details of different construction 
permit application forms, display construction permit application status via an online platform and LINE 
application, etc. The developed system is conducted rapidly and flexibly as required by system users and 
supports user involvement, resulting in a successful mission according to its goals. This is consistent with 
Muhammad et al. [12], Hossain [18], and Lertjabok [15], who found that the system is fast and meets the needs 
of users. Moreover,  Phusri and Kritworakan [17] found that applying Agile methodology could speed up web 
application design and aid daily interactions and communications between customers and team members to 
continuously notify customers of any work progress and obstacles, and foster collaboration in creating the 
solution which ultimately reduced time wasted. Moreover, the result of assessing user satisfaction showed 
that user satisfaction with the efficiency of the construction permit application system was at a very high level, 
scoring an average of 4.55 and a standard deviation of .57. The system also met the standard criteria, which 
include the ability to operate according to functionalities designed, user-friendliness, system performance and 
satisfaction in security features. Since the average score for users' overall satisfaction with the system was at a 
high level, it shows that the developed system by applying agile led to the practical construction permit 
application system that effectively meets users’ needs and could enhance local administrative organizations’ 
efficiency in providing services to residents and help the mission successful according to its standard criteria. 

5. Conclusions  
In this study, the research team designed the system in a responsive web application accessible via 

the internet by using PHP language storing data in the MySQL database. The system was developed by 
applying Agile methodology and Scrum with the participation of all stakeholders, including the government 
and general public sectors. The result of user satisfaction analysis, which was obtained via a tool developed 
by black-box testing in conjunction with a 5-level rating scale, concluded that users had a high level of 
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satisfaction with the efficiency of the system adopted Agile with an average score of 4.55 and a standard 
deviation of .57. The system was functional and could facilitate users very well. This was consistent with 
Muhammad et al. [12], Hossain [18], and Lertjabok [15], meaning that the system was fast and met the needs 
of users. Although the agile approach is popular and effective in developing a system that delivers value to 
users. However, it also comes with its own set of challenges and some limitations that can affect the speed and 
collaboration of the research, such as adding new requirements to a system that was not planned initially. To 
prevent this, it's important to define and prioritize the user stories, involve the user and stakeholders in the 
planning and review process, and get their feedback regularly. 
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Abstract: This study aimed to investigate the prebiotic properties of germinated 
Sang Yod brown rice in supporting the growth of the probiotic bacteria 
Lactobacillus pentosus GP6. Germinated brown rice was dried, ground into powder, 
and mixed with De Man Rogosa and Sharpe (MRS) broth at 1%, 3%, and 5%. 
Bacterial cells were counted at 0, 3, 6, 9, 12, and 24 h after incubation at 37°C. The 
results showed that the concentration of germinated Sang Yod brown rice powder 
that exhibited the highest bacterial growth was 3% (10.97 log cfu/ml), followed by 
5% (10.85 log cfu/ml) and 1% (10.42 log cfu/ml), respectively. The 3% germinated 
Sang Yod brown rice powder produced a synbiotic dietary supplement with L. 
pentosus GP6. The results showed that L. pentosus GP6 survived with 10.00-10.30 log 
cfu/ml cell numbers at 4°C for 6 months. This study demonstrated that germinated 
Sang Yod brown rice could be implemented as a prebiotic and component of 
synbiotic dietary supplement products.  

Keywords: Germinated Sang Yod brown rice; Prebiotic; Synbiotic dietary supplement  

1. Introduction 
Consumers increasingly demand healthy and safe foods like functional 

foods to improve overall health and well-being and reduce the risk of specific 
diseases [1]. Prebiotics are one of the fastest-growing sectors within functional 
foods. Many food products can consume these compounds as supplements or 
functional ingredients [2]. Prebiotics are substrates selectively utilized by 
probiotics, conferring a health benefit. Probiotics are “harmless live normal 
flora/microorganisms dietary food supplements which provide a health benefit on 
the host when administered in adequate amounts, and it also leads to having 
nutritional advantages” [3]. Different prebiotics will stimulate the growth of 
indigenous gut bacteria. Prebiotics have enormous potential for modifying gut 
microbiota. These substances are not digested in the stomach. Consequently, they 
reach the colon, selectively fermented by potentially beneficial bacteria [4]. Fruit, 
vegetables, cereals, and other edible plants are sources of carbohydrates 
constituting potential prebiotics. The following may be mentioned as such 
potential sources: bananas, corncob, sweet potato, barley, wheat, and rice [5-11].  

Rice is one of the basic components of the daily diet for nearly half of the 
world’s population. Nutritionally, it is an important source of carbohydrates, 
protein, iron, calcium, thiamine, riboflavin, and niacin [12]. Rice, especially non-
white rice, is considered a good source of prebiotic compounds. The Sang Yod red 
rice (Oryza sativa, L., var. indica) is a unique red rice, initially planted in Phatthalung, a 
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province in the south of Thailand, for a hundred years. It has been proposed as the protected rice variety under 
the law and registered as a good associated with geographical indications called Sang Yod rice of Muang 
Phatthalung since 2006 [13]. Sang Yod rice contains minerals, vitamin B complex, and bioactive compounds. 
The germinated brown rice contains biofunctional components like dietary fibers, phytic acids, vitamins, and 
γ-aminobutyric acid (GABA) [14,15]. Prebiotics are called dietary carbohydrates and soluble fiber that can 
stimulate the growth of potentially beneficial bacteria [16]. 

Finding optimal use of dietary fibers becomes increasingly imperative. Germinated rice is also a source 
of resistant starch, but its prebiotic properties have not been evaluated directly. In this respect, the exploration 
of the prebiotic effect of germinated brown rice and its application for the production of the synbiotic dietary 
supplement is lacking. Therefore, we investigate the prebiotic properties of germinated Sang Yod brown rice 
to support the growth of probiotic bacteria and the production of synbiotic dietary supplements. 

2. Materials and Methods 
2.1 Preparation of germinated Sang Yod brown rice  

Sang Yod brown rice was obtained from a local polishing mill in Phatthalung, in southern Thailand . 
The germinated Sang Yod brown rice was prepared by washing brown rice with water and repeated twice 
with water. The washed brown rice was soaked with water at room temperature (28-30 °C) for 4 h. The soaked 
brown rice was put in a container for germination. The germination process was performed at 35 °C for 36-40 h. 
The germinated brown rice was washed with water and used for further experiments. 

2.2 Preparation of germinated Sang Yod brown rice powder 
Germinated Sang Yod brown rice was dried in a hot air oven at 60 °C for 13 h (the final moisture 

content was 5%), then ground with a blender to make a fine powder. All samples were finely ground to obtain 
the 100-mesh powder. The samples were stored at -20 °C and used for further experiments.  

2.3 Preparation of probiotic microorganisms 
The probiotic microorganism used in the experiment, Lactobacillus pentosus GP6, was cultured in De 

Man Rogosa and Sharpe (MRS) broth at 37°C in an anaerobic condition for 48 h [17]. This bacterial culture was 
adjusted to 0.5 McFarland standard (microbial concentration was approximately 1.5×108 cfu/ml) with 0.85% 
normal saline solution (NSS). The bacterial suspension was diluted with MRS broth to obtain an initial 
microbial concentration of approximately 1×106 cfu/ml for further experiments.  

2.4 Study on prebiotic properties 
The prepared germinated Sang Yod brown rice powder was mixed in the MRS broth by adding the 

powder at 1, 3, and 5% (w/v) concentration. The sample without the germinated Sang Yod brown rice powder 
was used as a control sample. All samples were autoclaved at 121 °C for 15 min. L. pentosus GP6 (5%) was added 
to each sample and incubated at 37 °C under anaerobic conditions. Throughout the incubation period, samples 
were collected at 0, 3, 6, 9, 12, and 24 h to count microbial cells.  

2.5 Prebiotc index 
Prebiotic index (Ipreb) is the ratio of probiotic growth in the prebiotic to probiotic growth in a control 

(0% prebiotic). A prebiotic index higher than 1 means that tested carbohydrates positively affect the probiotic 
growth. If the prebiotic index is near 1, it indicates a low effectiveness of the tested carbohydrate. The prebiotic 
index was calculated using the equation: log cfu/ml of probiotic in tested carbohydrate/log cfu/ml of probiotic 
in control. 

2.6 Statistical analysis 
All experiments were conducted in triplicate and the results were expressed as mean ± SD. The 

statistical examination of the data was performed using the SPSS version 16.0 program. The probiotic growth 
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data (24 h of incubation) at different concentrations of Sang Yod germinated brown rice powder was compared 
to the control (0% prebiotic) using an analysis of the variance (ANOVA) test. These means were compared using 
the Duncan two-way Test at a 95 percent confidence level.  

3. Results and Discussion 
3.1 Germinated Sang Yod brown rice powder 

This study used germinated Sang Yod brown rice powder to study prebiotic properties. The yield of 
germinated Sang Yod brown rice soaked with water for 4 h following incubation at 35 °C was 85.70%. The 
germinated Sang Yod brown rice was dried at 60 °C, homogenized, and sifted through a 100-mesh sieve to 
generate the germinated Sang Yod brown rice powder (Figure 1). The mass of powder was 35.31 g or a yield of 
8.31%. Germination can alter brown rice's physicochemical, nutritional, and nutraceutical value. These changes 
in brown rice characteristics during germination are valuable information for developing functional rice-based 
food products [18].  

 
Figure 1. Germinated Sang Yod brown rice powder. 

3.2 Prebiotic property of Germinated Sang Yod brown rice powder 
In this study, we examined the prebiotic capacity of germinated Sang Yod brown rice to increase the 

growth of the probiotic strain. The growth promotion of L. pentosus GP6 by germinated Sang Yod brown rice 
is shown in Figure 2. The result found that all the concentrations of germinated Sang Yod brown rice powder 
increased the growth of L. pentosus GP6 compared to the control group (MRS broth without the germinated 
Sang Yod brown rice powder). The concentration of germinated Sang Yod brown rice powder that exhibited 
the highest bacterial growth was 3% (10.97 log cfu/ml) followed by 5% (10.85 log cfu/ml) and 1% (10.42 log cfu/ml), 
respectively. Based on these experimental results, the germinated Sang Yod brown rice expressed prebiotic 
properties. This finding was consistent with the previous study [19]. 
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Figure 2. The growth of L. pentosus GP6 in MRS broth mixed with germinated Sang Yod brown rice powder at 

concentrations of 1, 3, and 5%, for which the various letters showed a significant mean difference 
(p < 0.05) in each added concentration of germinated Sang Yod brown rice powder. 

 
The results obtained in this study showed that the probiotics could grow using the prebiotic as a 

carbon source. Several quantitative approaches have been devised to determine the functional activity of 
prebiotics under in vitro fermentation conditions. The previous research reported maximum Lactobacillus 
plantarum TISTR 875 growth in germinated Hang rice (3 and 5% w/v) of 4.5 log cfu/ml and 4.10 log cfu/ml, 
respectively [20]. Banana starch from Kluai Namwa Luang possessed the significantly highest probiotic growth 
promotion ability [21]. Moreover, to evaluate the prebiotic capacity of three commercial prebiotics, i.e., Frutafit, 
Oligomate 55, and lactulose, mostly probiotic bacteria isolated from commercial products grew faster on 
Frutafit and Oligomate 55 than on lactulose [22]. Another study reported that the fermentation of instant Sang-
Yod rice porridge mixed with isomaltooligosaccharides produced from rice starch showed a good preference 
for prebiotic properties [23]. The growth and viability of Lactobacillus rhamnosus GR-1 in fermented rice pudding 
samples supplemented with one type of prebiotic were investigated. The results showed that adding short-
chain inulin, long-chain inulin, and oat had no adverse supplementation effects on the viability of L. rhamnosus 
GR-1. There was the potential for producing a novel functional food [24].      

The number of bacterial cells at all concentrations of germinated Sang Yod brown rice powder was 
higher than that of probiotics at the minimum therapeutic dose (at least 106 cfu/ml or 6 log cfu/ml [25-26]. 
However, germinated Sang Yod brown rice powder added to MRS broth at concentrations of 1, 3 and 5%, 
respectively, after incubation at 37 °C for 24 h, L. pentosus GP6 did not differ in the early fermentation period 
compared to the control. Inoculation growth was inversely proportional to the amount of germinated Sang 
Yod brown rice powder used. This may be due to the addition of germinated Sang Yod brown rice powder, 
causing an increase in the amount of nutrients or the concentration of the solution. The viscosity of the food, 
especially macromolecules such as biopolymers, increases the viscosity of the food, which may impede its 
transmission into cells. This causes the cells to take time to adapt early. However, over time, the macromolecule 
compounds were degraded and promoted inoculation thus at the end of the fermentation process, the count 
in MRS broth mixed with germinated Sang Yod brown rice powder was higher than in MRS broth control unit 
at 24 h of curing. In addition, the different concentrations of germinated Sang Yod brown rice powder showed 
a significantly different effect on the growth promotion of L. pentosus GP6 (p < 0.05). Thus, 3% of germinated 
Sang Yod brown rice powder was used as a prebiotic to produce a synbiotic dietary supplement product . 
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3.3 Production of synbiotic dietary supplements 
The synergistic combination of probiotics and prebiotics leads to the formation of synbiotics. 

Synbiotics are the future-proof solution for novel and functional food [27]. Creating appropriate combinations 
of probiotic strains and nutraceutical mixtures remains key to developing multi-benefits synbiotic products 
because little information is known on nutraceuticals' effect on probiotics' viability [28]. In this study, we used 
3% of germinated Sang Yod brown rice powder as the component of a synbiotic dietary supplement product. 
This product examined the amount of bacterial cells during storage conditions at 4 °C for 6 months. The result 
showed that L. pentosus GP6 survived and grew from 10.00-10.30 log cfu/ml (Figure 3). Moreover, the survival 
bacteria cells exhibited more than 10.00 log cfu/ml, or 97.09% survival rates compared with the amount of L. 
pentosus GP6 cells at the start period.  

 
Figure 3. The amount of bacterial cells in synbiotic dietary supplement product during storage at 4 °C for 6 months. 

4. Conclusions 
The present study deals with the prebiotic property evaluation of germinated Sang Yod brown rice to 

support the growth of L. pentosus GP6 and the production of synbiotic dietary supplements. The germinated 
Sang Yod brown rice powder increased the growth of L. pentosus GP6; thus, germinated Sang Yod brown rice 
exhibited prebiotic properties. The 3% germinated Sang Yod brown rice powder was also used as a prebiotic 
to produce a synbiotic dietary supplement in conjunction with the probiotic L. pentosus GP6 strain. 
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 Abstract: The optimal layout of wind power plants is very important as the 
arrangement of wind turbine generators (WTGs) profoundly affects the 
overall energy output of the wind power plant.  To address this important 
issue, this research investigates the best layout for WTGs in wind power 
plants with different terrain features across three locations in Thailand using 
the Ant Colony Optimization (ACO) algorithm.  The objective functions of 
maximizing the net annual energy production (AEP) and minimizing the 
wake losses were used to achieve the optimal wind power plant layout.  
Using the MERRA-2 database, computational fluid dynamics (CFD) wind 
flow modeling was performed to create 10x10 km2 microscale wind resource 
maps of locations characterized by flat, semi-complex, and complex terrains 
to install wind power plants.  The CFD wind flow modeling yielded wind 
speeds of 5.00 to 5.76, 4.21 to 8.90, and 3.10 to 4.45 m/s for the flat, semi-
complex, and complex terrains, respectively, making them feasible for utility-
scale wind power plants.  WTGs of multiple blade diameters, ranging from 
90 to 126 m, with a nominal capacity of 2.5 MW at 100 m above ground-level 
hub heights, were used in this study.  The Gamesa G126-2.5MW WTG with a 
126 m blade diameter produces the highest net AEP of 14.3, 76.1, and 38.9 
GWh/yr for the three terrains.  Hence, this WTG was used to perform an 
ACO-based optimization to improve the electricity production of the wind 
power plants.  Such studies are important to improve the efficiency of wind 
power plants, thus extracting the maximum kinetic energy possible from the 
winds and improving the economic viability of wind power plants. 

Keywords: Wind power plant; wind turbine generator; ant colony optimization; 
annual energy production; wake loss. 

1. Introduction 
With growing energy demand, concerns regarding global warming 

are also rising as most of our energy demand is met by burning greenhouse 
gas (GHG) emitting fossil fuels.  Replacing fossil fuels with renewable 
sources is one of the most effective methods to combat the rising energy 
demand without polluting our environment. The adoption of renewable 
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energy is on the fast track, resulting in sources like wind becoming more common worldwide. The Global 
Wind Energy Council (GWEC) reports 93.7 GW of new wind energy installation in 2021, bringing the total 
global wind energy capacity to 837 GW, an increase of 12.4 % from 2020 [1].  For its part, Thailand heavily 
relies on fossil fuels to meet its rising energy demand [2].  However, the country has ambitious plans to 
diversify its energy mix by developing renewable energy sources. 

