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Abstract

The development of bio-based carbon materials is a part of promoting the Bio Circular Green
Economy (BCG) model in accordance with current Thai government policy. In this study, oil palm
agricultural waste, specifically palm empty fruit bunch (PEFB) and palm shell (PS) were
investigated as raw materials for producing activated carbon intended for supercapacitor
applications. The primary objective was to explore the synthesis conditions and nitrogen doping
effects on activated carbon derived from oil palm biomass, aiming for high-performance
supercapacitors. A unique combination of chemical and surface modification processes was
employed, utilizing hydrothermal process and nitrogen doping with various nitrogen sources to
achieve activated carbon with a high surface area and tailored pore and surface characteristics.
This research is an extension of the previous success work in producing activated carbon from
palm empty fruit bunch (PEFB) and palm shell (PS), which exhibited a high capacitance level
surpasses that of commercially available activated carbon in an aqueous electrolyte.

Two different nitrogen sources were employed for doping activated carbon from PEFB and PS to
enhance the ion conductivity of electrode and electrolyte in supercapacitors. The impact of nitrogen
addition on pore generation including both micropore and mesopore was investigated. Previous
studies have indicated that nitrogen functional groups formed on activated carbon surface can
facilitate electrolyte ion transportation in supercapacitors. Thus, nitrogen doping when combined
with chemical activation process, has the potential to enhance the electrochemical properties of
activated carbon when used as an electrode in both aqueous and organic electrolyte
supercapacitors.

The activated carbon derived from PEFB and PS biomass demonstrated good properties, including
high surface area and porosity. To further enhance the electrical conductivity of activated carbon,
modifications of carbon surface involving nitrogen doping with ammonium chloride or urea followed
by thermal activation at 800°C were explored. The effect of different nitrogen sources on
electrochemical performance was reported. The modified activated carbon was evaluated in a coin
cell to determine the specific capacitance using galvanostatic charge-discharge method. The
nitrogen-doped PEFB activated carbon with ammonium chloride and urea, exhibited lower specific
capacitance than those of undoped PEFB activated carbon (78 F g~ at current loading of 0.02 A
g™") in a non-aqueous 1 M TEABF4/PC electrolyte. The presence of mesopores in the undoped
PEFB and PS activated carbons facilitated ion transportation process, especially TEA+ and BF4-
ions which have large ion radius, hence having lower internal resistance in the cell. On the contrary,
modification PEFB activated carbon with ammonium chloride or urea doping reduced mesopores.
During nitrogen doping process mesopores transform to micropore, hence restricting organic
electrolyte ion transportation leading to higher internal resistance in the cell with N-doped PEFB
activated carbon as electrode. The N-doped activated carbon derives from palm shell, PS-HWZA,
displayed high specific capacitance in organic electrolyte due to its retained mesoporous structure.



Research Summary

1. Assessing the electrochemical performance of nitrogen-doped activated Carbon derived
from oil palm biomass in organic electrolyte supercapacitors

Materials and Methods
Production of nitrogen-doped activated carbon derived from PEFB and PS

This study investigated the effect of different nitrogen sources doping into the activated carbon
derived from oil palm biomass. All experiments utilized palm empty fruit bunch (PEFB) and palm
shell (PS) as the raw materials. Hydrochar from oil palm biomass underwent hydrothermal
carbonization (HTC) and was subsequently mixed with ZnCl,, activating agent, and nitrogen
source. Two different nitrogen sources, which are ammonium chloride, and urea were applied to
generate N-doped activated carbon. The resulting mixture was activated at 800°C under CO>
atmosphere. The nitrogen-doped activated carbon from oil palm biomass was used as electrode
materials in a supercapacitor coin cell. The supercapacitor performance was evaluated using GCD
test in non-aqueous electrolyte, 1 M TEABF4/PC. Figure 1 depicts a schematic of the overall
production process of nitrogen-doped activated carbon derived from PEFB and PS biomass.

Biobased activated carbon via hydrothermal carbonization with nitrogen doping

Figure 1 The schematic of a production process of nitrogen-doped PEFB and PS activated carbon.
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The specific capacitance value of nitrogen-doped activated carbons derived from PEFB and PS
were calculated from a discharge curve of galvanostatic charge-discharge test (GCD). The
electrochemical performance was assessed using the two-electrode coin cell configuration and
was assembled as illustrated in Figure 2. The nitrogen-doped activated carbon and conductive
carbon were dried at 80°C for at least 3 hours in a vacuum oven before use. Subsequently, the
activated carbon sample and conductive carbon were mixed in a mortar with the ratio of 80:10 by
weight. The carbon mixture was then transferred into the mixing container, where 12% wt. PVDF
in NMP binder was added to the carbon powder mixture. The mixture was blending in a planetary
centrifugal mixer at 1200 rpm for 10 minutes or until achieving a homogeneous slurry. The carbon
slurry was then spread onto the aluminum foil which is serving as a current collector. The slurry
was cast using a doctor blade set at a height of 80 microns. The aluminum foil coated with activated
carbon was dried in a vacuum oven at 80°C for at least 12 hours. The prepared activated carbon
electrode sheet was cut to a diameter of 15.8 mm with an electrode puncher. After that, the carbon
electrode sheet was dried for at least 3 hours at 80°C in a vacuum oven and then allowed to cool
to room temperature in a desiccator.
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Figure 2 Coin cell assembly for electrochemical performance test of nitrogen-doped activated
carbon derived from PEFB and PS

Characterization method and electrochemical test of activated carbon derived from PEFB

The surface area and pore size distribution of activated carbon (AC) samples were analyzed using
nitrogen adsorption-desorption technique and Brunauer—-Emmett—Teller (BET) theory, conducting
using Micromeritics ASAP 2460 instrument. Pore volume and pore size distribution (PSD) were
determined employing non-local density functional theory (NLDFT). Galvanostatic charge-
discharge test (GCD) was conducted on supercapacitor coin cell using constant current charge-
discharge method. The GCD rate performance was carried out at various current density using
MACCOR machine, where the charge and discharge rates were set at the current densities of 0.02,
0.05, 0.1, 0.2, 0.5 and 1 A g, 10 cycles at first rate and then 5 cycle each following rate. The
voltage range is set at 0 — 2.5 V to measure the capacitance of the carbon electrode in non-
aqueous electrolyte, 1 M TEABF4/PC. Electrochemical impedance spectroscopy (EIS)
measurement was carried out over the frequency range of 1072 — 10° Hz with a signal amplitude
of 10 mV. EIS measurement was conducted using an Autolab PGSTAT204
potentiostat/galvanostat instrument.

Results and discussion
The specific surface area and pore properties of nitrogen-doped PEFB activated carbon

The pore size distribution plot of nitrogen-doped PEFB activated carbons are displayed in Figure
3 (a). All nitrogen-doped activated carbons have high surface area which contained mostly
micropore (<2 nm). As shown in Figure 3 (a), the pore size distribution plot reveals differences
between activated carbon without nitrogen doping (EFB-HWZ-800) and those activated carbon
samples doped with ammonium chloride or urea (EFB-HWZA-800 and EFB-HWZU-800,
respectively). It can be clearly seen that activated carbon without nitrogen doping exhibits a notably
higher mesopore volume compared to nitrogen-doped activated carbons. The undoped activated
carbon has a lower surface area of 1599 m? g', while nitrogen-doped activated carbons, HWZA
and HWZU have surface area of 1650 and 1634 m? g, respectively. It was found that when the
activating temperature was increased, the microporous volume of activated carbon was also
increased. The results of specific surface area (BET) and pore volume are shown in Table 1.

Figure 3 (b) shows the nitrogen gas adsorption and desorption isotherms of highly porous
materials. The isotherm of the undoped activated carbon surpasses that of the nitrogen-doped
carbons, owing to the larger pore size of the former. This isotherm plot also shows that activated
carbon without nitrogen addition has a hysteresis loop in the form of Type H2, which shows the
type of ink-bottle-shaped pores found in activated carbon with high amounts of mesopores.
Consequently, a greater quantity of nitrogen gas absorption is observed in the latter stage.



Nitrogen-doped activated carbons, on the other hand, display a hysteresis loop characteristic of
H4 slit-shaped pores. This structure is typical for activated carbon containing high amounts of
micropores. The slip shape micropore could facilitate and enhance movement are enhanced
movement of charges from the electrolyte in the case that the ion size and pore size are
comparable.
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Figure 3 (a) Pore size distribution plot of undoped activated carbon (EFB-HWZ-800), NH4Cl-doped
activated carbon (EFB-HWZA-800), Urea-doped activated carbon (EFB-HWZU-800) and
commercial carbon (YP50F)
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Figure 3 (b) Nitrogen adsorption-desorption isotherms of undoped activated carbon (EFB-HWZ-
800), NH4Cl-doped activated carbon (EFB-HWZA-800), Urea-doped activated carbon (EFB-
HWZU-800) and commercial carbon (YP50F)

Table 1. BET surface area and pore volume of nitrogen-doped PEFB activated carbons and YP-
50F (commercial carbon)

Cumulative Volume

Activated Carbon BET surface area (cm3 g?) Mesopore
(m2g?) (%)
Micropore Mesopore
EFB-HWZ-800 1599 0.52 0.72 57.78
EFB-HWZA-800 1650 0.66 0.06 4.07
EFB-HWZU-800 1634 0.69 0.08 10.08
YP50F 1654 0.65 0.05 7.96

From Table 1, both activated carbon samples doped with ammonium chloride and urea exhibit
high values of micropore volume between 0.66 to 0.69 cm? g'. As illustrated in Figure 3 (a), the
nitrogen-doped activated carbons contain the majority of micropores which have pore size
approximately between 0.6 to 0.7 nm. The pore diameter of 0.6 to 0.7 nm was found to be
effectively suitable to accommodate the ion in aqueous electrolyte system. However, for non-
aqueous electrolyte which has larger ion size, the combination of micro and mesopore in the
undoped PEFB activated carbon has shown to enhance ion transportation more than the nitrogen-
doped activated carbon.

The specific capacitance from galvanostatic charge-discharge test (GCD) of nitrogen-doped PEFB
activated carbon



The capacitance values of nitrogen-doped PEFB activated carbon are shown in Figure 4. This
figure compares the capacitance of nitrogen-doped activated carbons, synthesized with NH4Cl or
urea as nitrogen source added on hydrochar and activated with ZnCl, at 800°C with the undoped
PEFB activated carbon and YP50F commercial carbon. It was observed that the biobased
activated carbon, undoped and nitrogen-doped from either NH4Cl or urea, all samples exhibit
higher specific capacitance values at 0.02 A g™ current density from GCD tests compared to the
commercial carbon, YP-50F. This promising result demonstrates that the biobased PEFB activated
carbon has a high potential for as an electrode material for high performance supercapacitors.
The effect of nitrogen doping with NH4CI or urea on PEFB hydrochar has significantly lower the
capacitance values when testing at high current density. As the current density increases, the
mobility of ion moving toward the pore surface is higher, hence the large ion in non-aqueous
electrolyte could be obstructed from entering the micropores. There is a possibility of a detrimental
effect that is caused by the addition of nitrogen atom which could block or narrow the pore size of
the nitrogen-doped activated carbon. Both ammonium chloride and urea doped activated carbon
cannot retain their high capacitance value with increasing current density charging rate. Only
undoped PEFB activated carbon can exhibit higher capacitance value compared to commercial
carbon when tested at 1 A g”'. Thus, the existence of mesopores in the undoped PEFB activated
carbon has played an important role to enhance the capacitance of supercapacitor with non-
aqueous electrolyte.
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Figure 4 Specific capacitance from GCD test of undoped PEFB activated carbon (HWZ-800)
nitrogen-doped PEFB activated carbon, doping with NH4Cl (HWZA-800), doping with urea (HWZU-
800) and YP50F commercial carbon as a benchmark



The Electrochemical Impedance Spectroscopy (EIS) results of nitrogen-doped PEFB activated
carbon

The Nyquist plot results obtained from EIS experiments conducted on both undoped and nitrogen-
doped activated carbon derived from PEFB are presented in Figure 5. Analysis of the EIS results
reveal that the undoped activated carbon, designated as HWZ, exhibits a lower internal resistance
compared to nitrogen-doped activated carbon, HWZA and HWZU. This low value in internal
resistance is attributed to the less resistance in ion diffusion from electrolyte to porous carbon
electrode. Conversely, the high internal resistance observed in nitrogen-doped activated carbon
may be caused from the decreased of mesopore, which play a crucial role in facilitating the
transportation of large organic ions in non-aqueous electrolytes. Consequently, there are more
constraints on ion transportation into micropore within nitrogen-doped activated carbon.
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Figure 5 Nyquist plot results from EIS of both undoped, HWZ, and nitrogen-doped activated carbon
derived from PEFB, HWZA and HWZU