Thailand’s Alternative Energy Development Plan 2018-2037 (AEDP2018) will be the major roadmap 
for developing its energy sector.  According to this plan, Thailand will have an installed capacity of 29,411 
MW of renewable and alternative energy by 2037, of which 2,989 MW must come from wind energy [3].  
Throughout the country, Thailand has nominal wind speeds averaging 4 to 5 m/s at 90 m above ground level 
(agl) [4].  However, specific locations in the country have sufficient wind resources to develop wind power.  
In parts of the Northeast, particularly near the Korat Plateau's edge and along the coast of Nakhon Si 
Thammarat Province, the relatively high wind speeds offer good wind energy development opportunities [5–7].  In 
addition, the central regions of the country along the Gulf of Thailand and the Andaman Sea also have 
relatively high wind energy development potentials [8-9]. The bay of Bangkok in the Gulf of Thailand has 
good wind speeds of 5.5-6.5 m/s at multiple heights simulated using CFD and Weather Research and 
Forecasting (WRF) atmospheric models offering wind energy production capacities ranging from 6,000-80,000 
MW using different WTGs [10].  Using CFD wind flow modeling at multiple elevations, the wind potential of 
the Southernmost region of Thailand is assessed, resulting in a wind potential of 300 MW able to generate 690 
GWh/year of electricity [11]  A detailed wind resource mapping of the Nakhon Si Thammarat and Songkhla 
provinces in southern Thailand yielded a wind power generation protentional of 1,374 MW at 80 m agl and a 
407 MW of wind energy using small wind turbines [12]. Finally, some studies even estimate the onshore wind 
energy potential of Thailand between 13 to 17 GW if given the proper regulatory and policy attention [13].  
These studies suggest that Thailand has good onshore wind energy potential that can be developed to increase 
its renewable energy share in energy production.  However, considering the social challenges faced by onshore 
wind energy developments, there should be a high emphasis on increasing the energy output from individual 
wind power plants and thus minimizing their numbers.   

Wind power plants often cause visual and noise disturbances for residents living nearby [14].  Large 
wind turbines can cause significant visual disturbances and are facing increasing opposition from the public, 
especially from people living in highly aesthetic-valued areas [15]. With these factors influencing the 
development of new wind power plants, it is important to increase the energy output from the wind power 
plant to reduce the need for new wind power plant developments and to extract the maximum energy 
possible.  One way of doing it is to improve the layout of the wind power plant by optimally arranging the 
WTGs since their wake significantly affects the overall energy output of the wind power plant.  

Many studies have used various methods to design wind power plant layouts. Yang et al. [16] 
optimized the layout of a wind power plant to improve the energy output using the Simulated Annealing 
algorithm.  Chen et al. [17] applied a Greedy algorithm to reduce the wake effect of multiple hub height WTGs 
on flat and complex terrains.  Finally, using the objective function of levelized costs of energy (LCOE), multiple 
deterministic algorithms have been used to design optimal wind power plant layouts to reduce the LCOE in 
the presence of wake effects [18]. 

In this study, the layouts of the Pak Phanang Wind Farm, the Lamtakong Wind Farm, and the 
Romklao Wind Farm were optimized to increase the net AEP and to reduce the wake effects using the Ant 
Colony Optimization (ACO) algorithm.  This study contributes to developing methodologies to improve the 
energy outputs from wind power plants and their economic efficiencies.  

2. Materials and Methods 
2.1 Study area 
 The terrains in Thailand are classified into five classes by the National Terrain Classification System 
(NTCS), as summarized in Table 1. This study considers three slope categories: flat, semi-complex, and 
complex terrains, as shown in Table 2, with their respective slope gradients. 
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Table 1. Slope classes are defined by the National Terrain Classification System (NTCS) of Thailand. 

Slope Class Gradient (%) 

1 0 – 12 

2 13 – 20 

3 21 – 35 

4 36 – 50 

5 51+ 

Table 2. Practical slope descriptions. 

Slope Class Gradient (%) 

Flat 0 – 20 

Semi-complex 21 – 35 

Complex 35+ 

Three wind power plant sites are studied (Fig. 1) to optimize their layout using the AOC algorithm.  
The Pak Phanang Wind Farm, located in southern Nakhon Si Thammarat province, has a flat terrain with a 
3.73% slope gradient.  The Lamtakong Wind Farm, situated in northeastern Nakhon Ratchasima province, has 
a semi-complex terrain with a 21.2% slope gradient.  Finally, the Romklao Wind Farm, located in central 
Mukdaharn province, has a complex terrain with a 44.63% slope gradient. 

2.2 Wind data 
The wind data is a key component for the wind energy assessment of an area. This study used the 

MERRA-2 long-term wind database from 1985–2015 to generate virtual met masts (VMM).  The MERRA-2 
database presents wind speed and direction 50 m above ground level (agl).  The positions of the three VMMs 
used in this study are given in Table 3.  The average wind speeds for these VMM, based on the MERRA-2 
wind database, are 4.21 m/s for the Pak Phanang Wind Farm, 4.34 m/s for the Lamthakong Wind Farm, and 
4.23 m/s for the Romkhlao Wind Farm.  The Weibull distribution analysis, presented in Fig. 2, reveals that the 
shape parameter (k) and the scale parameter (A) were as follows:  Pak Phanang Wind Farm, k=2.686, A=4.738 
m/s; Lamthakong Wind Farm, k=2.737, A=4.88 m/s; and Romkhlao Wind Farm, k=2.652, A=4.763 m/s. 

2.3 Microscale wind resource map 
Microscale wind resource maps are used to evaluate the technical power potential of the wind 

resources over the areas studied.  CFD modeling was performed using the digital elevation model (DEM) 
presented in Fig. 3, roughness indices, and the wind data from the VMM for each site to determine the wind 
speeds within the domain of the three areas studied.  These microscale wind resource maps were created using 
ArcGIS V10.2 with a spatial resolution of 90 m. 

Table 3. The geographical position of three virtual met masts (VMM). 

Wind Power Plant Positions 
Coordinate 

Latitude Longitude 

Pak Phanang Wind Farm 
Pak Phanang District, 

Nakhon Si Thammarat Province 
8° 23' 13.71'' N 100° 14' 5.4'' E 

Lamtakong Wind Farm 
Sikhio District, 

Nakhon Ratchasima Province 
14° 49' 0.2" N 101° 33' 33.3" E 

Romkhlao Wind Farm 
Nikhom Kham Soi District, Mukdahan 

Province 16° 22' 49.2'' N 104° 24' 51.1'' E 
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Figure 1. The Pak Phanang Wind Farm, the Lamtakong Wind Farm, and the Romklao Wind Farm.  

2.4 Wind turbine generator 
 Multiple WTGs with a rated power of 2.5 MW and having different rotor diameters were tested in this 
study to find the optimal WTG to maximize the AEP and minimize the wake losses.   The characteristics of the WTGs 
studied are presented in Table 4.  Each WTG has a unique power curve, with power characteristics based on 
the cut-in wind speed (𝑐𝑐𝑖𝑖), the cut-out wind speed (𝑐𝑐𝑜𝑜), and the rated wind speed (𝑣𝑣𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡). It is shown in Fig. 4.  

Table 4. Characteristics of the wind turbine generators studied. 

Hub Height (m) Manufacturer/Model 
Rated Power 

(MW) 
Rotor Diameter 

(m) 
Cut-in Speed 

(m/s) 
Cut-out Speed 

(m/s) 

100 Nordex N90/2500 2.5 90 3.0 25.0 

100 Fuhrländer FL 2500/100 2.5 100 3.5 25.0 

100 General Electric GE 2.5-103 2.5 103 3.0 25.0 

100 FWT 104/2500 2.5 104 3.0 25.0 

100 Gamesa G126-2.5MW 2.5 126 2.0 21.0 
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Figure 2. The wind roses and Weibull distributions at an elevation of 50 m agl based on the MERRA-2 database 

for the three sites studied. 

 

Figure 3. The digital elevation model (DEM) was used in this study. 
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Figure 4. The power curves of the wind turbine generators studied: a) Nordex N90/2500; b) Fuhrländer FL 
2500/100; c) General Electric GE 2.5-103; d) FWT 104/2500; and e) Gamesa G126-2.5MW. 

2.5 Ant colony optimization algorithm 
 The Ant Colony Optimization (ACO) algorithm was developed for discrete optimization problems 
based on the ant colony’s food-searching behavior.  The ACO is a multistep optimization process, similar to 
an ant randomly finding food and leaving a chemical trail for its colony to follow to find the food source to 
bring back to the nest [19]. 

The ACO algorithm used in this study was performed using a MATLAB code.  A study by Eroglu  
[19] used an objective function to locate the WTG with the x-y coordinate system at the specified distance 
between the WTG and the total power generated by the WTG. 

The energy produced by the WTG is expressed as a linear equation.  This shows that the energy 
produced depends on the wind speed, consisting of three parts, as shown in Eq. 1 [20].  In Part 1 is the wind 
speed that is less than the cut-in wind speed 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 which is the lowest wind speed at which the WTG starts to 
generate electricity, with the electrical power produced equal to 0.  In Part 2, a linear equation as a function of 
the wind speed is applied between 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑣𝑣𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟  Which is the speed at which the nominal power of the 
WTG is determined.  This linear equation consists of a slope. (𝜆𝜆) and a constant (𝜂𝜂) to define the power curve.  
In Part 3, the WTG produces power at it nominal capacity (𝑃𝑃𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟) between the rated wind speed 𝑣𝑣𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟  and 
the cut-out wind speed 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 

 
𝑓𝑓(𝑣𝑣) = {

0                                  𝑣𝑣 < 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝜆𝜆 ∗ 𝑣𝑣 + 𝜂𝜂              𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ≤ 𝑣𝑣 ≥ 𝑣𝑣𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟
𝑃𝑃𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟,              𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 > 𝑣𝑣 > 𝑣𝑣𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟

} 
(1) 

Considering that the wind characteristics can be described by the Weibull distribution, which depends on the 
wind speed, the electrical energy produced can be expressed as in Eq. 2. 
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𝑃𝑃(𝜃𝜃) = ∫ 𝑓𝑓(𝑣𝑣)𝑝𝑝𝑣𝑣(𝑣𝑣, 𝑘𝑘(𝜃𝜃), 𝑐𝑐(𝜃𝜃))

∞

0

𝑑𝑑𝑣𝑣 

          = ∫ 𝑓𝑓(𝑣𝑣) 𝑘𝑘
(𝜃𝜃)
𝑐𝑐(𝜃𝜃)

∞

0

( 𝑣𝑣
𝑘𝑘(𝜃𝜃))

𝑘𝑘(𝜃𝜃)−1
𝑒𝑒−(𝑣𝑣 𝑐𝑐⁄ (𝜃𝜃))𝑘𝑘(𝜃𝜃)𝑑𝑑𝑣𝑣 

(2) 

Where 𝑘𝑘 is the shape parameter, 𝑐𝑐(𝜃𝜃) is the scale parameter at the direction (𝜃𝜃).  The Weibull function depends 
on the wind direction and wind speed (𝑣𝑣), whose direction is from 0o to 360o.  Eq. 2 can be written as Eq. 3.  

 
𝑃𝑃(𝜃𝜃) = ∫ 𝑝𝑝

360

0

(𝜃𝜃)𝑑𝑑𝜃𝜃 ∫ 𝑓𝑓
∞

0

(𝑣𝑣) 𝑘𝑘
(𝜃𝜃)
𝑐𝑐(𝜃𝜃) (

𝑣𝑣
𝑐𝑐(𝜃𝜃))

𝑘𝑘(𝜃𝜃)−1
𝑒𝑒−(𝑣𝑣/𝑐𝑐(𝜃𝜃))

𝑘𝑘(𝜃𝜃)
𝑑𝑑𝑣𝑣 

(3) 

Eq. 3 shows that the wind speed is continuous.  The wind speed is divided into equal ranges, described 
in terms of 𝑁𝑁𝑣𝑣 + 1 from 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 to 𝑣𝑣𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟 , with wind speed starting from 𝑣𝑣1, 𝑣𝑣2, 𝑣𝑣3, … . 𝑣𝑣𝑁𝑁𝑣𝑣 and 
𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 < 𝑣𝑣1, 𝑣𝑣2, 𝑣𝑣3, … . , 𝑣𝑣𝑁𝑁𝑣𝑣  <𝑣𝑣𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟  when  𝑣𝑣0 = 𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  and 𝑣𝑣𝑁𝑁𝑣𝑣+1 = 𝑣𝑣𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟 .  The energy produced by the WTG can 
be obtained from Eq. 4. 

 
𝑃𝑃 = 𝜆𝜆 ∑ (

𝑣𝑣𝑗𝑗−1 + 𝑣𝑣𝑗𝑗
2 )∫ 𝑝𝑝𝜃𝜃

360

0

(𝜃𝜃)
𝑁𝑁𝑣𝑣+1

𝑙𝑙=1
{𝑒𝑒−(

𝑣𝑣𝑗𝑗−1
𝑐𝑐𝑖𝑖(𝜃𝜃)

)
𝑘𝑘𝜃𝜃

− 𝑒𝑒−(
𝑣𝑣𝑗𝑗
𝑐𝑐𝑖𝑖(𝜃𝜃)

)
𝑘𝑘𝜃𝜃

} 𝑑𝑑𝜃𝜃

         +𝑃𝑃𝑟𝑟𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟 ∫ 𝑝𝑝𝜃𝜃
360

0

(𝜃𝜃)𝑒𝑒−(
𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑐𝑐𝑖𝑖(𝜃𝜃)

)
𝑘𝑘𝜃𝜃

𝑑𝑑𝜃𝜃

         +𝜂𝜂 ∫ 𝑝𝑝𝜃𝜃(𝜃𝜃) {𝑒𝑒
−(𝑣𝑣𝑐𝑐𝑐𝑐𝑟𝑟𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖(𝜃𝜃)

)
𝑘𝑘(𝜃𝜃)

− 𝑒𝑒−(
𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑐𝑐𝑖𝑖(𝜃𝜃)

)
𝑘𝑘(𝜃𝜃)

} 𝑑𝑑𝜃𝜃
360

0

 

(4) 

where 𝑐𝑐𝑐𝑐(𝜃𝜃) is the scale parameter at the wind direction 𝜃𝜃 after the wake effect is calculated from Eq. 5, while 
Eq. 6 computes the decreasing speed 𝑉𝑉𝑒𝑒𝑉𝑉_𝑑𝑑𝑒𝑒𝑓𝑓 at a distance 𝑑𝑑 of the WTGs. 

 𝑐𝑐𝑐𝑐(𝜃𝜃) = 𝑐𝑐(𝜃𝜃) × (𝑉𝑉𝑒𝑒𝑉𝑉_𝑑𝑑𝑒𝑒𝑓𝑓) (5) 

 
𝑉𝑉𝑒𝑒𝑉𝑉_𝑑𝑑𝑒𝑒𝑓𝑓 = (1 − √1 − 𝐶𝐶𝑇𝑇

(1 + 𝑘𝑘𝑑𝑑 𝑅𝑅⁄ )2) 
(6) 

In this research, the wind speed range is divided into 16 sectors, where 𝑁𝑁𝑣𝑣 + 1 = 16, so the energy 
generated by the WTG can be calculated from Eqs. 7-9.  
 

 

𝑃𝑃𝜆𝜆 = 𝜆𝜆 ∑ (
𝑣𝑣𝑗𝑗−1 + 𝑣𝑣𝑗𝑗

2 ) ∑ (𝜃𝜃𝑙𝑙=1 − 𝜃𝜃𝑙𝑙)𝑤𝑤𝑙𝑙−1
𝑁𝑁𝜃𝜃+1

𝑙𝑙=1

𝑁𝑁𝑣𝑣+1

𝑙𝑙=1

         ×

{
 
 

 
 

𝑒𝑒
−(

𝑣𝑣𝑗𝑗−1
𝑐𝑐𝑖𝑖(
𝜃𝜃𝑙𝑙−1+𝜃𝜃𝑙𝑙

2 )
)

𝑘𝑘(𝜃𝜃𝑙𝑙−1+𝜃𝜃𝑙𝑙2 )

− 𝑒𝑒
−(

𝑣𝑣𝑗𝑗
𝑐𝑐𝑖𝑖(

𝜃𝜃𝑙𝑙−1+𝜃𝜃𝑙𝑙
2 )

)

𝑘𝑘(𝜃𝜃𝑙𝑙−1+𝜃𝜃𝑙𝑙2 )

}
 
 

 
 

 

 
(7) 
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𝑃𝑃𝑟𝑟 = 𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∑ (𝜃𝜃𝑙𝑙−1 − 𝜃𝜃𝑙𝑙)𝑤𝑤𝑙𝑙−1𝑒𝑒
−( 𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝑐𝑐𝑖𝑖(
𝜃𝜃𝑙𝑙−1+𝜃𝜃𝑙𝑙

2 )
)

𝑘𝑘(𝜃𝜃𝑙𝑙−1+𝜃𝜃𝑙𝑙2 )

𝑁𝑁𝜃𝜃+1

𝑙𝑙=1
 

(8) 

 

𝑃𝑃𝜂𝜂 = 𝜂𝜂 ∑ (𝜃𝜃𝑙𝑙−1 − 𝜃𝜃𝑙𝑙)𝑤𝑤𝑙𝑙−1
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where 𝑃𝑃𝜆𝜆 is the power in relation to the slope in the linear equation of the power curve (kW); 𝑃𝑃𝑟𝑟   is the energy 
in relation to the maximum power that the wind turbine can produce (kW); and 𝑃𝑃𝜂𝜂  is the power in relation to 
the constant in the linear equation of the power curve (kW). 
 From Eqs. 7-9, the electric power of a WTG can be calculated from Eq. 10 and the electricity generated 
by a wind power plant can be calculated from Eq. 11. 

 
𝑃𝑃𝑖𝑖 = 𝑃𝑃𝜆𝜆 + 𝑃𝑃𝑟𝑟 + 𝑃𝑃𝜂𝜂 

(10) 

 
𝑃𝑃𝑓𝑓 =∑𝑃𝑃𝑖𝑖

𝑁𝑁𝑟𝑟

𝑖𝑖=𝑙𝑙
 

 
(11) 

where 𝑃𝑃𝑖𝑖 is the electric power as the WTG can produce (kW) and 𝑃𝑃𝑓𝑓 is the total electrical energy generated 
from wind power plants (kW). 