Conclusion

The effect of nitrogen doping during activation process was investigated using palm empty fruit
bunches (PEFB) as the starting biomass. It was found that nitrogen doping during the activation
process did not show significant effect on the surface area. However, the addition of nitrogen
affected the formation of mesopore in activated carbon. For undoped PEFB activated carbon, the
higher activation temperature of 800°C resulted in an activated carbon with high mesopore volume.
The specific capacitance of undoped activated carbon in this study is slightly higher than that of
nitrogen-doped activated carbon. The NH4Cl and urea doped PEFB activated carbon could retain
high capacitance only at 0.02 A g™'. The high capacitance value with increasing current density of
HWZ indicates that PEFB activated carbon has good rate capability. In conclusion, both nitrogen-
doped activated carbons yielded high specific capacitance at 73.9 and 74.7 F g at 0.02 A g™, the
PEFB undoped carbon reported capacitance of 79.1 F g-'which are higher than YP50F at 71 F g-
1

Production of nitrogen-doped palm shell (PS) activated carbon

In this section, the activated carbon was synthesized from palm shell (PS) biomass, characterized
and electrochemical performance tested. The testing conditions and preparation steps for



activated carbon derived from palm shell (PS) is the same as outlined earlier for the activated
carbon prepared from empty palm fruit bunches (PEFB). Three activated carbon samples derived
from PS are designated as follows; PS-HWZ 800 synthesized without nitrogen doping, using
ZnCl>: hydrochar at weight ratio of 2:1 and activated at 800°C. PS-HWZA 800 was prepared using
nitrogen doping with ammonium chloride in the activation step. The weight ratio of NH4Cl : ZnCl,:
hydrochar is 1:2:1 and activated at 800°C. Finally, PS-HWZU 800 was produced using urea as
nitrogen source. The urea : activating agent, ZnCl, to hydrochar ration is 1:2:1 and activated at
800°C.

The specific surface area and pore properties of nitrogen-doped PS activated carbon

The results of the specific surface area and porosity are summarized in Table 2. Surface area
analysis reveals that the undoped PS activated carbon exhibits a lower specific surface area at
1487 m? g' compared to the ammonium chloride doped PS activated carbon which has surface
area of 1641 m? g'. Furthermore, when examining mesopore content of PS derived activated
carbon, it was found that PS activated carbon doped with ammonium chloride possesses a higher
mesopore content compared to the PS activated carbon doped with urea. This discrepancy
suggests that the larger molecular size of urea obstructs mesopore generation process. The pore
size distribution of the nitrogen-doped PS activated carbons is depicted in Figure 6 (a).
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Figure 6 (a) Pore size distribution plot of commercial carbon, YP50F compared to undoped PS
activated carbon, PS-HWZ-800, nitrogen-doped activated carbons using NH4Cl as nitrogen
source, PS-HWZA-800 and nitrogen-doped activated carbons using urea as nitrogen source, PS-
HWZA-800
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Figure 6 (b) Nitrogen adsorption-desorption isotherms of commercial carbon, YP50F compared
to undoped PS activated carbon, PS-HWZ-800, nitrogen-doped activated carbons using NH4Cl
as nitrogen source, PS-HWZA-800 and nitrogen-doped activated carbons using urea as nitrogen
source, PS-HWZA-800

Table 2. BET surface area and pore volume of PS derived activated carbons and YP-50F.

Cumulative Volume

Activated Carbon BET surface area (cm3 g 1) Mesopore
(m?g?) (%)
Micropore Mesopore
PS-HWZ-800 1487 0.56 0.45 44.65
PS-HWZA-800 1641 0.66 0.18 21.07
PS-HWZU-800 1404 0.61 0.01 1.82
YPSO0F 1654 0.65 0.05 7.96

Figure 6 (b) shows the nitrogen gas adsorption and desorption isotherms of PS derived activated
carbon synthesized in this study. The isotherm of the undoped PS activated carbon and NH4ClI
doped PS activated carbon surpasses that of comer carbon, owing to the larger mesopore content
of the carbon samples. Both undoped PS activated carbon and NH4Cl doped PS activated carbon
isotherms reveal that the samples have a ink-bottle-shaped pores conformed to the hysteresis loop
type H2, which is found in activated carbon with high amounts of mesopores. Consequently, a
greater quantity of nitrogen gas absorption is observed in the latter stage. As tabulated in Table 2,
the undoped PS activated carbon has 44.65% of mesopore and NH4CI doped PS activated carbon
has 21.07% of mesopore.

Electrochemical test, GCD result of nitrogen-doped PS Activated Carbon
The Galvanostatic Charge-Discharge (GCD) test results of PS activated carbons are illustrated in

Figure 7. It can be seen that the nitrogen-doped PS activated carbons (PS-HWZA-800)
demonstrates higher specific capacitance than the undoped activated carbon (PS-HWZ-800).



Additionally, when compared to the commercial carbon, YP-50F, PS-HWZU-800 exhibits higher
capacitance at a current density of 1 A g'. The effect of urea doping (PS-HWZU-800) is also
observed in this case. However, PS-HWZU-800 activated carbon experiences a consistent
decrease in capacitance during charge at high current density (0.2 to 1 A g'), potentially attributed
to the low mesoporous structure of the samples. Whereas with commercial carbon, YP50F displays
the largest decrease in capacitance with increasing current density, indicated that commercial
carbon which contains most of the microporous structure affect the rate capability of the
supercapacitor with non-aqueous electrolyte. The undoped PS activated carbon capacitance result
exhibits a good rate capability of carbon electrode which is the same behavior found in NH4Cl
doped PS activated carbon.

The capacitance values of nitrogen-doped activated carbons synthesized with different nitrogen
sources added onto hydrochar were compared. The undoped PS activated carbon and NH4ClI
doped PS activated carbon and urea doped PS activated carbon exhibit lower specific capacitance
value than the commercial carbon, YP50F at 0.02 A.g™" current density. However, at a high current
density of 1 A.g”" both undoped and nitrogen-doped activated carbons from NH4Cl demonstrated
higher specific capacitance values than YP50F. This promising preliminary outcome of NH4Cl
doped PS activated carbon suggests that the proportion of mesopores facilitates efficient ion
transfer, leading to enhanced capacitance.
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Figure 7 Specific capacitance from GCD tests of undoped PS activated carbon, PS-HWZ-800,
NH.Cl doped PS activated carbon, PS-HMZA and urea as nitrogen sources and YP50F
commercial activated carbon as a benchmark

The Electrochemical Impedance Spectroscopy (EIS) results of nitrogen-doped PEFB activated
carbon

The Nyquist plot results obtained from EIS experiments conducted on both undoped and nitrogen-
doped activated carbon derived from PS are presented in Figure 8. The undoped PS activated
carbon, designated as PS-HWZ exhibits the lowest internal resistance compared to nitrogen-
doped PS activated carbon, PS-HWZA and PS-HWZU. This low value in internal resistance is
attributed to the less resistance in ion diffusion resulting from high mesoporous content in the



undoped PS activated carbon. The EIS test results confirm that the amount of mesopore presents
in the activated carbon plays a crucial role in facilitating the transportation of large organic ions in
non-aqueous electrolytes.
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Figure 8 Nyquist plot results from EIS of both undoped, PS-HWZ, and nitrogen-doped activated
carbon derived from PS, PS-HWZA and PS-HWZU

Conclusion

Activated carbon production from palm shell (PS) and palm empty fruit bunch (PEFB) biomass,
along with nitrogen doping using ammonium chloride or urea, was successfully accomplished.
Hydrothermal carbonization of palm empty fruit bunch (PEFB) and palm shell (PS) followed by
activation using ZnCl. resulted in the production of high-surface-area and high mesoporous
containing activated carbon. The modification via nitrogen doping of activated carbon with NH4Cl
or urea doping led to a decrease in mesopore volume; consequently, the undoped activated carbon
exhibited high specific capacitance value in supercapacitors with organic electrolyte. Notably, the
nitrogen-doped PS activated carbon, PS-HWZA, demonstrated high rate capability in organic
electrolyte due to its retention of mesoporous structure. Optimizing the mesopore content in
nitrogen-doped biobased activated carbon plays a crucial role in enhancing capacitance.
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Abstract

Photocatalytic processes for chemical decomposition of biomass related
compounds and purifications of wastewater containing environmental polutants are
considered as important renewable energy technologies and innovations in terms of
efficient utilization of solar energy for materials conversion. This work focused on the
materials design of photocatalysts for the photodecomposition of lignin related
dimers and purification of wastewater including phenol derivatives. The
photocatalysts were prepared by optimized conditions with surface modifications. In
terms of the photodecomposition of lignin related dimers, photoconversion of 2-
phenoxy-1-phenylethanol (PP-ol) and 2-phenoxyacetophenone (PP-one) as lignin -
O-4 dimer models with TiO2 was investigated through theoretical calculations and
kinetic analyses. It was found that TiOz2 is inactive against PP-ol and PP-one is
photodegradable with TiO2. While in the case of the purification of wastewater, the
photocatalysts were modified using the molecular imprinting technique with 4-
hydroxybenzoic acid to create the specific binding cavity for phenol derivatives on
the surface of TiO2. In particular, specific removal of phenol from the mixture with
ibuprofen using the molecular imprinted TiO2 was confirmed. The developments of
above those photocatalytic systems provide strong platforms for lignin related dimers
and photo-purification of environmental pollutants.

Keyword. Photocatalyst; Lignin dimer conversion; Wastewater purification

Introduction

Photocatalytic materials conversion is considered as a favorable method
for degradation of lignin and purification of wastewater due to its environmentally



friendly driving force of energy from sunlight and low cost [1]. TiO2 photocatalyst has
received the most research attention because of its affordability, nontoxicity, high
photoactivity, and high chemical stability [2]. The challenges for the photocatalytic
reaction are the materials design of the photocatalysts, recycling of them after use,
and improving the selectivity of them for some specific target compound. In this work,
we described the materials design and modifications of photocatalysts for degradation
of lignin and purification of wastewater through the improvement of catalyst specificity
by optimization of preparation conditions and surface modifications. The obtained
photocatalytic system resulted in remarkable enhancement of conversion efficiency in
photodegradation of lignin dimers and photo-purification of environmental pollutants.

Research Summary

(1) Photodegradation of dimer models of lignin by TiO2:
Effective and selective photodegradation of lignin related dimers,
photoconversion of 2-phenoxy-1-phenylethanol (PP-ol) and 2-phenoxyacetophenone

(PP-one) as lignin f~O-4 dimer models was investigated by using TiOz (P-25).

Photodegradation of PP-ol or PP-one by TiOz in 1:1 water/ethanol (v/v) w/wo
NaOAc under the irradiation of a 500 W Xe lamp at room temperature was performed
and the decrease of the absorbance of PP-ol or PP-one was monitored. The time-
course changes in the concentration of PP-ol did not obey the pseudo-first-order
kinetics. On the contrary, good linearity was confirmed in the case of PP-one.
Therefore, it can be concluded that TiOz is inactive against PP-ol (eq. 1) and PP-one
is photodegradable with TiOz2 (eq. 2). Number of states of PP-ol and PP-one obtained
by DFT calculations are indicated in Figure 1. Since LUMO of PP-one is 1 eV below
that of PP-ol, PP-one is relatively easy to reduce. Furthermore, charge densities of
PP-ol and PP-one are shown in Figure 2. Relatively low densities of oC and O bound
to aC of PP-ol against those of PP-one can be seen in Figure 2. Since it was known
that radical formation of aC and/or O bound to aC is essentially required for f-O-4
scission [3], PP-one is more reactive than PP-ol in terms of f0O-4 dimer
decomposition.
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Figure 1. Number of states of PP-ol (a) and
PP-one (b) with CB and VB of TiO..



Figure 2. Charge densities of PP-ol (a, b) and PP-one (c, d).

Table 1. Michaelis-Menten parameters for photo-conversion of PP-
one (0.042~0.070 mmol dm-3) with NaOAc (0 or 0.035 mmol dm3)

[NaOAc] Kwm Vmax Vmax/Km
[mmol dm~ [mmoldm- [mmol dm3s [s"]
3 3 ]
0 0.260 0.00747 0.0288
0.035 0.601 0.0135 0.0224

Michaelis constant (Kv) and apparent maximal rate constant (VmaxvKw) after
the formation of TiO2-PP-one complex were estimated. Larger Vmax was obtained in
the presence of NaOAc. On the other hand, higher affinity 1/Km for predominant
formation of TiO2-PP-one complex and larger VmaxKm without NaOAc were attained.
Although the net roll of NaOAc in this reaction is still uncertain, it might be possible to
regulate and optimize the selectivity of the decomposed product such as the yields of
acetophenone, phenol, and so on (eq. 2) by changing the amount of NaOAc and
other conditions of this system in future.

o0y

PP-ol A




0 0
0 hv, NaOAc i -
@ - T4 @’ +others  (2)
TiO,

PP-one

(2) Removal of phenol from the mixture of organic pollutants using molecular imprinted
TiO2:

In this part, molecular imprinted technology has been employed to remove
phenol from wastewater selectively. The photocatalysts were synthesized using
TiO2 as the platform for template binding using 4-Hydroybenzoic acid. The
photocatalysts were annealed at various temperatures, 400°C, 500°C and 600°C.
According to the XRD results, it is proved that the samples annealed at 500 °C
showed peaks corresponding to [110], [101], [111], [211], and [002] planes [4].
Quantitative analysis of anatase-rutile mixtures was studied by Spurr and Myers
as shown in Table 2, where the phase compositions between anatase and rutile
in percentage were 75:25, 94.47:5.53, 98.10:1.90, 95.10:4.90, 85.93:14.07, and
62.51:37.49 for P-25, N500, M400, M500, and M 600, respectively. Due to the
delayed recombination, Degussa P-25 has a strong photoreactivity.