2.6 Analysis of electric power produced from wind power 
For the electric power analysis, the Gross Annual Energy Production (𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐴𝐴𝐴𝐴𝑃𝑃), the Net Annual 

Energy Production (𝑁𝑁𝑒𝑒𝑁𝑁 𝐴𝐴𝐴𝐴𝑃𝑃), and the wind power generation efficiency calculated as a capacity factor (CF) 
was assessed.  A higher Net AEP value indicates good wind energy production capacity in the targeted areas 
and is calculated using Eq 12. 

 𝑁𝑁𝑒𝑒𝑁𝑁 𝐴𝐴𝐴𝐴𝑃𝑃 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝐴𝐴𝐴𝐴𝑃𝑃 −  𝑊𝑊𝑊𝑊𝑊𝑊𝑒𝑒 𝐿𝐿𝐺𝐺𝐺𝐺𝐺𝐺 (12) 

The Gross AEP is calculated using the ACO algorithm, and the wake loss is the electricity production 
lost due to the wake effects of the WTGs in the wind power plant.  The N.O. Jensen wake model was used in 
this investigation.  The optimum layout of a considered wind power plant was simulated to analyze wake loss 
in WindSim computer software [23]. 

CF is defined as the availability of a WTG to produce electricity in a year and is given by Eq. 13 [24].  
The CF of a WTG also indicates the efficiency of the WTG. 

 𝐶𝐶𝐶𝐶 = ( 𝑁𝑁𝑒𝑒𝑁𝑁 𝐴𝐴𝐴𝐴𝑃𝑃
𝑅𝑅𝑊𝑊𝑁𝑁𝑒𝑒𝑅𝑅 𝐶𝐶𝑊𝑊𝐶𝐶𝑊𝑊𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶 × 8,760) × 100% (13) 

3. Results and Discussion 

3.1 Annual and Mean Wind Speeds 
 Generally, the shear coefficient is used to estimate wind velocity at higher elevations using the 
measurements from metrological instruments at lower elevations. The Power Law equation is the most well-
known equation for calculating the shear coefficient [21,22], and it was used in this study to estimate the wind 
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speed at 100 m agl based on the VMM reading at 50 m agl.  The annual wind speeds of the targeted wind 
power plants were calculated at 100 m agl. The variation amongst flat, semi-complex, and complex terrain is 
not significant, with average annual wind speeds of 4.64, 4.79, and 4.67 m/s at Pak Phanang district of Nakhon 
Si Thammarat province, Sikhio district of Nakhon Ratchasima province and Nikhom Kham Soi District 
Mukdahan province, respectively.  Similarly, the shape parameters in the study areas were 2.69, 2.74, and 2.65, 
respectively, while the scale parameters were 5.22, 5.38, and 5.25 m/s, respectively. 
 Using the WindSim tool, microscale wind resource maps, with a size of 10x10 km2 and a 50 m 
resolution, were created for the three study areas, as shown in Fig. 5.  The average annual wind speeds, at 100 
m agl, at the targeted wind power plants of Pak Phanang Wind Farm, Lamtakong Wind Farm, and Romklao 
Wind Farm ranges from 5.00 to 5.76, 3.1 to 6.45, and 4.21 to 8.90 m/s, respectively. 

3.2 Optimal suitability of wind power plants 
 Using the ACO algorithm in MATLAB, the optimization of the wind power plants was done.  With 
600 iterations and a processing time of 3.2 to 3.6 hours, the electricity produced in flat terrain Pak Phanang 
Wind Farm was between 8.6 and 14.3 GWh/yr using multiple WTGs, as shown in Tables 5 and 6.  With 14.3 
GWh/yr and a CF of 16.31%, the Gamesa G126-2.5MW wind turbine produced the highest AEP, while the 
Nordex N90/2500 WTG produced the least amount of AEP with 8.6 GWh/yr. 

Similarly, with 400 iterations and a processing time of 2.1 hours, the electricity production in the semi-
complex Lamtakong Wind Farm was in the range of 52.9 to 72.2 GWh/yr, as shown in Tables 7 and 8.  The 
Gamesa G126-2.5MW WTG produced the highest AEP and CF with 72.2 GWh/yr and 29.0%, respectively, 
while the Nordex N90/2500 WTG produced the least amount of AEP with 52.9 GWh/yr. 

Table 5. AEP of each wind turbine in flat terrain 

WTG 
HH 
(m) 

No. of 
WTG 

Capacity 
(MW) 

Gross AEP 
(GWh/y) 

Vavg 
(m/s) 

Wake 
Losses (%) 

Net AEP 
(GWh/y) 

CF 
(%) 

N90/2500 100 4 10 9.7 4.70 10.9 8.6 9.9 

FL 2500/100 100 4 10 11.3 4.68 1.7 11.1 12.6 

GE 2.5-103 100 4 10 11.6 4.68 15.1 9.8 11.2 

FWT 104/2500 100 4 10 11.3 4.68 4.9 10.7 12.3 

G126-2.5MW 100 4 10 15.4 4.70 7.2 14.3 16.3 
Note: HH = Hub Height; WTG = Wind Turbine Generator 

Table 6. Iteration and time consumption in flat terrain 

Turbine Iterations Time Consumptions (hr) 

N90/2500 600 3.63 
FL 2500/100 600 3.22 
GE 2.5-103 600 3.20 

FWT 104/2500 600 3.23 
G126-2.5MW 600 3.18 
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Figure 5. The average annual wind speeds of in the region of the Pak Phanang Wind Farm, the Lamtakong 

Wind Farm, and the Romklao Wind Farm. 

Table 7. AEP of each wind turbine in semi-complex terrain 

Turbine 
HH 
(m) 

No. of 
WTG  

Capacity 
(MW) 

Gross AEP 
(GWh/y) 

Vavg 
(m/s) 

Wake 
Losses 

(%) 

Net AEP 
(GWh/y) 

CF 
(%) 

N90/2500 100 12 30 55.7 5.8 5.1 52.9 20.11 
FL 2500/100 100 12 30 64.3 5.8 6.0 60.4 23.00 
GE 2.5-103 100 12 30 65.3 5.8 5.6 61.6 23.46 

FWT 104/2500 100 12 30 61.0 5.6 5.1 57.9 22.03 
G126-2.5MW 100 12 30 81.5 5.8 6.6 76.1 28.97 

Note: HH = Hub Height; WTG = Wind Turbine Generator 

Table 8. Iteration and time consumption in semi-complex terrain 

Turbine Iterations Time Consumptions (hr) 

N90/2500 400 2.08 
FL 2500/100 400 2.18 
GE 2.5-103 400 2.17 

FWT 104/2500 400 2.08 
G126-2.5MW 400 2.13 

 

In the same way, 800 iterations were performed for the complex terrain of Romklao Wind Farm with 
a processing time of 4.17-5.02 hours.  The electricity production ranged from 22.8 to 38.9 GWh/yr using 
multiple WTGs, as summarized in Tables 9 and 10.  Similarly to the other two wind power plant sites, the 
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Gamesa G126-2.5MW produced the highest AEP and CF of 38.9 GWh/yr and 13.7%, respectively, while the 
Nordex N90/2500 produced the least AEP of 22.8 GWh/yr with the lowest CF of 8.0%. 

In all three wind power plants with distinct terrains, the Gamesa G126-2.5MW wind turbine 
performed better, producing the highest AEP and CF with relatively low wake losses. This is due to its larger 
rotor diameter and lower cut-in speed.  Therefore, the final optimization of all three targeted wind power 
plants was done using this WTG.  Using the Gamesa G126-2.5 MW WTG, the ACO-optimized layout of the 
flat, semi-complex, and complex terrain wind power plants produced net AEP of 14.3, 76.1, and 38.9 GWh/yr, 
thus improving the electricity production of the wind power plants. The ACO-based optimized wind power 
plant layouts are presented in Figs 6 - 8. The optimized layouts have significant differences in the positions of 
WTGs compared to the original layout. 

Table 9. AEP of each wind turbine in complex terrain 

WTG 
HH 
(m) 

No. of 
WTG 

Capacity 
(MW) 

Gross AEP 
(GWh/y) 

Vavg 
(m/s) 

Wake 
Losses (%) 

Net AEP 
(GWh/y) 

C.F. 
(%) 

N90/2500 100 13 32.5 25.2 4.32 9.3 22.8 8.0 
FL 2500/100 100 13 32.5 32.5 4.46 7.1 30.2 10.6 
GE 2.5-103 100 13 32.5 36.7 4.58 2.7 35.7 12.53 

FWT 104/2500 100 13 32.5 30.6 4.37 10.0 27.5 9.7 
G126-2.5MW 100 13 32.5 42.7 4.38 9.1 38.9 13.7 

Note: HH = Hub Height; WTG = Wind Turbine Generator. 

Table 10. Iteration and time consumption in complex terrain 

Turbine Iterations Time Consumptions (hr) 

N90/2500 800 5.02 
FL 2500/100 800 4.17 
GE 2.5-103 800 4.18 

FWT 104/2500 800 4.22 
G126-2.5MW 800 4.23 

4. Conclusions 
 Wind energy is one of the important renewable energy sources and, along with solar energy, is 
becoming a primary source.  An important challenge in wind power development is optimizing the power 
production, where wind power plant operators work to maximize the energy output.  One way to improve 
the energy output from wind power plants is by optimizing their layout, as the positions of the WTGs in the 
wind power plants profoundly affect the overall energy output due to their wake effects.  It is, therefore very 
important to plan an optimal wind power plant layout in the design phase of the development, as the positions 
of the WTGs cannot be changed after installation. 

To achieve this target, this study employed the Ant Colony Optimization (ACO) algorithm to optimize 
the layout of wind power plants, with the objective functions of increasing the annual energy production 
(AEP) and the capacity factor (CF) of the plant, while reducing the wake effects.  Three wind power plants in 
different parts of Thailand, i.e., Pak Phanang Wind Farm, Lamtakong Wind Farm, and Romklao Wind Farm, 
have been studied, having flat, semi-complex, and complex terrains, respectively.  Using the MERRA-2 long-
term wind database, CFD wind flow modeling was used to map the microscale wind resource maps over the 
study areas, which revealed acceptable wind speeds for utility-scale wind power plants. 

The optimization used multiple commercially available WTGs with different rotor diameters and 
power characteristics to find the ideal WTG producing the highest AEP and CF with relatively low wake 
losses.  The Gamesa G126-2.5MW WTG performed the best in all three wind power plant locations, producing 
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the highest AEP of 14.3, 76.1, and 38.9 GWh/y in flat, semi-complex, and complex terrains, respectively, with 
relatively low wake losses making it the ideal WTG for the layout optimization.  Optimizing the layout 
improved The net AEP for the wind power plants.  Such studies are important to improve the efficiency of 
wind power plants, thus extracting the maximum kinetic energy possible from the winds and improving the 
economic viability of wind power plants.  However, the comparison between metaheuristic algorithms should 
be performed for further study. 

 

Figure 6. The original (left) and ACO (right) wind turbine locations in the Pak Phanang Wind Farm. 

 

Figure 7. The original (left) and ACO (right) wind turbine locations in the Lamtakong Wind Farm. 
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Figure 8. The original (left) and ACO (right) wind turbine locations in the Romklao Wind Farm. 
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Abstract: Thailand Tokamak-1 (TT-1) is a small tokamak under the operation 
of the Thailand Institute of Nuclear Technology. In our future plans, TT-1 has 
the feasibility of being equipped with external heating systems to achieve high-
performance plasma operation and conduct physics associated with fast ions 
generated by the external heating system. One of the potential external heating 
systems under consideration is a positive-ion-source-based neutral beam 
injection (NBI) heating system. The primary source of fast ions for the NBI can 
be either hydrogen or deuterium-doped hydrogen beams. This study examines 
how hydrogen and deuterium ions, namely protons and deuterons, 
respectively, move in orbits, using the Lorentz orbit (LORBIT) code to track 
their full gyromotion. The energy of the ions has been varied between 200 eV 
and 40 keV. Three trajectory motions have been characterized, i.e., counter-
passing ion, co-passing ion, and trapped ion. The average Larmor radius, 
dependent on the ion energies, has been investigated. The Larmor radius 
significantly increases with increasing ion energy in the case of trapped ions, 
while in the case of counter- and co-passing ions, the Larmor radius exhibits a 
slight increase with increasing ion energy. Furthermore, the pitch angle range 
of the lost ion in the TT-1 has been investigated. The results demonstrate the 
feasibility of utilizing a deuterium-doped hydrogen beam in TT-1 to study fast 
ion physics. To avoid a large number of lost ions, it is possible to use a 
deuterium-doped hydrogen beam with an energy not exceeding approximately 
10 keV in the TT-1. 

Keywords: Thailand Tokamak-1; Neutral Beam Injection; Protons; Deuterons; 
Lorentz orbit (LORBIT) code  

1. Introduction 
Fusion energy offers a nearly inexhaustible energy source and very low 

environmental pollution. To achieve suitable conditions for the fusion reactions 
on the Earth, plasma must be confined by powerful magnetic fields and 
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externally heated to multimillion-degree temperatures. One of the most effective external heating is the neutral 
beam injection (NBI), the primary source of fast ions, including protons and deuterons [1, 2]. Enhancing our 
understanding of fast ions is one of the important research areas in present-day fusion devices because 
effective fast ion confinement is essential for achieving high-performance plasmas [3]. In medium-sized fusion 
devices, such as the Compact Helical System (CHS) with a major radius of 1 m and a minor radius of 0.2 m, a 
1% deuterium-doped hydrogen NBI with a beam energy typically ranging from 35 to 40 keV was employed 
to study fast ion physics [4, 5]. 

Thailand is well aware of the impact of fusion technology and has a national plan for establishing a 
fusion research center. With support from the Chinese Academy of Sciences (ASIPP), the Thailand Institute of 
Nuclear Technology (TINT) is operating Thailand-Tokamak 1 (TT-1), which originated from a former device, 
HT-6M [6]. The installation of TT-1 at TINT's headquarters in Nakhonnayok province, Thailand, was 
completed at the beginning of 2023.  TT-1 is the small-size tokamak with a major radius of 0.65 m and a minor 
radius of 0.21 m. It can increase the plasma current (Ip) to 100 kA and the toroidal magnetic field strength (Bt) 
to 1.52 T. The first plasma was achieved in July 2023. In our plans, TT-1 will be equipped with external heating 
systems to achieve high-performance plasma operation and conduct physics associated with fast ions 
generated by external heating systems. One of the planned external heating systems will be a positive-ion-
source-based neutral beam injection (NBI) heating system [7, 8]. The first phase will employ an NBI equipped 
with a hydrogen beam. Deuterium-doped hydrogen beams are considered to enhance high-performance 
plasma conditions further. The ultimate goal of this work is to conduct a numerical investigation into the 
behavior of hydrogen and deuterium ions, namely protons and deuterons, respectively, by utilizing the 
collisionless LORBIT code [9] to track their full gyromotion in TT-1. This analysis will directly support the 
experimental plan's feasibility for achieving high-performance plasmas in TT-1 using NBI heating utilizing 
the hydrogen and deuterium-doped hydrogen NBI. This paper is structured as follows: section 2 describes the 
simulation setup, section 3 presents the results and discussion, and section 4 concludes with a summary. 

2. Simulation setup  
In this work, the orbit motions of protons and deuterons were tracked using the LORBIT code 

developed by the National Institute for Fusion Science, Japan [9]. This code has been widely employed for 
calculating the gyromotion of fast ions in various magnetic confinement systems such as in the LHD [10, 11], 
EAST [12], KSTAR [13], CFQS [14], Wendelstein 7-X [15], HL-2A and HL-2M [16]. In these works, the 
deuterons of the NBI source have been tracked to characterize the beam ion motion and study the prompt loss 
of beam ions for the design of fast ion loss diagnostics [15]. The LORBIT code has also been employed to study 
the behavior of fusion-born high-energy particles such as tritons and alphas [12]. An overview of the setup 
used to obtain the orbit motions of protons and deuterons is shown in Figure 1. The calculation in the LORBIT 
was linked to the magnetic field equilibrium. Here, the magnetic field equilibrium within TT-1 was determined 
using the FreeGS code, which solves the Grad-Shafranov equation with free boundary conditions [17]. The 
magnetic field equilibrium was provided for a plasma with an Ip of 100 kA, Bt of 1 T, and magnetic axis position 
(Rax) of 0.67 m. Ip was clockwise, and Bt was counterclockwise as viewed from the top. It was reported that in 
the TT-1, the prompt lost beam ion occurs at a time less than approximately 10− 6 s [7, 8]. Thus, this calculation 
set the orbit-following time to 10-4 s, high enough to track the deposited injected ion. Each ion was launched 
with the initial position fixed at a cylindrical coordinate of (r0, 0, z0) = (0.72 m, 0, 0) as shown in Figure 2a). The 
initial velocity along the z-axis (vz) was assumed to be zero. Additionally, velocity along the x-axis (vx) and 
velocity along the y-axis (vy) were varied for the initial velocity vector (v) to allow for the ion's initial pitch 
angle (χ0) to range from 0° to 180°. Note that the pitch angle was calculated by determining the angle between 
the v at the deposition position and the local direction of the B, i.e., χ is defined as χ = arccos(v||/v), where v|| 
represents the parallel ion velocity concerning the local direction of B. In this work, we varied the initial energy 
of protons and deuterons between 200 eV and 40 keV. In the collisionless motion, the total energy of the ion 
was constant along the trajectory. Furthermore, we employed the vacuum vessel geometry of TT-1 in the 
LORBIT calculation to study ion confinement and loss properties. Ions were considered lost when crossing 
with the last close flux surface (LCFS) and colliding with the vacuum vessel. Ion motion is determined by 
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solving the equation of motion subjected to the Lorentz force, i.e., mdv/dt = q(vB+E), where m is the mass of 
the proton (m = 1.67377  10-27 kg) or deuteron (m = 3.34359  10-27 kg), v is its relative velocity, q is the charge 
of the proton (q = 1.60219  10-19 C) or deuteron (q = 1.60219  10-19 C), B is the magnetic field and E is electric 
field. Note that E is excluded in the LORBIT calculation because the plasma's potential is usually significantly 
lower than the beam ions' energy. By tracking the ion's trajectory, we can analyze its motion within the TT-1. 
To validate the orbit motions of protons and deuterons in the TT-1, we calculated the average Larmor radius 
along the trajectory of each ion and the guiding center trajectory (see Figure 2b)). Note that the Larmor radius 
is given by L = mv⊥/ZeB, where m is the mass of the proton or deuteron, v⊥ is the relative perpendicular 
velocity, Ze is the charge of the proton (Ze = 1.60219  10-19 C) or deuteron (Ze = 1.60219  10-19 C), and B is the 
magnetic field. The guiding center trajectory was calculated using the MATLAB function called Envelope 
Extraction [18].  