e Table 2. Phase composition from Spurr & Myers
Sample Phase Composition Percentage (%)
. Bs00 Name Anatase Rutile Brookite
% P-25 75.00 25.00 0
g A) NM500
2 e N N N500 94.47 5.53 0
D) Anatase (JCPDS card no. 21-1272) M400 98. 1 0 1 .90 O
- L L M500 95.93 4.07 0
| £) Rutile (CPDS carr no. 21-1276) M600 62.51 37.49 0

L
10 20 30 40 50 60 70 80

2Theta [degrees]

Figure 3. XRD patterns of TiO, a) N500, b)
M500, c) M600 , d) Anatase and e) rutile

Selective photocatalytic degradation of target pollutant was carried out in
a photoreactor equipped with a 75 W Xenon arc lamp placed behind the
cuvette cells within 10 cm. In each batch, about 0.1 mg of photocatalysts per 3
mL of pollutants were added to the synthetic wastewater containing selective
and non-selective target pollutants. The mixture was stirred vigorously for 150
min. The quantification of phenol remaining in the sample was performed by
using high-performance liquid chromatography (HPLC). The results revealed
that MITiO2 annealed at 500 °C showed the best photocatalytic degradation of
phenol, reaching up to 91.66%, as shown in Figure 4. In contrast, NMITiO2
showed lower removal efficiencies compared to MITiOz2, due to the lack of
recognition sites on the TiOz2 surface, resulting in lower binding affinity towards



phenol. The photocatalytic tests were further carried out to study their
reaction kinetics using the Lineweaver Burk plot. The study showed that
samples annealed at 500 °C had lower Km value and higher Vmax, suggesting
higher estrone binding affinity and catalytic activity. To ensure the safety of
releasing the treated wastewater into the environment, TOC analysis was
conducted to quantify the total organic carbon remaining in the samples, and it
was found that after 360 min of photoreaction, 99.41% of organic carbon has
been removed, indicating that a majority of organic compounds including their
intermediates have been completely degraded.

100 14

91.66 [ % Removal
[ % Adsorption 12 [ ibuprofen concentration
80 4 [ Phenol concentration
E 104
g g
;’ 60 c g
= S
£ 3
8 40 £ 67
:
o 4]
204
2
0- 0- 2
M400  N400 M500 N500 M600  N600 P-25 0 min 90 mins 180 mins 360 mins
Types of photocatalysts Time (minute)
Figure 4. Removal and adsorption Figure 5. Selective removal efficiency of
efficiency of phenol phenol in mixture of organic pollutants

Figure 5 shows the selective photocatalytic degradation of phenol mixed
with ibuprofen as a non-target pollutant. The results proved that even in a
mixture of organic pollutants, MITiOz catalysts still play their roles in selectively
removing the pollutants that were imprinted on the platform. 4HBA was chosen
as the template due to its shape similarity, and compared to 2-HBA and 3-
HBA, which have the hydroxyl group attached to the ortho and meta positions,
respectively, 4-HBA exhibits distinct intramolecular and intermolecular
characteristics. These differences can result in variations in chemical reactivity,
physical properties, and potential applications of the compound [5]. As shown
in Figure 6, after template binding and removal, the catalysts selectively
bonded with phenol only. Throughout the whole reaction, while UV light is
irradiated, the catalysts create two different degradation pathways, including
the photoreductive and photooxidative pathways (credited Ms. Phouvnieth
Phearum).

Template Target Pollutant

4HBA Phenol
Template Template O @
Bmdmg Removal
Selective Removal of Pollutants

Non-Target Pollutant
Ibuprofen
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1. Introduction

Presently, the electricity industry is responsible for about 40% of global carbon dioxide
(CO2) emissions, and electricity demand is expected to grow by more than 50% by 2040 [1-2].
Due to the huge reserves and affordability of coal, coal-fired thermal power plants produce a
significant share of the world's primary electricity [2-6]. Since coal has a high carbon content,
coal-fired thermal power plants generate more CO; than any other form of power generation
[7-8], and they are one of the main anthropogenic CO; emission sources [2, 4, 9], contributing
for 30.4% of global CO, emissions in 2018 [10]. The reduction of greenhouse gas (GHG)
emissions is essential for addressing climate change triggered by global warming, and the
reduction of CO; emissions is now a global consensus [7, 9-13]. The desire to achieve a low-
carbon society is widely discussed, and coal-fired utilities are under increasing pressure to
decarbonise [5].

At the United Nations Climate Change Conference (COP26), more than 40 countries
pledged to abandon coal [2]. Amidst the excitement surrounding the low-carbon transition,
the current global energy crisis has resulted in a renewed rush for coal, showing that the rapid
shift to renewable resources may be much more challenging than expected [2]. One remedy
for this issue is to progressively phase out coal to allow time for zero-carbon technology to
take root [2]. As a result, decreasing carbon emissions from existing coal-fired power plants
is essential for lessening the carbon apex and creating a carbon-neutral society while targeting
towards zero-carbon technologies and for the supply chain to mature [9-10].

Hence, numerous strategies are being developed to decrease CO, emissions from the
above said power plants, such as ultra-supercritical technology [10], integrated gasification
combined cycle (IGCC) [10], double reheat technology [10], carbon capture and storage (CCS)
[10], oxy-fuel combustion [7], carbon capture and storage [7], and the use of low-
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carbon/carbon-neutral fuels [10-11]. When it comes to the use of low-carbon/carbon-neutral
fuels, hydrogen is anticipated to play a significant part in the future formation of a low-carbon
society [9, 11-13, 15]. Nevertheless, due to its high volatility [11], hydrogen storage and
transportation remain complicated [13, 16]. Biomass and biogas are also alluring carbon-
neutral fuels for co-firing [5, 14], but seasonal fluctuations in feedstock supply pose major
challenges [5].

Malaysia has an advantage in this regard due to the abundance of palm oil plantations
[17], where oil palm wastes (OPWs) are one of the readily accessible biomass resources [6,
18]. Solid waste from palm oil plantations, such as empty fruit bunches (EFB), palm kernel
shell (PKS), and palm mesocarp fibres (PMF), has the potential to be used as a fuel to generate
electricity [6, 18]. The use of OPWs in a coal-fired power plant can significantly reduce GHG
emissions [6]. Furthermore, using OPWs as fuel in coal-fired power plants could mitigate one
of the negative effects of palm oil plantations, which is the massive production of agricultural
waste [6, 19]. Plus, the majority of newly built coal-fired power plants in some European
countries, Japan, and China are largely co-fired, with biomass accounting for 10%-20% of
calorie output [6]. Therefore, with efficient planning of the OPWs supply chain to achieve the
co-firing scales required [6], there will be a significant business opportunity for OPWs co-firing.

However, a few co-firing repercussions must be identified and clearly understood in terms
of OPWs co-firing suitability in existing coal-fired power plants. Nowadays, to remain
economically viable, coal-fired power plants must overcome the challenge of non-design, low-
quality coal usage, which incurs major operational issues such as greater water wall slagging
and high temperature corrosion [20]. Therefore, OPWs co-firing may result in unexpected and
undesirable problems with boiler operation, efficiency, corrosion, erosion, flame stability,
slagging, fouling, heat adsorption in the furnace, and so on [21].

In coal-fired power plants, the co-firing technique involves injecting different types of
solid fuels into the boiler from a different burner with no prior mixing. Since it is challenging
to transport and disseminate two solid fuels separately to bunkers, this method is not widely
employed in power plants [21]. Nonetheless, co-firing has shown greater ability to manage
co-firing adjustment between two or more different types of solid fuels [22]. However, the
majority of solid fuels blending research has focused on the combustion characteristics of the
out-furnace blending strategy, in which various types of solid fuels were pre-mixed before
entering the boiler [23]. Hence, there is a need to evaluate co-firing strategy since most
research has focused on the combustion aspects of the out-furnace blending procedure, and
the underlying combustion mechanisms resulting from the OPWs co-firing strategy are still
vaguely defined and limited to academic studies [6, 24].

Coal is a heterogeneous substance with varying qualities such as rank, maceral content,
and impurities [23]. As a result, constructing an ideal methodology for predicting the
combustion behaviour of coals and OPWs co-firing is challenging [23]. It has been established
that fuel composition characteristics (proximate and ultimate analysis data, heating value,
etc.) remain additive after blending, whereas many combustion characteristics are non-
additive [23-24]. That is, they have both reactive and unreactive consequences [23-24].
Additivity, for example, cannot predict ignition, flame stability, slagging, fouling, and nitrogen



oxides (NOx) emissions [23-24]. Experimental techniques were used to assess the combustion
performance of various types of solid fuel blends used in pulverised coal-fired boilers [24].
Several empirical indices based on volatile matter constituents, fuel ratios, and maceral
compositions were also built from the experimental results in order to empirically predict the
slagging, fouling, ignitability, flame stability, and burning of coal-OPWs [25].

Another approach that has the potential to be a dependable and cost-effective strategy
in the investigation of OPWs co-firing is numerical modelling (computational fluid dynamics).
Numerical modelling has been shown to be an effective technique for diagnosing and
resolving flow and combustion issues [24, 26-31]. As it can provide insights into the
combustion properties of unfamiliar solid fuel blends [6, 24], such as OPWs co-firing, it has
been widely used to examine the combustion performance of a single coal and multiple solid
fuel blends in bench-pilots and full-scale utility furnaces. Lee et al. [24] simulated combustion
and flow for a variety of solid fuel blends, and the numerical modelling was validated using
experimental data from a drop-tube furnace. They revealed that the combinatorial impact is
caused by particle temperature and volatile matter interactions between individual solid fuels,
and the modelling offers an effective strategy for the implementation of multiple solid fuel
blends.

Aziz et al. [6] implemented the OPWs co-firing with coal in a utility coal-fired boiler model,
using PKS as the OPW type. While the assessment has provided significant findings on the
predicted co-firing behaviour in the aspects of emissions and thermal behaviour, the
validation aspect of the said assessment is vague with no actual power plant operational data
involved. In broad sense, the combustion characteristics, heating surface temperatures, and
flue gas components from pilot-scale tests differ from actual power plant data [32-33], and
the said operating data differs even between power plants. Pilot-scale test data is frequently
obtained from shorter test durations, which differs from the real operating procedure in
power plants, in continuous mode of operation and longer combustion period. As a result,
creating numerical models based on data from pilot-scale experiments will not provide a
comprehensive insight of actual OPWs co-firing in a utility boiler.

To create a credible OPWs co-firing numerical model, extensive data collection activities
at the actual coal-fired utility boiler, as well as numerical procedures that closely follow the
actual coal-fired utility boiler operations, are highly desired. Another reason for using actual
data is the complicated geometry of coal-fired utility boilers, which affects the solid phase
flow behaviour and alters particle movement and fluid dynamics within the boiler [34].
Particle and flow dynamics have a large impact on the subsequent thermal behaviour [34].

To address the stated gaps, the present study collects relevant power plant data from one
of Malaysia's 500 MW opposed-fired coal-fired power plants, allowing the actual plant data
to be appropriately defined and transformed into a reliable OPWs co-firing numerical model.
The validation was carried out using a single coal case as a baseline. The numerical model
used in this research was integrated with the solid fuel combustion model, which included
the kinetics of devolatilisation, char conversion/reaction, and volatiles reactions. The current
study employed three types of OPWs including EFB, PKS, and PMF. The primary objective of



the current research is to gain fundamental insights into the operational impacts of various
types of OPWs co-firing in a utility boiler.

2. Physical Setup

The three-dimensional (3D) configuration of a coal-fired boiler as shown in Figure 1 was
created using as-built dimensions from the actual coal-fired power plant under consideration.
The boiler has a wall-firing design with 36 coal burners that are also the primary air (PA) inlets,
with 36 secondary air (SA) inlets circumferentially positioned at each burner-PA inlet to
enable better mixing of the incoming coal and air, as well as to provide a dry low NOy region
closer to the burner area where the incoming SA creates a recirculation zone for the incoming
coal and air [35-36]. Each side of a boiler (front and rear walls) has each 18 burner-PA inlets
and 18 SA inlets located at three different heights at a burner zone due to the wall-firing
layout. To reduce computational costs, the tube bundles of superheaters and reheaters were
simplified to a few thin walls [35-36]. The accuracy of computational works considered, heat
transfer models’ implementation to thin walls to replicate the heat transport process
between the flue gas and the steam within the heat exchanger bundles. The heat transfer
modelling on the heat exchanger bundles is done in the same way as Yang et al. [37].

The over-fire air (OFA) inlets are positioned between the burner zone and the heat
exchanger bundles, and they are made up of six inlets at the front and rear walls with the
same elevation height. The computational model and boundary names used on the boiler are
depicted in Figure 1. Mills 1-6, as shown in Figure 1, supply coal and PA for each burner-PA
inlet elevation (A to F).