 

 
 

Figure 1. Flowchart to calculate the motion of the hydrogen and deuterium beam ions in orbits using the LORBIT 
code to track their full gyromotion. 

 

 
 

Figure 2. a) The diagram shows the TT-1 torus, vacuum vessel, last close flux surface, initial position of an ion, 
and its velocity. b) The diagram shows the actual particle and guiding center trajectories where the 
Larmor radius is defined. 

3. Results and Discussion 
The results of the averaged Larmor radius along the trajectory and the guiding center trajectory of 

protons and deuterons in the TT-1 are reported in this section. 
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3.1 Characterization of ion motion in TT-1 
Figure 3a) illustrates the orbit motion of protons, while Figure 3b) depicts the orbit motion of 

deuterons in a poloidal view. For these calculations, the initial position of the ions was located at (r0, 0, z0) = 
(0.72 m, 0, 0), and the initial energy of both protons and deuterons was set to 20 keV. In this study, we varied 
the velocities along the x-axis (vx) and y-axis (vy) to allow the ion's initial pitch angle to range from 0° to 180°. 
We observed that the trajectories of protons and deuterons exhibit four distinct types of motion: counter-
passing ion, co-passing ion, trapped ion, and ion loss. The counter-passing ion is classified by shifting inward 
concerning the magnetic axis of ion motion. In contrast, the co-passing ion is classified by shifting outward 
concerning the magnetic axis of ion motion. The trapped ion is classified into a banana shape. All trajectories 
characterized as a counter-passing ion, co-passing ion, and trapped ion remained confined within TT-1 
without impacting the vacuum vessel, in other words, without crossing the LCFS, while ion loss occurred 
when ions crossed the LCFS and hit the vacuum vessel. Enhancing our understanding of fast ion confinement 
and loss behavior in the TT-1 is one of the important issues for achieving high-performance plasmas in future 
operations using NBI heating. The motion of ions depends on the pitch angle, and we have summarized the 
pitch angle range data for protons and deuterons in Table 1. The ion loss ranges for proton and deuteron 
occurs at angles resulting in the upper region of counter-passing ions, as the ions have high parallel velocity 
(v|| >> v⊥) with co-direction with the magnetic field (low pitch angle), and the curvature drift is dominant for 
the drift orbit. In TT-1, it is found that the lost beam ions move upward due to ion curvature drift, and thus, 
the lost positions are located on the upper panel of the vacuum vessel (see Figures 3 and 4). It is clear that even 
though protons and deuterons exhibit the same characteristic motion and pitch angles, their Larmor radius 
significantly differs due to their mass differences. Deuterons show a wide range of pitch angles, which can 
result in ion loss. Figure 4a) displays the typical collisionless proton orbits depicting counter-passing ion 
confinement and ion loss in a three-dimensional view. The lost beam ions are classified into a fat banana orbit 
and collide with the vacuum vessel. Figure 4b) illustrates the extracted guiding center trajectory of these actual 
motions in poloidal projection.  

 

 
Figure 3. a) Examples of the trajectories of the counter-passing ion (red), co-passing ion (magenta), trapped 

ion (green), and loss ion (blue) of proton in poloidal view of TT-1 when the initial pitch angles of 
hydrogen were set to be 50˚, 105 ˚, 89 ˚, and 66 ˚, respectively. b) Examples of the trajectories of 
the counter-passing ion (red), co-passing ion (magenta), trapped ion (green), and loss ion (blue) 
of the deuteron in the poloidal view of TT-1 when the initial pitch angles of hydrogen were set to 
be 50˚, 105 ˚, 89 ˚, and 66 ˚, respectively. Note that the initial position of the ions was located at (r0, 
0, z0) = (0.72 m, 0, 0), and ion energy was 20 keV. 
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Figure 4. Typical collisionless proton orbits were calculated by the LORBIT code in a) three-dimensional view 
and b) poloidal projection. The figures show the actual particle and guiding center trajectories (thick 
lines). Lost beam ions (blue) are classified into a fat banana orbit and hit the vacuum vessel, while 
confined beam ions (red) exhibit counter-passing ion orbits and are well-confined. 

Table 1. Relationship between the motion and pitch angle range of protons and deuterons. 

Ion type Motion type Range of pitch angle 
Proton counter-passing ion 0 -  60 

 co-passing ion  100 -  180 
 trapped ion  75 -  100 
 loss ion  60-   75 

Deuteron counter-passing ion 0 -  50 
 co-passing ion  100 -  180 
 trapped ion  85 -  100 
 loss ion  50-   85 

3.2 The impact of energy on confined ion motion  

 In this study, we varied the energy of protons and deuterons in the range of 200 eV to 40 keV to 
investigate how energy affects ion confinement motion. Figures 5a) and 5b) depict the trajectories of confined 
protons when the ion has an energy of 2 keV and 10 keV, respectively. Larmor radius is given by L = mv⊥/ZeB, 
where v⊥ is proportional to the ion energy. Consequently, as the ion energy increases, the Larmor radius of 
ions also increases. It is evident in this work that the orbital motion, in other words, Larmor radius, increases 
with higher energy.  Similarly to the proton motion, the confined deuteron trajectories are shown in Figures 
5c) and 5d). The results show that the orbital motion of deuterons, in other words, Larmor radius, increases 
with higher energy. The Larmor radius of protons and deuterons was calculated and is displayed in Figure 
6a) for counter-passing ions, Figure 6b) for co-passing ions, and Figure 6c) for trapped ions. In the counter-
passing ion case, the Larmor radius slightly increases from 0.04 cm to 0.60 cm for protons and from 0.05 cm to 
0.91 cm for deuterons when the ion's energy increases from a few eV to an extremely high energy of 40 keV. It 
is found that deuterons have almost the same Larmor radius as protons at low energy and are approximately 
52 % larger at an extremely high energy of 40 keV. In the co-passing ion case, the Larmor radius slightly 
increases from 0.04 cm to 0.48 cm for protons and from 0.05 cm to 0.68 cm for deuterons when the ion's energy 
increases from a few eV to an extremely high energy of 40 keV. It is found that deuterons have almost the 
same Larmor radius as protons at low energy and are approximately 42 % larger at an extremely high energy 
of 40 keV. In the trapping case, the Larmor radius significantly increases from 0.21 cm to 3.00 cm for protons 
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and from 0.30 cm to 4.23 cm for deuterons when the ion's energy increases from a few eV to an extremely high 
energy of 40 keV. It is found that deuterons' Larmor radius is approximately 42 % larger than a proton's 
Larmor radius at an ion's energy of 2 keV and approximately 41 % larger than a proton's Larmor radius at an 
extremely high ion's energy of 40 keV. 

 

Figure 5. Typical orbit of well-confined ions characterized as counter-passing ion, co-passing ion, and trapped 
ion of proton with energy of a) 2 keV and b) 10 keV, and deuteron with energy of c) 2 keV and d) 10 keV. 

 

 

Figure 6. Typical Larmor radius of proton and deuteron characterized by a) counter-passing, b) co-passing, 
and c) trapping motions. 
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3.3  The impact of energy on loss ion motion  

Most of the lost ions were near the passing and trapped boundary where the trapped ion is classified 
into a banana shape. The size of the banana orbit can be calculated by considering the motion of a trapped 
particle in a nonuniform magnetic field. The width of the orbit (W) can be written as W = 2v||/ ωc, where ωc 

is a gyro-frequency. Since v|| is proportional to the ion energy, the size of the banana orbit increases as the ion 
energy increases.  In this evaluation, we assessed the behavior of trapped and lost ions when the pitch angle 
was fixed at approximately 80° while varying the energy from 200 eV to 40 keV. Figures 7a) and 7b) show the 
guiding center trajectory of protons and deuterons, respectively. Note that the actual motions were removed 
for better visibility. As the energy increases, the trajectory width and height of the banana orbit, in other words, 
the banana shape, become larger. Note that the width of the banana orbit was determined from the maximum 
trajectory width in the radial direction, and the height of the banana orbit was determined from the maximum 
trajectory height in the z-axis direction (see Figure 7a)). The protons became lost ions when they had an energy 
above 20 keV, while the deuterons became lost ions when they had an energy above 10 keV. The width and 
height of the banana-shaped motion for protons and deuterons, which depended on the ion's energy being 
lower than the energy that causes the fat banana orbit of a lost ion, were calculated and displayed in Figures 
8a) and 8b), respectively. At an ion's energy increased from 200 eV to 10 keV, the results show that the banana 
shape width significantly increases from 0.01 m to 0.05 m for protons and from 0.01 m to 0.08 m for deuterons. 
The banana shape width of deuterons was approximately 60 % wider than the banana shape width of protons 
at an ion’s energy of 10 keV. Consequently, the banana shape height significantly increases from 0.08 m to 0.13 
m for protons and from 0.08 m to 0.16 m for deuterons. The banana shape height of deuterons was approximately 
23 % higher than that of protons.  

 

Figure 7. The typical guiding center trajectory of a) protons and b) deuterons was characterized by a banana 
shape when the pitch angle was fixed at approximately 80° while varying the energy from 200 eV to 40 keV. 
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Figure 8. a) The width of the banana orbit, determined from the maximum trajectory width in the radial 
direction, and b) the height of the banana orbit, determined from the maximum trajectory height 
in the z-axis direction for protons and deuterons versus ion's energy that lower than the energy 
that causes the fat banana orbit of a lost ion. 

4. Conclusions 

In our upcoming initiatives, TT-1 is exploring the possibility of integrating external heating systems 
to enhance plasma performance and investigate the physics associated with fast ions generated by these 
external heating systems. Among the considered options is a positive-ion-source-based NBI heating system. 
The NBI plan can utilize hydrogen and deuterium-doped hydrogen beams as its primary ion source. This 
study focuses on the orbital dynamics of protons and deuterons, employing the collisionless LORBIT code for 
trajectory tracking. The investigation categorizes three types of confined ion motions: counter-passing ions, 
co-passing ions, and trapped ions, for both protons and deuterons, which depend on their initial pitch angles. 
Additionally, we examine how the average Larmor radius, influenced by ion energies, evolves. We observed 
a significant increase in the Larmor radius with higher ion energy, particularly for trapped ions. In contrast, 
counter-passing and co-passing ions exhibit a more modest increase in Larmor radius as ion energy rises. The 
results demonstrate the possibility of using either a hydrogen and/or a deuterium-doped hydrogen NBI in TT-
1 to study fast ion physics in plans. In future work, exploring the feasibility and effectiveness of NBI in TT-1 
is recommended by utilizing the birth profile of ions computed using the Monte Carlo fast ion module 
NUBEAM code. The investigation should consider factors such as ion collisions, charge exchange loss and 
recombination, and the transport of beam ions. The results from this study will directly contribute to shaping 
the future experimental strategy for achieving high-performance plasmas by utilizing the external heating 
system, such as the NBI system in TT-1. 
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Abstract: Xanthine oxidase (XO) is a crucial enzyme of the purine catabolism 
pathway, which catalyzes the reaction of hypoxanthine to xanthine and xanthine 
to uric acid. The high level of uric acid leads to gout, kidney disease, and several 
disorders. In this study, molecular docking was performed to investigate 
potential bioactive compounds from Thai medicinal plants that acted as XO 
inhibitors compared to commercial drugs. Among 30 bioactive compounds 
tested, 16 were classified as strong XO inhibitors. These compounds include 
asiatic acid, benzyl glucosinolate, beta-sitosterol, chlorogenic acid, curcumin, 
eupatorin, gamma-mangostin, hibiscitrin, lutein, nimbolide, piperine, quercetin, 
rosmarinic acid, rutin, sesamin, and vitexin. They exhibited binding affinity 
values ranging from -8.5 to -10.6 kcal/mol. Moreover, moderate XO inhibitors 
were identified with binding affinity of -6.2 to -8.0 kcal/mol, consisting of the 7 
compounds of gallic acid, garcinia acid, gingerol, limonene, linalyl acetate, 
panduratin A, and scopoletin. As a result, Thai medicinal plants could serve as 
potential sources of bioactive compounds for further drug design for treating 
gout patients. 

Keywords: Molecular docking; Xanthine oxidase; Gout; Thai medicinal plants 

1. Introduction 
Gout is an inflammatory arthritis that can affect anyone, regardless of 

gender and age. It has been reported to increase rapidly worldwide [1]. Gout is 
a prolonged presence of high uric acid levels (hyperuricemia) in the 
bloodstream. This condition leads to the formation of monosodium urate 
crystals, which can accumulate in synovial fluid or surrounding tissue, causing 
acute and chronic inflammation, tissue damage, and pain [2]. Moreover, gout 
patients are at risk of developing chronic conditions such as hypertension, 
chronic kidney disease, cardiovascular diseases, diabetes, or metabolic 
syndrome, which can impact their quality of life [3].  

Gout is an inherited purine metabolism disorder involving xanthine 
oxidase (XO, EC 1.17.3.2), an enzyme responsible for breaking down purine 
nucleotides to uric acid. Excess uric acid can then crystallize and trigger the 
symptoms characteristic of gout. The XO-catalyzed reaction produces reactive 
oxygen species (ROS), causing oxidative damage to tissues and other diseases 
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linked to oxidative stress [4-5]. The XO inhibitors have been investigated as potential drugs to block the 
biosynthesis of uric acid and have shown promise in anti-cancer therapies [6]. Allopurinol is a common drug 
for gout treatment, mainly included as an XO inhibitor to reduce uric acid levels. However, it has been 
reported on side effects, such as hypersensitivity reactions, Stevens–Johnson syndrome, hepatotoxicity, and 
nephrotoxicity [7]. Febuxostat is a recommended drug for gout patients beyond allopurinol, with superior 
antioxidant and anti-inflammatory effects [8]. However, febuxostat has fewer effects on skin reactions than 
allopurinol but increases the risk of gout in patients with cardiovascular diseases [9]. Both drugs function as 
XO inhibitors by stably binding the XO active sites, preventing the conversion of xanthine to uric acid. 

Many bioactive compounds were recently studied for their anti-oxidative, antibacterial, antiviral, and 
anti-mutagenic activities in vitro and in vivo experiments, including XO inhibitors from plants [10-11] and fungi 
[12]. To avoid these adverse side effects of drugs for gout treatment, bioactive compounds with fewer or no 
side effects are known to be investigated in medicinal plants. Traditional medicine in Asian countries showed 
several potential lead compounds for XO inhibition, such as cordauvarin A from Vietnamese Uvaria cordata 
[13], quercetin from Indonesian Sonchus arvensis [14], and quercetin, quinic acid and rutin from Plumeria rubra 
or Malaysian Red [10].    

Molecular docking is a computational tool that predicts the interaction between a small molecule and 
a protein based on energy complementation at the atomic level. Widely used for identifying potential drug 
candidates, molecular docking predicts the binding affinity of small molecules to a protein or receptor of 
interest, offering a time- and cost-saving technique for screening interesting molecules from a large database 
[15]. Numerous studies have employed molecular docking for xanthine oxidase research [5, 16-19]. However, 
only a few studies have investigated XO activities in vitro in Thai medicinal plants [20-22]. Therefore, we aimed 
to screen the potential bioactive compounds as XO inhibitors using the molecular docking technique to 
investigate their function based on the interactions between proteins and ligands from Thai medicinal plants 
for gout treatment. The other identified XO inhibitors may serve as valuable candidates for further 
development into potential lead compounds.  

2. Materials and Methods 
2.1 Collection of structures 

The three-dimensional structure of proteins was carried out from the Protein Data Bank (PDB) [23]. 
This study's PDB ID of xanthine oxidase (XO) was 1N5X. This structure was obtained through X-ray diffraction 
techniques with a resolution of 2.80 angstroms, R-value free of 0.275, and R-value work of 0.244 [24]. 

For the three-dimensional structure of ligands, 30 of 72 different biologically active compounds from 
Thai medicinal plants with potential XO binding affinity were selected. These ligands were sourced from the 
PubChem database and have associated PubChem Compound Identifiers (CIDs), as shown in Figure 1. 
Allopurinol and febuxostat were used as references for XO inhibitors. The 30 structures of bioactive 
compounds and 2 reference ligands of XO inhibitor were structurally drawn using the online tool chem-
space.com (https://chem-space.com/search). 

 
2.2 Molecular docking 

The molecular docking was conducted between the mammalian XO protein (PDB ID: 1N5X) and 
ligands, as mentioned in Figure 1, using the CB-Dock2 web server, https://cadd.labshare.cn/cb-
dock2/php/index.php, which executed based on the AutoDock Vina algorithm [25]. The docking process 
employs template-independent blind docking techniques to calculate the pockets and binding sites of the 
protein-ligand complexes with initial parameters with five possible coupling cavities. Subsequently, the best-
performing cavity was selected and the binding affinity values for the interaction between protein and ligands 
were calculated. Docking scores were reported as binding energy to the Vina score (kcal/mol). The binding 
energy of ligands lower than their controls was chosen for further analysis to determine the positions of amino 
acids in the binding interaction with the XO. The protein-ligand interaction was visualized using BIOVIA 
Discovery Studio 2021 [26]. 