Heat
exchangers
I._'_l
Heat
exchangers
OFA —> <—— OFA
—> Mill 1 —> A} D <«<— Mil 4 <«
(SA+ PA+* coal) —» il 2 —> B E <«— Mill 5 <«— (SA+PA+ coal)
—> Mill 3 —> C} F €<— Mil 6 <«

N4

Fig. 1. Computational model of the boiler



In a common utility coal-fired boiler framework, the coal-fired boiler integrates the piping
structure and the furnace as one system, with all mills connected to discharge pipes that
deliver coal particles and PA into the boiler [35-36]. However, in order to save computational
costs, the piping structure is not part of the computational domain for this study. Fuel oil (FO)
inlets are not considered as one of the flow inlet boundaries in this study because the FO is
frequently used during the furnace's startup phase. The current study is a steadily simulated
reacting flow assessment in which combustion is assumed to be long past the transitory
period of the coal-fired furnace's start-up operation.

3. Numerical Setup

The detailed chemical reaction modelling schemes of solid fuel combustion used in this
research work are similar to those demonstrated in our previous research [35-36]. The
chemical kinetics and combustion models used in this study account for the three main stages
of solid fuel combustion: devolatilisation, char conversion/reaction, and volatiles reactions.
The volatile composition and rate constants for solid fuel devolatilisation were predicted
using the advanced solid fuel network model and ascertained using the historical solid fuel
database from our own analytical laboratory. The governing equations were discretised using
the finite volume technique (steady state and compressible). ANSYS Fluent V.19 R1 was
employed for all setup and numerical processing. A pressure-based solver was used to solve
the governing equations. To resolve the pressure-velocity coupling, the Semi-Implicit Method
for Pressure Linked Equations (SIMPLE) technique was used. Ferziger et al. [38] go into great
detail about the SIMPLE algorithm's constants and formulations. To address the radiative heat
transfer from the reacting flow, the Discrete Ordinates (DO) model was used. To resolve
turbulent flow, the Shear Stress Transport (SST) k - w model was utilised, which has been
shown to provide good convergence and accuracy in reacting flow simulations [39].

Sieve analysis was performed on coal samples taken from the actual power plant under
study to determine the size fraction of coal particles. The size fraction was used to translate
the range of coal fineness into the Rosin Rammler distribution, and the Rosin Rammler
distribution curve fit coefficients were introduced into the numerical code to reflect the
variation of coal fineness from the power plant under study. The fineness of the coal ranged
between 75um and 300um, and all solid fuel particles were tracked with a Lagrangian system
that accounted for turbulent dispersion for 80,000 particles. It is a well-known fact that the
pulverised biomass will have larger particle sizes after passing through the conventional coal-
fired utility pulverised mill due to the difference in density, Hardgrove Grindability Index (HGI),
and terminal velocity [40]. The fineness of OPWs is therefore assumed to be in the range of
75um for this research, as required by the power plant. The impact of HGI is excluded in this
co-firing research and will be investigated further in the future.

A post-processing method was used to simulate NOx production. To begin, combustion
simulations were used to derive temperature, major gas composition, and velocity
distributions. The reactions of thermal NOx and NOy reduction by char were then incorporated



based on the combustion computation. Only NOx-related species were computed, but flow,
turbulence, other major gas compositions such as oxygen, CO3, carbon monoxide (CO), and
hydrogen, energy, as well as radiation equations were not solved.

The bituminous coal was chosen for this study because the current boiler was designed to
only burn bituminous coal. Table 1 displays the properties of the solid fuels (coal and OPWs)
used in the simulations. The said bituminous coal was used by the power plant while it was
operating, and it was collected in a small sample and subjected to extensive analytical fuel
testing to determine its coal properties. The properties of OPWs were provided by one of
Malaysia's major OPW suppliers. These solid fuel characteristics (shown in Table 1) are part
of the numerical study's boundary conditions. Table 2 depicts the four (4) solid fuel co-firing
scenarios used in the simulation. The OPWs co-firing ratios were determined based on a
calorific percentage (cal. %).

Table 1

Solid fuel types and characteristics

Solid fuel Proximate analysis, Ultimate analysis, wt. %, db GCV- Gross
wt. %, dry basis (db) (C-Carbon, H-Hydrogen, N-Nitrogen, O- Calorific Value, db
(VM-Volatile  matter, Oxygen, S-Sulphur) (kcal/kg)

FC-Fixed carbon, AC-
Ash content)

VM FC AC C H N ) S
Coal (B1) 25.4 59.5 15.1 73.68 4.53 165 457 050 6678
EFB 78.5 17.3 4.3 44.07 552 041 4573 046 5067
PKS 80.9 16.8 2.4 49.13 542 048 42.45 0.41 4852
PMF 79.8 14.9 5.4 45,51 5.03 054 4361 042 4876

Table 2

Co-firing cases

Case Fuel type for the burner row Capacity
A B C D E F (MW)
(20 cal.%) (20.cal%) (20.cal%) (20.cal%) (20.cal%) (20.cal%)

Baseline B1 B1 B1 B1 B1

B1-EFB EFB B1 B1 B1 B1

B1-PKS PKS B1 B1 Standby g, B1 >00

B1-PMF PMF B1 B1 B1 B1

According to Tables 1 and 2, coal B1 is bituminous, whereas EFB, PKS, and PMF are OPWs.
The baseline scenario involves no co-firing (100% coal B1). The validation with actual plant
data was carried out based on the CFD results from the aforementioned baseline case. This is
because the baseline case, or 100% coal B1, has been used frequently in the power plant
under study, and a large amount of plant data from this firing can be utilised to validate the
baseline case. Therefore, the power plant operating condition during the firing of coal B1 was



properly captured by the power plant sensor and transferred as the boundary conditions of
the current numerical analysis. Mills 1-6 deliver coal and PA for each burner-PA inlet elevation,
as shown in Table 3. Mill 4 emits no coal flow at the burner elevation D because it was used
as a standby burner.

Table 3

Operating conditions for the CFD model validation

Parameter Oper.a'.cing
condition
Mill 1 coal flow (t/h) 3291
Mill 2 coal flow (t/h) 38.45
Mill 3 coal flow (t/h) 39.45
Mill 4 coal flow (t/h) 0.00
Mill 5 coal flow (t/h) 39.45
Mill 6 coal flow (t/h) 39.45
Main steam temperature (°C) 538
Total OFA flow (t/h) 389.36
Total SA flow (t/h) 1168.07

Mill 1 PA inlet temperature (°C) 78.99
Mill 2 PA inlet temperature (°C) 79.95
Mill 3 PA inlet temperature (°C) 79.83
Mill 4 PA inlet temperature (°C) 79.95
Mill 5 PA inlet temperature (°C) 79.95

Mill 6 PA inlet temperature (°C) 48.89

Mill 1 PA flow (t/h) 73.86
Mill 2 PA flow (t/h) 72.90
Mill 3 PA flow (t/h) 73.85
Mill 4 PA flow (t/h) 73.78
Mill 5 PA flow (t/h) 68.26
Mill 6 PA flow (t/h) 14.92

SA temperature (°C) 333.00




4. Grid-Convergence Analysis and Model Validation

To assure that the spatial convergence accuracy is sufficient, the grid independent test is
performed. Meshes (elements) are built with orthogonal quality and skewness in mind to
reflect mesh attributes that influence the level of spatial discretisation errors [35-36]. To
ensure that acceptable mesh qualities could be constructed, the orthogonal and skewness
features of all generated meshes in the grid independent test were controlled. When the
mesh number exceeds 1.89 million, the velocity and temperature profiles in the furnace's
centre nearly stop changing. Figure 2 depicts the mesh model.