 

3. Results and Discussion 
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3.1 Molecular docking 

Based on the results of protein-ligand interaction, 30 different bioactive compounds were assessed 
against XO using molecular docking methods, comparing them to two control ligands. It was observed that 
the binding affinity values for all ligands ranged from -1.5 to -10.6 kcal/mol (Figure 2). The binding affinities 
of both control ligands to the XO were consistent with previous studies, ranging from -5.6 to -7.1 for 
allopurinol [13-14] and -8.7 to -10.1 for febuxostat [27-28]. Variations in XO templates and analytical 
parameters may result in value discrepancies between studies.  

From this calculated binding affinity, it can be inferred that two groups of bioactive compounds have 
different abilities to bind to XO protein. The first group exhibited a high potential for XO inhibitors, with 
binding affinity values ranging from -8.5 to -10.6 kcal/mol. This group includes 16 different compounds:rutin 
(-10.6 kcal/mol); quercetin and gamma-mangostin (-10.2 kcal/mol); rosmarinic acid (-10.1 kcal/mol); eupatorin 
(-10.0 kcal/mol); chlorogenic acid and lutein (-9.7 kcal/mol); sesamin and beta-sitosterol (-9.6 kcal/mol); 
curcumin, benzyl glucosinolate and nimbolide (-9.4 kcal/mol); vitexin and hibiscitrin (-9.3 kcal/mol); piperine 
(-9.2 kcal/mol); and asiatic acid (-8.5 kcal/mol). These compounds exhibited better binding affinities than 
control ligands, allopurinol, and febuxostat, which showed binding affinities of -6.1 and -8.1 kcal/mol, 
respectively. These results, according to the XO binding activity, were found in natural extracts from medicinal 
plants of Thunbergia laurifolia [29], Carissa carandas [30], Vietnamese Uvaria cordata [13], and Garcinia mangostana 
[31]. Rutin, quercetin, and gamma-mangostin emerged as this study's top XO-binding bioactive compounds. 
In silico and in vitro investigations of quercetin [14] and rutin [32] demonstrated that both compounds were 
more effective than allopurinol in binding to XO and inhibiting its activity. Furthermore, crude extracts 
containing quercetin and rutin from Plumeria rubra exhibited superior XO inhibition activity compared to 
allopurinol [10]. Additionally, quercetin supplementation effectively reduced uric acid levels in obese males 
with gout, with no observed side effects on kidney and liver function when consumed at a dose of 500 
milligrams daily for 4 weeks [33]. Gamma-mangostin, extracted from Garcinia mangostana, demonstrated the 
potential to maintain blood uric acid levels in rats [31]. Molecular docking studies revealed that piperine 
exhibited slightly better binding affinity to the XO enzyme than allopurinol, as it does not directly bind to the 
enzyme's active site [34]. Moreover, the binding affinity of other compounds involved in XO inhibitors, such 
as cordauvarin A (-8.8 kcal/mol) [13], has been reported.  

In addition, the second group of compounds had a lower binding affinity for XO than the first group, 
with binding affinity values ranging from -6.2 to -8.0 kcal/mol. These compounds also exhibited good binding 
capabilities compared to allopurinol (-6.1 kcal/mol) but not febuxostat. In this group, there were 7 compounds: 
pandurate A (-8.0 kcal/mol); gingerol (-7.8 kcal/mol); scopoletin (-7.7 kcal/mol); gallic acid (-6.7 kcal/mol); 
limonene (-6.5 kcal/mol); linalyl acetate (-6.3 kcal/mol); and garcinia acid (-6.2 kcal/mol). Shaik and colleagues 
reported the ability of gallic acid to inhibit the activity of the XO enzyme and prevent the occurrence of acute 
myocardial ischemia in experimental mice [35]. Based on the binding affinity score of allopurinol to XO of -
6.1 kcal/mol (Figure 2), it could be pointed out that the 16 compounds in the first group have a higher potential 
for binding to XO and may be of greater interest for further investigation in the context of XO inhibitors 
compared to the compounds in the second group. 
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Figure 2. Binding affinities of various ligands found in Thai medicinal plants against XO. 

Based on the 3D-structural interaction between ligands and XO, the amino acid residues involved in 
the binding interaction between XO and the 16 biologically active compounds from the first group (strong 
potential compounds as XO inhibitors) were further analyzed. The binding interaction between the ligands 
and the XO was found to involve amino acids from chains A and B of the protein. These interactions are 
mediated by hydrogen bonds, hydrophobic, ionic, and cation-π interactions (Figure 3 – 4). The specific amino 
acids involved in the binding interactions vary depending on the type of ligand. From this study, the bioactive 
compounds of rutin, chlorogenic acid, sesamin, beta-sitosterol, nimbolide, vitexin, hibiscitrin and asiatic acid 
were observed to interact with important amino acids Ala28, Arg32, Leu41, Cys73, Arg606, Pro675, Glu676, 
Glu679, and Asp828 in the XO structure. These amino acids also play a significant role similar to the binding 
interaction between febuxostat and the XO protein (Figure 3). Therefore, these compounds might inhibit the 
XO enzyme via a non-competitive inhibition mechanism such as febuxostat, a non-purine analog that acts as 
a non-competitive XO inhibitor [36]. The docking results of febuxostat with 1N5X protein showed interacted 
residues of Glu802, Thr1010, Arg880, Asn768, Leu873 and Leu648 [28]. For simulating an interaction between 
XO and ligands quercetin, gamma-mangostin, rosmarinic acid, eupatorin, curcumin, lutein, benzyl 
glucosinolate and piperine, it was found that the interaction of Glu332, Trp336, Lys422, Gln423, Arg427, 
Asp430, and Asp1170 was similar to the positions in the XO with allopurinol (Figure 4). From the virtual 
screening analysis of cordauvarin A from Vietnamese Uvaria cordata, the Glu802, Ala910, Gly913, and Phe914 
were found as main amino acids that were responsible for the interaction at the active site of XO, whereas the 
Glu802, Thr1010, Arg880, Ala1079, Phe1009, and Phe914 of XO interacted with allopurinol [13]. These results 
suggested that the inhibition mechanism of these bioactive compounds might function similarly to allopurinol, 
a competitive inhibitor of XO [37]. 

According to XO sequences, bovine XO shares a 90% similarity with human XO in the overall 
sequence [38]. This conservation of amino acids should reveal a role of binding pattern and activity in both 
[24]. As a result, the predicted binding sites using molecular docking suggested that binding should correspond to 
configurations of the human XO. 
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Figure 3. Visualization of XO with strong potential XO inhibitors, which interact with febuxostat.  
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  Figure 4. Visualization of XO with strong potential of XO inhibitors, which interacts with allopurinol. 
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Currently, gout treatment guidelines are to control uric acid levels in the blood using medication. 
Although allopurinol is often the first-line choice for reducing blood uric acid levels by inhibiting the XO 
activity, its use is limited by severe skin rashes. Therefore, febuxostat is preferred, especially in gout patients 
with impaired kidney function. However, it is not recommended to use febuxostat in patients with allergic 
reactions to allopurinol or in those with coronary artery disease [9]. Uric acid is primarily eliminated through 
the kidneys, and other treatment approaches involve using medications to enhance the excretion of uric acid 
through urine. 

Table 1. Bioactive compounds and their sources from Thai medicinal plants 

 Binding affinity 
(kcal/mol) 

Bioactive compounds Thai medicinal plants References 

St
ro

ng
 p

ot
en

tia
l X

O
 in

hi
bi

to
rs

 

-10.6 Rutin Moringa stenopetala [39] 
-10.2 Gamma-mangostin Garcinia mangostana [31] 
-10.2 Quercetin Allium ascalonicum [40] 
-10.1 Rosmarinic acid Ocimum gratissimum [40] 
-10.0 Eupatorin Orthosiphon aristatus [41] 
-9.7 Chlorogenic acid Clitoria ternatea [40] 
-9.7 Lutein Tagetes erecta [42] 
-9.6 Sesamin Sesamum indicum [40] 
-9.6 Beta-sitosterol Leucaena leucocephala [40] 
-9.4 Curcumin Curcuma longa [40] 
-9.4 Benzyl glucosinolate Carica papaya [43] 
-9.4 Nimbolide Azadirachta indica [40] 
-9.3 Vitexin Garcinia cowa [44] 
-9.3 Hibiscitrin Hibiscus sabdariffa [45] 
-9.2 Piperine Piper nigrum [40] 
-8.5 Asiatic acid Centella asiatica [40] 

M
od

er
at

e 
po

te
nt

ia
l 

XO
 in

hi
bi

to
rs

 
in

hi
bi

to
rs

 

-8.0 Panduratin A Boesenbergia rotunda [40] 
-7.8 Gingerol Zingiber officinale [40] 
-7.7 Scopoletin Syzygium cumini [40] 
-6.7 Gallic acid Azadirachta indica [40] 
-6.5 Limonene Myristica fragrans [40] 
-6.2 Garcinia acid Garcinia atroviridis [46] 
-6.3 Linalyl acetate Citrus aurantium [40] 

Lo
w

 p
ot

en
tia

l  
XO

 in
hi

bi
to

rs
 

-6.0 Heptadecene Cassia siamea [47] 
-6.0 Alpha-pinene Citrus hystrix [40] 
-5.9 Citral Citrus aurantifolia [40] 
-5.8 Tartaric acid Azadirachta indica [48] 
-5.6 Catechol Sauropus androgynus [40] 
-4.7 Furfural Cassia siamea [47] 
-1.5 Methyl mercaptan Paederia foetida [49] 

Thailand has a large plant biodiversity with various bioactive compounds exhibiting biological and 
pharmacological activities of antioxidant, anti-inflammatory, and antimicrobial properties. Interestingly, from 
the molecular docking results, sources of strong and moderate potential bioactive compounds for XO 
inhibitors were found in many Thai medicinal plants mentioned in Table 1. These results were supported by 
using Orthosiphon aristatus for gout treatment by increasing diuresis [50]. The unripe fruit peels and leaves 
from Carica papaya showed high XO inhibitory activity [51]. As a result, Thai medicinal plants could be 
potential sources of bioactive compounds for further drug design for treating gout patients. Experimental 
investigations are imperative to assess the pharmacological efficacy of these compounds in treating gout. 
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4. Conclusions 
In the present study, molecular docking is important in understanding the molecular interaction 

between bioactive compounds from Thai medicinal plants and XO enzymes. The 30 different bioactive 
compounds were screened for their potential as XO inhibitors compared to commercial drugs. The docking 
results showed that the 16 compounds were classified as strong XO inhibitors, including asiatic acid, benzyl 
glucosinolate, beta-sitosterol, chlorogenic acid, curcumin, eupatorin, gamma-mangostin, hibiscitrin, lutein, 
nimbolide, piperine, quercetin, rosmarinic acid, rutin, sesamin, and vitexin. The moderate XO inhibitors were 
identified with the 7 compounds of gallic acid, garcinia acid, gingerol, limonene, linalyl acetate, panduratin 
A, and scopoletin. The interaction of these ligands against XO protein could provide valuable insights for 
predicting potential bioactive compounds from Thai medicinal plants for the design and development of 
natural XO inhibitors. However, further experimental studies, including in vitro, in vivo, and preclinical tests, 
are required to evaluate the pharmacological potential of these compounds for gout treatment.  
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 Abstract: In this study, we investigated the impacts of climate change on 
rainfall patterns in Thailand using the downscaling method. The simulation data 
was obtained from the Weather Research and Forecasting (WRF) model, using 
the Community Earth System Model (CCSM) as a boundary condition. The 
characteristics of rainfall were analyzed in terms of the total annual rainfall, 
rainfall intensity, the number of days with heavy rain, and the total amount of 
rainfall in each season in the future compared to the base periods. It was found 
that the simulation of the climate in upper Thailand was consistent with the 
reanalysis values, with TCC ranging from 0.6 to 0.9. The simulated annual 
rainfall amount is underestimated throughout the country. There are indications 
that rainfall will increase in average and extreme terms in some regions, 
including the eastern region of the Northeast, the western side of the North, and 
the upper part of the West. In the southern part of the country, the overall rainfall 
indices are expected to decrease with low confidence in almost the entire region. 

Keywords: WRF model; CCSM; Climate simulation; Rainfall in Thailand;  Dynamical 
downscaling 

1. Introduction 
Nowadays, many studies provide evidence to support the conclusion 

that the global climate is changing [1-3]. Numerous studies confirm that global 
temperatures have risen from the past to the present, and this trend is expected 
to continue in the future [4–7]. A rise in temperature increases the air's ability to 
hold water, increasing atmospheric water vapor. The higher storm moisture 
content results in stronger storms and more severe flooding. Surface heating 
increases evaporation, which leads to a drier soil surface. This, in turn, can 
increase the risk of severe and prolonged drought [8]. 

One interesting topic is the response of rainfall characteristics to climate 
change, which can vary from region to region. Simulation of the climate using a 
climate model is an effective tool for studying future climate change. The 
capability of climate simulation is often evaluated by comparing the outputs of 
past simulations with observational data. Global climate changes have been 
simulated using Global Climate Models (GCMs) by numerous renowned climate 
research organizations. The outputs from the GCMs are too coarse and 
unsuitable for regional climate change studies. One commonly used approach 
to improve the resolution of the output is dynamical downscaling using regional 
climate models (RCMs). RCM simulation utilizes geographical data and GCM 
output as lateral boundary data to process and obtain an output with sufficient 
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resolution for studying climate at a regional scale. GCMs and RCMs are computational models that employ 
the principles of fluid dynamics and thermodynamics to calculate the rates of change in various physical 
attributes, including water vapor, heat, cloud water, temperature, and carbon. 

The Intergovernmental Panel on Climate Change (IPCC) has released a statement on the projection of 
carbon dioxide concentrations. In the Fifth Edition of the Climate Report, the projection of greenhouse gas 
concentrations under various conditions was referred to as the Representative Concentration Pathway 
(RCP2.6, 4.5, 6.0, and 8.5) [9]. The numbers at the end of each RCP (2.6, 4.5, 6.0, and 8.5) represent the concentrations 
in 2100 relative to the pre-industrial level. Therefore, RCP8.5 is considered the worst-case scenario. A new set 
of climate scenarios has been developed concerning the sixth IPCC report [10]. The scenarios are indicated as 
SSPx-y, where ‘SSPx’ refers to the shared socio-economic pathway (SSP1, SSP2, SSP3, and SSP5), describing 
the socio-economic trends underlying the scenario, and ‘y’ denotes the approximate level of radiative forcing 
resulting from the scenario in the year 2100. There are five main scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-
7.0, and SSP5-8.5). 
 Changes in the future climate, as predicted by different models and projection pathways, yield 
different outputs. The average precipitation may both increase and decrease [11]. The increased heat and 
humidity results in more precipitation under the RCP4.5 and RCP8.5 projections [12]. An increase in 
precipitation was observed in both intensity and frequency in almost all East Asian areas under the RCP4.5 
projection [13]. Long-term climate projection at high resolution for Southeast Asia at 20x20 km resolution up 
to the end of the 21st century using a regional climate model from the Hadley Centre based on datasets from 
the ECHAM4 under the A2 GHG emission scenario was simulated by Chinvanno et al. [14]. Results show that 
precipitation tends to fluctuate in the first half of the century but shows an increasing trend with higher 
intensity, which will be seen in the latter half. Maijandee et al. [15] studied the extreme rainfall index in 
Thailand using the output from the MM5-RCM model. The raw outputs from the MM5-RCM were adjusted 
using the direct method to reduce biases. The study results suggest that most regions in the North, West, and 
Northeast will experience an increase in rainfall during the rainy season and a decrease in rainfall during the 
dry season. The central and eastern regions may experience decreased rainfall during the rainy season and 
increased rainfall during the dry season. The number of consecutive rainy days for the southern region tends 
to decrease on the Andaman side and increase on the southeast coast. The predicted extreme precipitation 
during 2020–2029 relative to 1990–1999 in Thailand under RCP8.5 has been examined using the simulation of 
the NRCM based on the WRF model forced by the Community Climate System Model version 4 (CCSM4) [16]. 
The study indicates an increasing pattern of annual precipitation levels in northern Thailand, while significant 
decreasing trends are projected for the eastern region. A remarkable rising trend in the simple daily intensity 
index (SDII) is predicted, with statistically significant increases ranging from 5% to 20%. Projected changes in 
the means and extremes of precipitation over Thailand were discussed under the A2, A1B, and B1 emission 
scenarios [17]. There is a prediction of a shift to drier conditions over the Central-East and South sub-regions 
in every season under all scenarios. The projected changes in rainfall over Thailand for the early (2011–2040), 
middle (2041–2070), and late (2071–2099) periods under the RCP4.5 and RCP8.5 were examined using the high-
resolution multi-model simulations from the Coordinated Regional Climate Downscaling Experiment 
(CORDEX) [18]. The ensemble means of rainfall changes for both RCPs during dry months reveal a clear 
contrast between the northern-central-eastern and southern parts of Thailand, which generally experience 
wetter and drier conditions, respectively. In contrast, it is projected that generally drier conditions will prevail 
throughout the country during the wet season (June to September) for both RCPs. Masud et al. [19] analyzed 
24 extreme weather indices in Northern Thailand. The observation data used included the maximum and 
minimum temperatures and the daily precipitation data from 1960 to 2010. HadCM3 and PRECIS were used 
as GCM and RCM models, respectively. Climate modeling for 1960–2100 was conducted using the statistical 
downscaling method. The result shows an insignificant decrease in total annual rainfall, but it is anticipated 
that annual rainfall will increase in the future compared to the base period. Based on the findings of the 
Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (AR6), there is anticipated to be 
an elevation in precipitation levels in regions situated at high latitudes, the equatorial Pacific, and certain areas 
within the monsoon regions. Conversely, a reduction in precipitation is expected in certain parts of the 
subtropics and the limited regions within the tropics [10]. 
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Rainwater is an important source of water in Thailand. It is important for agriculture, especially crops 
that rely on rainfall for growth. The country's agriculture is predominantly seasonal. Variations in rainfall 
patterns can lead to decreased quantities and quality of agricultural products. Dramatic changes in rainfall 
patterns, such as increased or decreased rainfall, might lead to more frequent and severe floods and droughts. 
Drought has resulted in farmers being unable to grow crops effectively. Flooding has caused significant 
damage to the country. These incidents result in losses that harm the economy, national development, quality 
of life, population health, and ecological balance. Rainfall change data is valuable for planning in various 
sectors, including agriculture, water management, tourism, public health, and business development. 

In this research, we simulated the responses of rainfall characteristics to climate change in Thailand. 
The downscaling method was used. The regional climate model used is the WRF model. The GCM output is 
obtained from CCSM4 as boundary data. 

2. Materials and Methods 
The simulation domain is Thailand, and double-nested domain experiments were conducted. The two 

domains are indicated in Figure 1. Two periods were selected for simulation to study the changes in rainfall: 
the base year (1990-1999) and the future years (2020-2029). The simulation was obtained from the Weather 
Research and Forecasting Model (WRF) version 3.8.1, developed by the National Center for Atmospheric 
Research (NCAR). The forcing data is from the Community Climate System Model (CCSM), a coupled climate 
model for simulating the Earth's climate system with components representing the Earth's atmosphere, ocean, 
land surface, and sea ice [20]. CCSM4 is a subset of CESM1 (The Community Earth System Model). The dataset 
is also available from NCAR’s CISL Research Data Archive (http://rda.ucar.edu/datasets/ds316.0). 

The CESM dataset. CESM data has an intermediate file format ready to be imported into the model. 
The projection used to simulate future rainfall is RCP6.0. The physics options used in WRF include the Kain-
Fritsch (new Eta) scheme [21–22] for the Cumulus option, the Monin-Obukhov Similarity scheme [23] for the 
Surface-layer option, the Noah Land-Surface Model [24] for the Land-surface option, the WRF Single-Moment 
(WSM) 3-class simple ice [25] for the Microphysics Schemes, the YSU scheme [26] for the Boundary-layer 
option, the RRTM Radiation [27] for Longwave Radiation, and the Dudhia scheme [28] for Shortwave 
Radiation. 

Most of the parameters chosen for analysis, except the cumulus option, are commonly employed in 
climate simulations in Southeast Asia [29–32]. For the cumulus option, the author selected the Kain-Fritsch 
(new Eta) scheme for this study to present an alternative simulation perspective, as several studies have shown 
that this scheme is also suitable as a good option and has been used in Thailand climate simulation as well 
[33–34]. 

The initial 3-month (October–December of 1898) period is designated a spin-up period, and the 
outputs during this period are not included in the analysis. To evaluate the performance of the WRF 
simulation, the output with a 20 km grid spacing resolution for the base-year period was compared to the 
reanalysis data. The temporal correlation coefficients (TCC) between observations and simulations are 
calculated and used to quantify the performance of RCMs [35]. The correlation coefficient is a quantity that 
gives the quality of a least squares fit to the original data. This operator correlates each gridpoint of two fields 
over all timesteps [36]. 

The characteristics of Thailand's rainfall are analyzed in terms of the total annual rainfall, rainfall 
intensity (the amount of rainfall per rainy day), the number of days with heavy rain (the days with rainfall 
exceeding 20 mm in a year), and the average total rainfall in each season. The changes in rainfall are indicated 
by the annual average percentage change in the future year compared to the base year. 
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Figure 1. Shows the study domain. 

3. Results and Discussion 
3.1 Evaluation of the model 
  3.1.1 Temporal Correlation Coefficient (TCC) between simulation and reanalysis data 

Figure 2. shows the temporal correlation coefficient, which is a variable that indicates the temporal 
relationship between the model results and the reanalysis values in the base year. The model results were 
correlated with the observational values, with TCC ranging from 0.18–0.9. The climate simulation in upper 
Thailand yielded consistent results with the reanalysis data, showing TCC values ranging from 0.6 to 0.9. The 
simulation revealed temporal inconsistency in the model values, particularly in the southern region and certain 
parts of the eastern region, specifically Chonburi and Rayong province, with low TCC values ranging from 0.18 to 
0.5. Temporal inconsistencies in Southern Thailand are not unexpected due to the region's climate, characterized 
by high temporal and spatial variability, particularly regarding rainfall. 

 
Figure 2. Shows TCC Between simulation and reanalysis data. 
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3.1.2 Rainfall Distribution from Simulation and Reanalysis Data 
 Figure 3 shows that the model can simulate high rainfall areas well, especially in the southern, 
western, and eastern regions of the Northeast. However, the simulated rainfall is significantly lower than the 
observed values for the entire country, especially in the Southern region.  
  

 
(a) (b) 

 
(c) 

Figure 3. Shows the average annual rainfall (in cm) during the base-year period of 1990–1999, derived from 
reanalysis data (a) and the output of the WRF simulation (b), and (c) the difference between the two 
datasets utilizing the IDW technique. 
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3.2 Projection of Future Rainfall Changes 
3.2.1 Projection of changes in the average total annual rainfall. 
As shown in Figure 4., more annual rainfall is expected in the lower central, upper West, and eastern 

regions of the Northeast. Most areas in the Northeast, East, and South may experience a decrease in rainfall. 
There is an expectation that the northern part of the western region and the western part of the North, which 
are adjacent to the Thongchai mountain range, will experience an increase in average annual rainfall in the future. 

3.2.3 Projection Changes in Rainfall Intensity on a Rainy Day 
Figure 5. shows the intensity of rainfall on rainy days. The index is frequently analyzed to assess 

extreme climate conditions. According to the simulation results, it can be seen that most areas in the upper 
part of Thailand are likely to experience heavier rainfall. The eastern part of the Northeast and the western 
and northwestern regions are expected to experience an increase in both total annual rainfall and rainfall 
intensity. In the future, it is predicted that almost all regions in the south, which currently receive a particularly 
large amount of rainfall, will experience a decrease in rainfall intensity. 

 
Figure 4. Shows the projected changes in average total annual rainfall in percentage. 
 

As shown in Figure 4, it is evident that most regions in the country are expected to experience 
decreased precipitation. This could be attributed to the elevated average rainfall during the reference 
period (1990-1999). There was a noticeable rise in summer rainfall after the mid-1990s. According to 
the study by Faikrua et al. [37], most of Thailand experienced increased summer precipitation after 
1994. The possible causes of this phenomenon are cyclonic anomalies over the Indochina Peninsula 
in the lower troposphere and the stronger ascending motion of local Hadley circulation over eastern 
Thailand after 1994.   
 The increase in rainfall intensity on a rainy day in upper Thailand follows Teerachai's result, in which 
a remarkable rising trend of annual SDII in 2020–2029 relative to 1990–1999 is observed in the simulation using 
RCP 8.5 [16]. 
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Figure 5. Shows the projected changes in average rainfall intensity on a rainy day in percentage. 
 

3.2.3 Projection changes in the number of days of heavy rain 

 
Figure 6. Shows the projected changes in the number of days with heavy rainfall in percentage. 
 
 Figure 6 shows that the number of heavy rainfall days is generally increasing in most parts of the 
upper country, especially in the northern, northeastern, and central regions. On the contrary, the southern 
region is expected to experience a decreasing trend in the number of days with heavy rainfall. The change in 
the number of heavy rain days ranges from -8 to 7 percent. 
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3.2.4 Changes in Seasonal Rainfall 

 
(a)                                                                         (b) 

 
                                                (c)  

Figure 7. Shows the projected changes in seasonal rainfall in percentage during (a) the rainy season (June to 
September), (b) summer (March to May), and (c) winter (October to February). 

 
The average rainfall pattern during the rainy season is similar to yearly rainfall. This season's rainfall 

increase is expected in some parts of the North, West, Central, and Northeast regions. Figure 7(b) shows that 
most areas will receive less summer rainfall, especially in the Northeast and east. An increase in summer 
rainfall is also observed in some parts of the northern, western, and southern regions. A projected change in 
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winter rainfall in most areas in the upper part of the country ranges from -0.5 to 1 percent. The southern part 
of the country has experienced a more significant decrease in rainfall than other regions. 

Some of the findings from this study are consistent with the research conducted from the ensemble 
means of projected changes in rainfall for RCP4.5 and RCP8.5 by Tangang et al. [18]. The results show a distinct 
contrast between the northern-central-eastern parts and the southern parts of Thailand, with generally wetter 
and drier conditions, respectively (during dry months), while generally drier conditions are projected during 
the wet season (June to September) throughout the country. 

In general, there is a decrease in rainfall across most regions of Thailand. This finding may differ from the 
results in earlier research. For example, according to Arpornrat et al. [33], the average southwest monsoon rainfall 
in Thailand is expected to increase by the end of the century. Chotamonsak et al. [29] suggested that there will be 
overall increases in precipitation, with some local decreases during the dry season. Additionally, Chinvanno et al. 
[14] stated that precipitation will likely fluctuate in the first half of the century, with higher rainfall expected across 
the region in the latter half.  However, the experiments are climate simulations under different conditions (models, 
periods, RCP, etc.). The decrease in rainfall has also been published in several studies. For example, an annual 
precipitation total decline (PRCPTOT index) has been observed in eastern Thailand in WRF simulation under RCP 
8.5 [16]. Additionally, CORDEX-SEA simulations at 25 km spatial resolution under RCP4.5 and 8.5 have shown a 
decrease in annual precipitation over most of the SEA region by the end of the 21st century [18]. According to 
Manomaiphiboon et al. [38], while there are no substantial changes in average precipitation in the upper sub-
regions, less rain is expected for the South in most seasons in the mid-21st century years simulation under IPCC 
A2, A1B, and B1 scenarios. 

4. Conclusions 
 Climate change is a phenomenon that affects many different fields and has been investigated for 
decades. Many studies have found that this phenomenon affects rainfall characteristics in various regions. 
This research analyzed the response of rainfall to climate change in Thailand. The results of the CESM model 
with RCP 6.0 emission assumptions were used. The output from the CESM model was dynamically 
downscaled using the WRF regional climate model to increase the resolution. Two periods were selected for 
simulation to study the changes in rainfall: the base year (1990-1999) and the future years (2020-2029). Results 
from the simulation in the base year are evaluated by comparing them to the reanalysis data, which represents 
the observed data. The evaluation found that the simulation of the climate in upper Thailand was consistent 
with the reanalysis values. The TCC values indicate low temporal consistency with the reanalysis, ranging 
from 0.18 to 0.5 in the South, a region characterized by high rainfall variability. WRF can simulate rainy areas 
well, but the amount of rainfall is underestimated compared to the observed value. However, lower values 
may not impact the projected changes in rainfall because the simulated changes are based on comparing two 
data sets, both of which have underestimated values. 

The projections indicate that some parts of the upper and most parts of the south of the country will 
probably experience a decrease in rainfall annually and seasonally, particularly during the summer. There are 
indications that rainfall will increase in both average and extreme conditions, such as total annual rainfall, 
rainfall intensity, and the number of days with heavy rainfall, in some regions, including the eastern region of 
the Northeast, the western side of the North, and the upper part of the West. These regions receive more 
rainfall than other parts of the country, and there will likely be an increase in both the frequency and intensity 
of rainfall. The area of interest is the southern part of the country, where the overall rainfall indices are 
expected to decrease annually and seasonally, except for some areas where summer rain is expected to increase. 
However, considering the evaluation, confidence in the simulations in this area is low.  

The results from this simulation are quite different from those of our previous research [15]. This 
difference may be attributed to the utilization of different models and options. Multiple studies indicate that 
in the future, rainfall in Thailand is likely to fluctuate, with both increases and decreases. The results depend 
on the simulation conditions, the model used, the different model options, and the study period. The 
numerous factors that affect rainfall simulation make it really challenging to obtain accurate simulation values. 
To utilize the simulation data, users must be aware that the output of simulations inevitably contains 
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discrepancies. The application of simulation results should be studied through extensive research and requires 
prior knowledge and understanding before implementation. 
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Abstract: This research aims to study the carbon footprint based on the life cycle 
assessment of biomass power plants. Covering the acquisition of raw materials 
to the end of the production process in biomass power plants (cradle to grave: 
C2G). The study proposes constructive ways to reduce the carbon footprint of 
biomass power plants. Conducted research consisting of 3 phases: phase 1, the 
rubber plantation process; phase 2, the rubber wood processing plant; and phase 
3, the biomass power plant. Assessment of carbon footprint: following the 
principle of life cycle assessment, the results of the carbon footprint assessment 
found that in Phase 1, the process of growing rubber trees throughout the life 
cycle calculated the carbon footprint of the sample group as average greenhouse 
gas emissions from fresh rubber wood and combined with the average 
greenhouse gas emissions from rubber wood timbers of 1.1186 kgCO2eq per day. 
In phase 2, rubber wood processing plants throughout the life cycle have average 
greenhouse gas emissions of 15,319.11 kgCO2eq per day. In phase 3, biomass 
power plants electricity capacity is 9.9 MW per day, and their greenhouse gas 
emissions are 44,753.60 kg CO2eq per day. The result found that greenhouse gas 
emissions from biomass power plants per 1 kWh accounted for a carbon dioxide 
equivalent of 4.52 kgCO2eq. Calculate the predictor factors affecting the amount 
of greenhouse gases in biomass power plants in raw score form as Y = 373.516 
+.082 (raw material quantity), where Y is the greenhouse gas emission 
(kgCO2eq), using the forecast equation in standard score form. With Z =.983raw 

material quantity3, It was found that the quantity of raw materials had a positive 
correlation with the quantity of greenhouse gases at a statistical significance 
of .01 with a correlation coefficient of .983, which could explain the variability of 
the variables of the quantity of greenhouse gases with 96.70 percent accuracy. 

Keywords: Carbon Footprint; Biomass Power Plants; Rubberwood; Life Cycle 
Assessment 

          
                                            1. Introduction 

 According to the global greenhouse gas emissions scenario for 2021, carbon 
dioxide (CO2) emissions are projected to grow by 4.8 percent as the economic 
recovery increases. Due to the coronavirus disease 2019 (COVID-19) situation as 
well as global emissions in 2021 of approximately 400 million tons of carbon 
dioxide equivalent (MtCO2eq), there will be an increase of 1,500 MtCO2eq of CO2 [1]. 
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 The emission of carbon dioxide in Thailand in 2018 also increased by an average of 3 percent per year, 
in line with the country's energy consumption, which increased by an average of 3.7 percent per year. 
However, in 2019, carbon dioxide from energy use was 250.6 MtCO2eq, a 4.8 percent decrease compared to 
the previous year. The increasing use of renewable energy, according to the government's renewable energy 
promotion policy, is reducing the emission of carbon dioxide from energy use. Carbon emissions from energy 
use in the first 6 months of 2020 were 113.9 MtCO2eq, which decreased in all economic sectors, including 
electricity generation, transportation, industrial, and other economic sectors [2]. 
 The Electricity Generating Authority of Thailand found that the southern electricity generating 
system in 2020 was at risk because the consumption demand for electricity in the southern region in 2017 was 
equal to 2,642 MW, while the main power plants, Chana Power Plant and Khanom Power Plant, could only 
produce 2,024 MW. The remaining 460 MW had to be drawn from the central region, which produced 
another 140 MW from dams, biomass, and wind. Until now, electricity consumption in the southern region 
averaged 3.4 percent every year [3]. In Songkhla province, it was found that the total production capacity of 
biomass power plants amounted to 7 plants, equal to 60 MW [4]. There are also biomass power plants with a 
capacity of 3 MW, each in the three southern border provinces of Yala, Pattani, and Narathiwat.   The 
Pracharath power plant also allows people to participate in developing the power plant and the community 
and gain more income from selling fuel to the power plant. This causes community interest in the project to 
produce more biomass power in the future, which is in line with the policy of the Ministry of Energy, which 
emphasizes promoting the use of renewable energy in an increasing proportion to create energy security and 
reduce energy imports from foreign countries [5]. As mentioned above, biomass power plants, which use 
biomass as fuel to generate electricity, are another cause of greenhouse gas emissions. The technology used 
to create electricity, such as heat, gasification, and fermentation [6], also uses electricity that emits the most 
carbon dioxide in the process [7]. Various fuels that generate electricity emit varying amounts of greenhouse 
gases [8]. Resulting in different levels of impact on the environment.  

A life cycle assessment (LCA) application is a tool used to analyze and evaluate the environmental 
impacts associated with a product throughout its life cycle. The amount of resource use, pollution that results, 
and environmental impacts resulting from the production of products or services Considering the entire life 
cycle includes acquiring raw materials, Production, transportation, product use, and processing, including 
reuse, recycling, and disposal after end-of-life. It can be said that it is a product of birth. Cradle to Grave life 
cycle assessment Process: Life cycle assessment of any product or process according to ISO 14040 – 14043. The 
life cycle assessment process can be divided into four steps: Setting goals and scope of study, preparing 
environmental impact assessment items, and interpreting study results. Therefore, there is interest in applying 
life cycle assessment principles to assess the carbon dioxide emissions of biomass power plants. 

 
2. Materials and Methods 

This research is a data analysis using the life cycle assessment principle as a guideline for assessing 
the carbon footprint of electricity generation from biomass fuels. It collects and assesses the environmental 
impact caused by products, production systems, or services throughout their life cycle. Starting from obtaining 
raw materials and energy production processes to transportation, use, maintenance, and removal. This study 
assessed the carbon footprint of biomass power generation, starting with planting rubber trees. The use of fuel 
is wood chips, sawdust, and wood flakes from the rubber wood processing plant transported to the power 
plant by truck, and the conveyor system into the fuel storage building into the fuel granulator is conveyed to 
the furnace into the electrical production process to burn such fuel to produce heat. This heat turns the water 
in the steam generator into steam. This high-pressure steam turns the turbines for the machines that generate 
electricity and ends at the landfill with the ash from biomass fuel combustion (wood chips). And finally, the 
project wastewater treatment system. The details, according to the conceptual framework based on life cycle 
assessment principles, are as follows: 
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Figure 1. The conceptual framework is based on life cycle assessment principles 
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2.1 Data collection 
 Data was collected from rubber farmers, rubber wood processing plant operators, and biomass power 
plant operators. The data survey includes general information on biomass power plants, environmental 
inventory, greenhouse gas emission sources, and resource consumption. 

2.2 The data collection procedure is as follows 
2.2.1. Make a letter requesting information from the biomass power plant to interview the opinions of 

the executives or stakeholders of the biomass power plant. 
2.2.2 Gather information on electricity production from power plants, which produce electricity equal 

to 9.9 MW. To determine the value of greenhouse gas emissions and use the information from the electricity 
generation process to assess the carbon footprint. From the acquisition of raw materials and energy, the 
production process, electricity consumption, water consumption, transportation, usage, and maintenance to 
calculate the value of greenhouse gas emissions. 

2.2.3 Data analysis, calculation, and summing up the release value of greenhouse gases from biomass 
power plants to set guidelines and improve production processes, including the selection of raw materials and 
technology, to increase the efficiency of electricity generation and reduce the carbon footprint of biomass 
power plants. The research methods were conducted following the ISO 14040 standard series. The details are 
as follows: 

(1) Setting the goal and scope of the study (goal and scope definition) The goal of the study 
(goal definition) is to study and evaluate the carbon footprint according to the principles of life cycle 
assessment of biomass power plants. 

(2) Scope Definition: To study greenhouse gas emissions in electricity production from 
biomass power plants in Songkhla Province. This is an assessment of the carbon footprint covering from the 
acquisition of raw materials to the end of the production process in a biomass power plant, Cradle to Grave. 
Factors related to the study include the type and amount of resource use. Type, amount of energy use, and 
environmental impact or waste from biomass electricity production. It's mainly for The Functional Unit to 
evaluate the carbon footprint of electricity production from biomass. This can indicate the amount and severity 
of environmental impacts in terms of greenhouse gas emissions producing 1 kilowatt per hour of electricity. 

(3) Environmental inventory preparation (Life Cycle Inventory: LCI) is an analysis and 
preparation of environmental inventory obtained from collecting data and quantities of substances entering 
and substances issued from the use of raw materials, energy, and various wastes that occur throughout the 
life cycle of electricity production from biomass under the LCA operating principles and all information that 
was used in this study. 

2.2.4 Life Cycle Impact Assessment (LCIA): Once the information had been obtained from the 
accounting preparation, the researcher checked the accuracy of the data obtained from the biomass power 
plant and calculated it according to the formula. Then, the greenhouse gas emissions (CO2 Emission Factor) 
values were collected from various supporting sources. Both domestically and abroad, to find factors and 
analytical methods suitable for the analysis to be compiled into a list of results for calculating the carbon 
footprint of biomass power plants and to know the amount of carbon footprint of electricity production from 
biomass power plants in each process. This includes guidelines for reducing the carbon footprint in producing 
electricity from biomass power plants, calculated in terms of kg carbon dioxide equivalent (kgCO2eq). 

2.2.5 Life Cycle Interpretation: After calculation, the obtained values will transform the data to be 
consistent with the objectives set. This will translate the results into global warnings or the release of 
greenhouse gases and compare the impacts occurring in each main activity in producing electricity from 
biomass using the results. It is obtained from assessing environmental impacts throughout the life cycle of 
electricity production from biomass. Let's compare the impact of each activity to see which activity has the 
most significant impact. 
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2.3 Data analysis 
2.3.1 The calculation of data using the life cycle assessment principle from the acquisition of raw 

materials through the production process in a biomass power plant until the end of waste disposal from the 
production process cradle to grave Data was collected from interviews and surveys to verify its completeness, 
then processed using a statistical program to calculate the value of greenhouse gas emissions throughout the 
life cycle of the biomass power plant. 

2.3.2 Quantitative analysis and descriptive statistics were used to analyze general data on rubber 
farmers, general information on rubber wood processing plant operator areas, and plots of rubber plantations. 
The analysis will use the value average. Analysis of greenhouse gas emissions to assess the carbon footprint 
from biomass power plants of the Greenhouse Gas Management Organization (a public organization) [9]. 

2.3.3 The collected data was analyzed for relationships using Pearson's correlation analysis method 
and stepwise linear multiple regression using a statistical package. A study of the relationship between the 
number of raw materials in biomass power plants and greenhouse gas emissions used linear regression 
multiple analysis to create a model equation for forecasting the amount of greenhouse gas emissions. When 
there is a change in the number of raw materials for each type of biomass power plant that has a statistically 
significant influence on the change, it can be calculated from the following equation 1: 

 
                          (1) 
 
 X1, X2, Xn… = The number of raw materials for each type of biomass power plant. 
  Y  = The amount of greenhouse gas emissions. 
                   𝛽𝛽0 to 𝛽𝛽n  = The regression coefficients. 
 

3. Results and Discussion 
 According to the study results and the carbon footprint assessment according to the principle of life 
cycle assessment of biomass power plants, it started with interviews with rubber farmers. Data on the number 
of rubber trees that have been planted and the amount of area (rai) used for rubber planting, calculated in the 
form of fresh rubber wood and kilogram (kg) units, was collected. Finally, calculate the amount of greenhouse 
gas emissions from fresh rubber wood from the rubber tree planting, covering the entire duration of 25 years 
(LCIA method IPCC 2013 GWP 100a V1.03), and fresh timber from the felling of latex-tapping rubber trees 
until latex yield is no longer available or is 25 years or more (LCIA method IPCC 2013 GWP 100a V1.03). The 
details of the research results are as follows: 

 I was calculating the amount of greenhouse gas emissions. The calculation of greenhouse gas emissions is 
divided into 3 cycles, calculating the amount of greenhouse gas emissions from acquiring raw materials. The 
first part will calculate the greenhouse gas emissions from the rubber planting process. Rubberwood processing 
plant and calculation of greenhouse gas emissions in electricity production. 

3.1 List of information on the rubber planting process 

Table 1. The amount of greenhouse gas emissions from fresh rubber wood. 

List Unit Amount 
Cost EF 

(kgCO2eq) 

Calculation 
result 

(kgCO2eq) 
25 years 

Calculation 
result 

(kgCO2eq) 
per  day 

Fresh rubber wood, sample group 1 kg 456,000 0.0363* 16,552.80 1.84 
Fresh rubber wood, sample group 2 kg 76,000 0.0363* 2,758.80 0.31 
Fresh rubber wood, sample group 3 kg 292,200 0.0363* 10,599.60 1.18 
Average fresh rubber wood kg 274,666.67 0.0363* 9,970.40 1.11 
Note: The referenced value of the emission factor (EF) [10] 
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Data Collected from the interviews with rubber farmers throughout the cycle, the data collection for 
the carbon dioxide emission coefficients list, and the source of carbon dioxide emission coefficients in each 
item are shown in Table 1. The total amount of fresh rubber wood was 824,000 kg. Greenhouse gas emissions 
from fresh rubber trees averaged 9,970.40 kgCO2eq. And when compared to the amount of carbon footprint 
per day, it equals 1.11 kgCO2eq. 

Table 2. The volume of greenhouse gas emissions from rubber wood timbers. 

List Unit Amount 
Cost EF 

(kgCO2eq) 

Calculation 
result 

(kgCO2eq) 

Calculation 
result 

(kgCO2eq) 
per  day 

Rubberwood timbers, sample group 1 kg 2,280 0.0471* 107.39 0.0119 
Rubberwood timbers, sample group 2 kg 1,520 0.0471* 71.59 0.0080 
Rubberwood timbers, sample group 3 kg 1,140 0.0471* 53.69 0.0060 
Average rubber wood timbers kg 1,646.67 0.0471* 77.56 0.0086 
Note: The referenced value of the emission factor (EF) [10] 

 
Data collected from the interviews with rubber farmers throughout the cycle and the data collection 

for the list of carbon dioxide emission coefficients and the source of carbon dioxide emission coefficients in 
each item are shown in Table 2. The total amount of rubber wood timbers was 4,940 kg, the sample mean was 
1,646.67 kg, and when multiplied by the CO2 emission factor, the average greenhouse gas emissions from 
rubber wood timbers were 77.56 kgCO2eq. Compared to the amount of carbon footprint per day, it equals 
0.0086 kgCO2eq. 

3.2 Data collection list of rubber wood processing factories. 

Table 3. Data collection list for rubber wood processing factories No. 1 and No. 2.  

List Unit Amount 
No.1 

Amount 
No.2 

Cost EF 
(kgCO2eq) 

Calculation 
result 

(kgCO2eq) 
per  day 

No.1 

Calculation 
result 

(kgCO2eq) 
per  day 

No.2 

Average 
(kgCO2eq) 

per day 

Rubber tree wings  kg 150,000 150,000 0.0829* 12,435.00 12,435 12,435.00 
Electricity kwh 3,085.94 3,085.94 0.5956* 1,225.33 1,837.99 1,531.66 
Surface water m3 1 1 N/A N/A N/A N/A 
Diesel fuel  kg 150 150 0.3522* 70.44 52.83 61.64 
Sawdust kg 15,000 15,000 0.0852* 1,278 1,278 1,278.00 
Ten wheeler km 22 22 0.5900* 5.31 12.98 9.15 
Trailer Flat Bed km 22 22 0.2363* 2.13 5.20 3.67 

Average rubber wood processing factory    15,016.21 15,622 15,319.11 
Note: The referenced value of the emission factor (EF) [10] 
 

Data collected from the interviews with rubber wood processing plant operators throughout the cycle, 
the data collection for accounting for the carbon dioxide emission coefficient, and the source of the CO2 
emission coefficient in each item are shown in Table 3. It was found that the wood processing plants No. 1 and 
No. 2, when multiplied by the CO2 emission factor, had total GHG emissions of 30,638.21 kgCO2eq, and the 
mean was 15,319.11 kgCO2eq. 
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3.3 Power plant data collection list with a capacity of 9.9 MW 

Table 4. Data collection of biomass electric power plant with a total of 9.9 MW. 

List Unit Amount 
Cost EF 

(kgCO2eq) 
Calculation result  

 (kgCO2eq) per  day 
Rubber tree wings* kg 400,000 0.0829 33,160 
Surface water* m3 36.67 N/A N/A 
Electricity kWh 7,920 0.5986 4,717.15 
Amine kg 1.33 1.8876 2.51 
Diethyl hydroxylamine kg 1.33 N/A N/A 
Trisodium Phosphate kg 0.44 2.8586 1.26 
Sodium hydroxide* kg 18 1.1148 20.06 
Poly Aluminium Chloride kg 19.17 0.455 8.72 
Polymer** kg 3.33 2.2000 7.33 
Biocide** kg 3.73 1.4600 5.45 
Antiscaleh kg 12.17 1.6700 20.32 
Sulfuric acid* kg 9.33 0.1219 1.14 
Hydrochloric acid* kg 34.27 0.8709 29.85 
Chlorine* kg 115 1.0548 7.98 
Sodium Metabisulfite kg 3.33 1.5×10-5 5.0×10-5 
Coolant* m3 26.67 3.0985 82.64 
Glue* kg 0.01 0.5922 0.01 
Gear oil kg 0.01 0.8319 0.01 
Oil filter*** kg 0.18 2.1300 0.38 
Neon lamp kg 0.38 2.0×10-5 1.0×10-5 
Led lamp kg 0.01 2.0×10-5 3.0×10-6 
GEM-S NYLON kg 0.03 N/A N/A 
Parker kg 0.03 N/A N/A 
Engine oil*** kg 0.04 0.6740 0.03 
UPVC Ball Check Valve kg 0.01 2.1331 0.02 
Nitrile Gloves kg 0.26 0.1887 0.05 
Cloth gloves* kg 0.19 2.1100 0.40 
Ash kg 6,000 0.8421 5,052.60 
Effluent m3 2,398 0.6250 1,498.50 

Total 44,753.60 
Note: The referenced value of the emission factor (EF) [10] 
         : The referenced value of the emission factor (EF) [11] 
         : The referenced value of the emission factor (EF) [12] 
 

Data collected from interviews with executives or other stakeholders throughout the cycle, the carbon 
dioxide emission coefficient, and the source of the CO2 emission coefficient in each item are shown in Table 4. 
It was found that when the obtained value is multiplied by the CO2 emission factor, the daily greenhouse gas 
emissions value from a biomass power plant is equal to 44,753.60 kgCO2eq 
 
3.4 Life cycle assessment of biomass power plants 

Determining the scope of the life cycle assessment of a biomass power plant, covering from the 
acquisition of raw materials to the end of the production process in a biomass power plant cradle to grave, is 
an environmental impact assessment. The details are as follows: 

Phase 1: Emission of greenhouse gases during the rubber wood planting period by activities starting 
with 1) preparing the area for growing rubber. The area is plowed. Using fuel, 2) adding fertilizer to add 
nutrients to the soil, and 3) producing fertilizer and fuel during raw material transportation. From related 
research, it is said that it does not occur in rubber-growing areas at this stage. But it occurs in the production 
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process of raw materials [13]. It was found that greenhouse gas emissions in the production process of raw 
materials account for 60 percent. 

Phase 2: Emission of greenhouse gases during rubber wood processing. The activities start with 1) 
sawing rubber wood, 2) moving wood wings and chips, and 3) transporting rubber wood. Fuel is used. From 
the production process, greenhouse gases are released from wood wings and wood chips, which account for 
88.56 percent. 

Phase 3: Emission of greenhouse gases in the electric power production phase by activities. That 
started with 1) burning rubber wood and 2) Turning water into vapor. A turbine drives it. and 3) Take the 
steam into a machine to convert it into electricity. During the production process, there is a release. Greenhouse 
gases from wood chips and wood waste accounted for 86.95 percent due to various activities in the electricity 
production process. Therefore, the activities that cause greenhouse gas emissions are different. It mostly 
depends on how many wood wings and wood chips are used for burning. Including the use of electrical 
energy within the factory, fuel combustion for boiling water in the boiler, and chemicals to improve surface 
water quality. Including activities that cause pollutants that come from the production process for some steps. 
The waste that occurs will be caused by burning rubber wood and turned into heavy ash and fly ash, which 
are filled in areas inside the factory. The wastewater generated from the cooling water is reused to boil further 
in the boiler. 

3.5 Multiple regression analysis of factors affecting the greenhouse gas emissions of biomass power plants. 

Table 5. Multiple regression analysis of factors affecting the greenhouse gas emissions of biomass power plants. 

Variable B SE. Beta t Sig. 
Constant value 373.516 224.789 - 1.662 .109 

Raw material quantity  .082 .003 .983 27.692 .000 
R= .983, R2 = .967, Adjusted R Square .966 SE= 1166.21799, F=96.70, P<.01 

From Table 5, it can be seen that the equation that will be used in the regression analysis is that. 
The R-value shows the relationship between all the predictor variables. What is the relationship with 

the dependent variables. The table can be translated as variables predicting the number of raw materials per 
day, which have a very high relationship with the variables of greenhouse gases. With a relationship in the 
same direction (the R-value is +). 

The R square or R2 value represents the predictive coefficient of this equation or the efficiency of the 
forecast using predictive variables (independent variables = quantity of raw materials), which are all in the 
equation. In this regression analysis, the method of bringing variables into the equation is stepwise (criterion: 
probability-of-F-to-enter < = .0.50, probability-of-F-to-remove > = .100). Which can be translated as 

The raw material quantity variable can correctly explain the variation in the criterion variable at 96.70 
percent, with statistical significance at the 01 level. 

Create an equation to predict factors affecting greenhouse gas emissions. in raw score format 
Y = 373.516 + .082 (raw material quantity) 
where Y is greenhouse gas emissions (kgCO2eq) 
Predictive equations in the form of standard scores 
Z = .983 Quantity of raw materials 
It can be explained if the raw material quantity variable changes by increasing or decreasing. One unit will 

result in greenhouse gas emissions changing in the same direction, with a correlation (R) value of 0.983 units.  

According to data from rubber farmers, there were three sample groups. Discharge value: According 
to related research, greenhouse gas emissions from fresh rubber wood, including the average daily greenhouse 
gas emissions from Rubberwood plantation to the average daily greenhouse gas emissions value, is equal to 
1.1186 kgCO2 eq, from related research, said throwing areas. However, it occurs in the production of raw 
materials such as oil, fertilizer, and pesticide chemicals. This accounted for 60 percent, and Greenhouse gas 
emissions throughout the rubber growing period accounted for only 40 percent before being taken to the 
rubber wood processing factory [13]. When entering the rubber wood processing work area, the average daily 
greenhouse gas emissions value equals 15,319.11 kgCO2eq. The activity with the most significant greenhouse 
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gas emissions is using electricity within the rubber wood processing factory because electric saws are used in 
sawing rubber wood and the use of electricity within the factory, such as offices, surface water pumps, and 
lighting at the rubber wood sawing table. According to related research, [14], rubber wood has a carbon 
component characterized by environmentally friendly materials. On the other hand, the loss of wood when 
rubber wood is cut during production is considered a carbon loss. This will result in pallet wood products for 
molding into furniture, decorations, slats, etc., and the remaining parts will be wooden wings and wood scraps 
to be resold to biomass power plants. A biomass power plant's daily greenhouse gas emissions value equals 
44,753.60 kgCO2eq. The use of rubber wood in the wood wings and wood scraps will give a value of the 
greatest source of greenhouse gas emissions from biomass power plants because they are used to burn fuel. 
Hot gas that helps water in the steam generator turn into high-pressure steam. To rotate the turbine of the 
generator, generating electricity. It will send electricity through the transformer to provide an electrical driving 
force. And enter the provincial electricity authority system further. Part of the wastewater from the process is 
reused in the boiler process. Ashes from fuel combustion will be used to fill in the area of the power plant. 
However, carbon dioxide emissions from combustion or decomposition are considered biological carbon 
dioxide or carbon neutral. This is because the carbon dioxide released into the environment during the 
combustion or decomposition of wood is reabsorbed during tree growth [15], indicating that wood biomass is 
normally defined as having zero global warming potential. After all, wood does not theoretically contribute 
to a carbon footprint. Search results for predictive variables and factors affecting the amount of greenhouse 
gases in biomass power plants. Predictive variables (the amount of raw materials) have a positive relationship 
with the amount of greenhouse gases, with a statistical significance of .01 and a correlation coefficient of .983. 
The ability to explain the variation of criterion variables (the amount of greenhouse gases) was accurate at 
96.70 percent, consistent with the research [16]. They are saying that the amount of garbage is large. The 
amount of carbon footprint released will also be significant. Consistent with [17], research on multiple 
regression analysis based on carbon emissions from aviation logistics in Henan Province said that the added 
value of the transportation, warehousing, postal, and telecommunications industries in Henan Province and 
the total population of Henan Province affect the carbon footprint of Henan Province's aviation logistics and 
consistent with [18]. Research on analyzing renewable energy and carbon dioxide emission levels is an 
important part of the European Union. A panel data regression approach found that renewable energy, 
biofuels, population, and urbanization status affect carbon dioxide emissions in European Union (EU) countries. 

4. Conclusions 
The carbon footprint evaluation is done according to life cycle assessment principles for biomass 

power plants by calculating the percentage of greenhouse gas emissions  per day. It was found that the 
process that occurred within the biomass power plant had the highest greenhouse gas emission of 44,753.60 
kgCO2eq or 70 percent, followed by the process that occurred within the rubber wood processing plant, 
which had a greenhouse gas emission of 15,319.11 kgCO2eq or equivalent to 22 percent, and the process from 
the rubber plantation had the lowest emission of greenhouse gases, equal to 1.1186 kgCO2eq or equivalent to 
8 percent respectively.  
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Abstract: The use of rice husk ash functionalized with organic amine groups 
(RHA-NH2) as an adsorbent for acid dye adsorption from wastewater was 
studied. The RHA–NH2 was synthesized successfully via the grafting method 
using (3-Aminopropyl)-triethoxysilane (APTES) as amine group precursors. The 
synthesized adsorbents were characterized by using X-ray Powder Diffraction 
(XRD), Fourier Transform Infrared Spectroscopy (FTIR), N2 adsorption-
desorption analysis, and Scanning Electron Microscopy (SEM). The RHA-NH2 
exhibited an amorphous silica structure and possessed the organic amine group 
functionalized on the silica surface. The adsorption was studied by using Acid 
Blue 225 as an acid dye. The amount of acid dye remaining in the aqueous solution 
was measured by ultraviolet-visible spectrophotometer (UV-Vis). The RHA-NH2 
revealed a higher adsorption capacity (82 mg/g) than RHA because the amine 
group enhanced the chemisorption energy.  

Keywords: Adsorption; adsorbent; rice husk ash; acid dye, organic amine groups 

1. Introduction 
Acid dyes are used in many industries, such as textile and dye 

manufacturing. Water pollution caused by industrial wastewater has become a 
common problem in many countries [1]. Removing dyes from water is very 
important since color greatly affects water quality. Even very small concentrations 
of dyes (less than 1 mg L-1) in water are obvious and unpleasant. Moreover, these 
dyes also cause health problems such as allergic dermatitis, skin irritation, cancer, 
and human mutation [2].  

Many methods, including physical and chemical technologies and 
biological processes, have been used to remove colored contaminants from 
wastewater and reduce environmental problems. The main treatment processes 
are oxidation [3], coagulation and flocculation [4], membrane separation [5] and 
adsorption [6]. Among these techniques of dye removal, adsorption is the most 
convenient and effective due to being less expensive than the others. This process 
transferred dyes from the water effluent to the adsorbents [7]. Over the past years, 
several adsorbents have been employed for dye removal, such as metal-organic 
frameworks (MOFs) [8], zeolite [9], and mesoporous silica [10]. However, those 
adsorbents are expensive, which results in high operating costs. 
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Recently, the low-cost adsorbent is interesting for use in adsorption and has a higher usage trend. Rice 
husk (RH) is an agricultural waste that produces about one-fifth of the world's annual rice production, or 
around 550 million metric tons [11]. It can be applied for several uses, such as energy production and as an 
adsorbent. RH has the potential to be accounted as an adsorbent because its main components are carbon and 
silica. In addition, rice husk ash (RHA) produced by heating rice husk at 700 C possesses a higher amount of 
silica content (84.3%) and has been used as an adsorbent for the removal of pollutants in wastewater such as 
heavy metals ions [12], and dye [13].  

To enhance silica adsorbents' adsorption capacity and selectivity for substances, surface modification 
is useful by utilizing interactions between adsorbents and adsorbates. Therefore, the modified silica surface has 
been regarded as an effective adsorbent due to its high surface area, allowing many surface groups to be 
binding. The amine-functionalized silica (SiO2-NH2) has received substantial attention because the amine group 
positively impacts the performance of the adsorption systems of heavy metals, dyes, and other organic 
compounds [14-16]. In addition, there has been reported using silica or mesoporous silica modified with amine 
groups applied as adsorbent to remove the dye in aqueous [17,18]. However, preparing commercial silica or 
mesoporous silica modified with amine groups as adsorbents is quite complicated and expensive, resulting in 
high operating costs. Therefore, rice husk ash with high silica content is interesting to modify its surface with 
amine groups to enhance its adsorption performance and applied as a low-cost adsorbent. 

This work aimed to study the use of amine-functionalized rice husk ash (RHA-NH2) as adsorbents for 
removing acid dye from wastewater. Advanced analyses examined the textural and structural properties of 
RHA-NH2 concerning adsorption. The adsorption performance of RHA–NH2 for removal of acid dye was 
evaluated by studying the effects of types of adsorbents and initial concentration of acid dye.  

2. Materials and Methods 
2.1 Chemicals and reagents  

3-Aminopropyltriethoxysilane (3-APTES) was purchased from Aldrich. Dichloromethane, Ethanol, 
HCl, and NaOH were purchased from RCL Labscan Limited. Acid Blue 225 was of commercial grade and 
obtained from Dystar Thai LTD. Its chemical structure is shown in Figure 1. All the above materials were used 
without further purification. Deionized water was used throughout this work. 

 

 
 

Figure 1. Chemical structure of Acid Blue 225 
 

2.2 Preparation of RHA and RHA-NH2  
The rice husk was immersed in DI water, 1M HCl for 4 h, at a 40 g husk/L ratio. The husks were washed 

repeatedly with DI water and then dried in an oven at 110 C for 2 days. Samples of rice husks were converted 
into adsorbent-rice husk ash (RHA) by heat-treating using ceramic crucibles at 700 C for 6 h in a muffle furnace. 
The heated rice husks were crushed to obtain an approximate diameter of < 2mm.  
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The organic amine functionalized rice husk ash (RHA-NH2) was prepared by mixing 5 g of RHA with 
100 mL of dried toluene. The mixture was refluxed under a nitrogen atmosphere for two hours, and then 4 g of 
3-aminopropyltriethoxysilane (3-APTES) was slowly added by a dropper. The mixture was refluxed again for 
24 h. The solid was filtered, rinsed with ethanol and dichloromethane 3 times, and then dried at room 
temperature. 

 
2.3 Characterization of adsorbents 
 The structures of RHA and RHA-NH2 materials were analyzed by powder X-ray diffraction (XRD). The 
XRD analysis was performed on a Bruker D8 Advance X-ray diffractometer with Cu K radiation operated at 
40 kV and 40 mA. The functional groups of these samples were analyzed FTIR. The FTIR spectra were obtained 
from a Spectrum 2000 FTIR spectrometer (Perkin-Elmer) with the usual KBr pellet method. The spectral range 
was chosen from 4000 to 400 cm-1. N2 adsorption-desorption measurements were carried out at 196 C using a 
BEL Japan BELSORP-mini II instrument to determine the material’s textural characteristics. SEM analyzed the 
morphology of these adsorbents. The SEM analysis was carried out using a scanning electron microscope 
(Model JEOL JEM-2010) at an electron acceleration voltage of 20 kV. Before scanning, the samples were coated 
with a thin layer of gold using a sputter coater to make them conductive. 
 
2.4 Adsorption study 

The adsorption of acid blue 225 over RHA and RHA-NH2 was investigated in a batch system by 
adapting from the previous report of Mansoor et al. [18]. All batch experiments were carried out in 125 mL glass-
stoppered Erlenmeyer flasks containing a fixed amount of adsorbent with 25 mL dye solution at a known initial 
concentration. The flasks were agitated at a constant speed of 150 rpm for one hour in an incubator shaker at 
313 K. The initial dye concentrations were 20, 40, 60, 80, and 100 mg L−1. The solid/liquid ratio was 0.025 g mL-

1. The residual amount of dye in each flask was investigated using a UV/VIS spectrophotometer (Model Hitachi-
U2001). The amount of dye adsorbed per unit adsorbent (mg dye per g adsorbent) was calculated according to 
a mass balance on the dye concentration using Eq. (1): 

 
qe =

(Ci−Ce)V
m                                                                        (1) 

 
Where Ci is the initial dye concentration (mg L−1), Ce is the equilibrium dye concentration in solution 

(mg L−1), V is the volume of the solution (L), and m is the weight of adsorbent in g. All the experiments were 
performed in duplicate, and the average value from the results was taken. 

3. Results and Discussion 

3.1 Characterization of adsorbents 
X-ray patterns for RHA and RHA-NH2 materials are presented in Figure 2. The XRD patterns of these 

two materials displayed a broad peak at a diffraction angle (2) between 15-30 and a sharp peak at 27, 
corresponding to amorphous silica and crystalline silica in quartz form, respectively [11]. However, the RHA-
NH2 materials exhibited a few lower XRD intensities (2 = 27) than primary RHA due to functionalized organic 
amine on RHA surfaces, resulting in a silica structure disorder. 

Qualitative identification of functional groups was accomplished by FT-IR spectroscopy. Figure 3 
shows the FT-IR spectrum of RHA and organic amine functionalized RHA materials over the 4000-400 cm-1 
range. A broad band in the range of 3700-3010 cm-1 was seen, which can be attributed to the framework of Si-
OH group interaction with the defect sites and adsorbed water molecules. The Si-OH peak appeared at about 
3172 cm-1. The asymmetric stretching vibrations of Si-O-Si were observed by the absorption bands at 1110 cm-1. 
The functionalized RHA with amine groups (Figure 3b) generally shows a broad NH2 stretching at 3424 cm-1, 
an N-H deformation peak at 1628 cm-1, and C-H stretching of methyl groups at 3064 cm-1 [16]. Moreover, the 
RHA-NH2 exhibited decreasing peak intensity at 3172 cm-1, implying the loss of surface silanol groups. These 
results confirmed that the organic amine functionalized on the RHA structure by replacing silanol groups, as 
seen in the synthesis pathway in Figure 4. 
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Figure 2. XRD pattern of (a) RHA and (b) RHA-NH2 

 
Figure 3. FT-IR spectra of (a) RHA and (b) RHA-NH2 

 

 
Figure 4. Functionalized with organic amine groups, the replacement of silanol groups on the RHA surface [11]. 

N2 adsorption-desorption analysis, as shown in Table 1, determined the textural properties of 
synthesized materials. Based on its textural properties, RHA is suitable for adsorption due to its highly specific 
surface area, pore diameter, and pore volume. After the surface of RHA with amino silane was modified, the 
surface area, pore diameter, and pore volume were reduced compared to pristine RHA. It was probably due to 
the agglomeration of silica particles after modification of the RHA surface with amino silane.  Additionally, the 
RHA-NH2 materials exhibited an increase in CHN contents (Table 1). These results suggested that the 
aminosilane had been incorporated into the pore structure of RHA.      
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Table 1 Physicochemical properties of the adsorbents 

Sample a 
SBET b Dp c  Vt d CHN contents e 

(m2 g-1) (nm) (cm3 g-1) % C % H % N 

RHA 136 3.71     0.34 0.22 ± 0.01 0.22 ± 0.01 0.08 ± 0.01 

RHA-NH2 44 3.28       0.20 1.63 ± 0.14 0.42 ± 0.04 0.55 ± 0.04 
a Dried samples 
b BET surface area 
c Pore diameter calculated using BJH method  
d Total pore volume 
 e Determined by CHNS analyzer  

SEM analyzed the surface morphology of RHA and RHA-NH2 adsorbents. The micrographs in Figures 
5a and c represented the RHA surface in different magnifications. From the SEM images of the RHA adsorbent, 
it was found that hardly any residual fiber could be observed on its surface. It has been shown that the 
preparation of silica adsorbent from RHA that had been treated with strong acid and calcination at 700 °C 
should result in high-purity silica consistent with the CHN result (Table 1). In addition, the prepared adsorbent 
showed amorphous silica morphology consistent with the XRD result (Figure 2). Moreover, it revealed the 
agglomeration of silica particles and the surface roughness. However, as seen in Figure 5b and d, the 
morphology of RHA-NH2 was quite similar to that of pristine RHA. 

 

 
Figure 5. SEM image of (a, c) RHA and (b, d) RHA-NH2 at a magnification of 2000x and 6000x, respectively. 

 
3.2 Adsorption study 

To evaluate the prepared adsorbents' efficacy, the acid dye's equilibrium adsorption was studied as a 
function of equilibrium concentration. The adsorption isotherms of acid dye on the RHA and RHA-NH2 

adsorbents are shown in Figure 6. By increasing the initial concentration of acid blue 225 from 20 to 100 mg L–1, 
the adsorption capacity of both adsorbents grew dramatically with a steep slope, resulting in an enhanced rate 
of adsorption. However, the adsorption order regarding the amount adsorbed (mg/g adsorbent) on the 
adsorbents is RHA-NH2 > RHA. The results of this study were consistent with the study of Apichat et al., which 
reported on the removal of humic acid in wastewater by comparing the RHA and RHA-NH2 adsorbents [11]. 
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Moreover, RHA-NH2 exhibited the highest adsorption capacity of the acid dye at 82 mg/g, which is 8 times 
greater than that of the RHA adsorbent. However, the RHA-NH2. However, the RHA-NH2 adsorbent showed 
a lower acid dye adsorption capacity than that of amine-functionalized mesoporous silica (5-6 times), which 
was previously reported by Mansoor et al. [18]. Since the SBET of RHA-NH2 was lower than that of amine-
functionalized mesoporous silica (1,092 m2 g-1), a low amount of organic amine functionalized onto the RHA 
surface was produced.  

In general, the adsorption capacity depends on the chemical and physical properties of the surface of 
the adsorbent. The RHA with a pure silica surface does not provide strong adsorption sites to interact strongly 
with acid dyes. The hydroxyl groups on the silica surface fail to induce strong interactions with acid dyes. The 
adsorption capacity of acid dyes by RHA was enhanced through functionalization with amine groups. The 
higher adsorption capacity of RHA-NH2 may be explained to proceed via electrostatic interaction and hydrogen 
bond formation between the surface of the adsorbent and acid dyes. The sulfonate groups of the acid dye were 
dissociated and converted to anionic ions in the aqueous solution. Also, in the presence of H+, the amine groups 
of RHA-NH2 become protonated. Then, electrostatic attraction could occur between the positively charged 
protonated amino groups on the silica surface (–NH3+) and the negatively charged sulfonate groups (–SO3-) of 
the acid dyes. Besides, a simulation of interactions between RHA-NH2 and acid blue 225 is shown in Figure 7. 

 
 

Figure 6. Adsorption isotherm for Acid Blue 225 adsorption on RHA and RHA-NH2 (solid/liquid ratio = 0.025 g mL-1, 
agitation speed = 150 rpm, time 60 min, temperature = 40 C) 

 

 
Figure 7. Interactions between Acid blue 225 and RHA-NH2 
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4. Conclusions 
The adsorption performances of acid dye by rice hush ash (RHA) and organic amine-functionalized 

rice husk ash (RHA-NH2) materials were studied in the present work. The RHA-NH2 could be prepared via the 
grafting method with 3-APTES. The characteristic results indicated that the RHA-NH2 exhibited structural 
properties and morphology similar to pristine RHA. However, the textural properties of RHA-NH2 were lower 
than that of RHA adsorbent. In addition, the obtained results showed that the acid dye adsorption capacity of 
RHA-NH2 > RHA adsorbent ( 8 times). Since the adsorption capacity of acid dye by the RHA-NH2 was 
enhanced through functionalization with amine groups. Furthermore, the RHA-NH2 adsorbent exhibited the 
highest adsorption capacity of the acid blue 225 at 82 mg/g.  
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