Fig. 2. Mesh model of the boiler (isometric view)

After determining the independent mesh number, a model validation exercise was
performed, which involved comparing the predicted furnace exit gas temperature (FEGT)
result from the current model to the actual FEGT from the power plant under study. The
predicted FEGT value is based on the average temperature in a plane slightly below the nose
area of the furnace (below the tube bundles of superheaters and reheaters). The FEGT results
from the CFD model and the actual power plant are shown in Table 4. Table 4 shows that the
overall CFD model predicted results were within 10% of the actual FEGT. As a result, the
current numerical model's reliability was determined to be acceptable based on the FEGT
validation results.



Table 4

Validation based on FEGT results

FEGT (°C)

Percentage difference (%)
Actual CFD
1200 1284.81 7.07

5. Results and Discussion

5.1. Temperature Results

Figure 3 depicts the predicted temperature contour of the boiler model as well as the nose
area temperature for each case. Since OPWs have a higher VM than baseline coal, the high
combustion temperature zones in the boiler with OPWs co-firing are much larger than in the
boiler with pure coal firing. Previous research has shown that the VM plays an important role
in the early combustion phenomenon and the oxidation of large amounts of volatiles [17, 36].
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Fig. 3. Predicted temperature results within the boiler model



The predicted nose area temperature, which exceeded 1200°C in all OPWs co-firing cases,
is the highlight of these findings. The power plant under consideration requires an
approximately 1200°C at the nose area region to avoid ash deposition occurrences, with the
nose area temperature not exceeding the initial deformation temperature (IDT) of the solid
fuel blends. As previously stated, the power plant under study was intended to burn primarily
bituminous coals, a low VM solid fuel [36]. As a result, the boiler configuration and operating
conditions were primarily designed to ensure that bituminous coals could be fired while
maintaining a nose area of roughly 1200°C.

Co-firing OPWs fuel, which has a high VM, could change the kinetics time scale of
devolatilisation, which is already known to be shorter than the time scale of successive char
combustion [36]. The synergistic impact of coal and OPW kinetics aids in raising the
combustion rate of solid fuel blends,B1 coal, which has prospered from OPW!'s higher
combustibility, proceeds to have a greater rate of volatile release and char combustion.

5.2. Unburned Carbon (UBC) Results

Excessive UBC in fly ash is undesirable from the standpoint of power plant operation. It
represents a noticeable fuel loss, lowering overall plant efficiency [41]. The concrete industry
is the largest market for fly ash (additive for cement) [41]. According to ASTM standard 618,
one of the criteria for such an application is that the UBC or loss on ignition (LOI) limit must
be less than 6% [41]. Therefore, power plant places a lot of importance on UBC amount
because it affects their profits. UBC levels above the LOI limit reduced plant efficiency, and fly
ash could not be sold to the concrete industry. As seen in Table 5, the predicted UBC levels at
the boiler’s outlet are reduced when co-firing with OPWs because the OPWs-coal blends
contain less FC than the pure coal blend.

Table 5

Predicted UBC levels

Case CFD (%) LOI limit
(%)
Baseline 3.52
B1-EFB 2.03
<6
B1-PKS 1.97
B1-PMF 1.94

5.3. OPWs Fuel Flow and Mill Capacity

In order to achieve the required load from the boiler, the fuel flow into the boiler was
primarily determined by its calorific output. The required load for this utility boiler is 500 MW.



As shown in Figure 1, the pulverised solid fuel will be transported from the mill to the boiler.
Table 2 shows that in all OPWs co-firing cases, 20 cal.% of the OPWs will be injected into the
boiler, accounting for the usage of one mill (in this case Mill 1/burner row A). Figure 4 depicts
the calculated OPWs fuel flow for each OPWs co-firing case.

50.0 -~

Maximum fuel flow per mill
(burner row A)

i —B 8
40.0 4 ./* Normal operation from the
i power plant under study

(burner row A)

30.0
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Baseline B1-EFB B2-PKS B3-PMF
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Fig. 4. Calculated OPWs fuel flow per mill (burner row A)

Figure 4 shows that the OPWs fuel flow is slightly higher than the normal operation of the
power plant under consideration. This is due to OPWs having a lower GCV than B1 coal, as
shown in Table 1. As seen in the baseline case (pure coal firing), the fuel flow at burner row A
is within normal operation due to the use of B1 coal at burner row A. The slight increase in
OPWs fuel flow corresponds to lower GCV of OPWs when compared to B1 coal. As a result, a
higher OPWs fuel flow is required to achieve the utility boiler's required load. Nonetheless,
as shown by the red line in Figure 4, the predicted OPWs fuel flow is still lower than the
maximum allowable fuel flow per mill.

5.4. Predicted CO, CO,, and NOx

Tables 6, 7, and 9 show the predicted CO;, CO, and NOy at the boiler's outlet, respectively.
OPWs have lower FC than coal, resulting in lower CO and CO2 emissions when coal is co-fired



with OPWs. However, because ash mineral compositions are not taken into account, even
though OPWs contain less N than the baseline coal, OPWs co-firing cases are expected to
produce more NOy than the baseline coal due to the higher flame temperature generated,
which results in an increase in thermal NOy, as stated in the Zeldovich mechanism [6]. Except
for the predicted NOy, the predicted CO emissions do not exceed the specified emission limit
required by the power plant under study.

Table 6

Predicted CO levels

Case CFD Limit
(mg/m?)  (mg/m?)
Baseline 197.35
B1-EFB 149.41
B1-Pks  147.86 200
B1-PMF 147.11
Table 7
Predicted CO, levels
Case CFD (%) Limit (%)
Baseline 14.05
B1-EFB 9.53
B1-PKS 8.82 N/A
B1-PMF 8.45
Table 8
Predicted NOy levels
Case CFD Limit
(mg/m’) (mg/m?)
Baseline 574
B1-EFB 671
B1-PKS 695 <600

B1-PMF 673

6. Conclusions and Recommendations

The assessment of OPWs co-firing for one of Malaysia's 500 MW utility boilers was
numerically carried out. Three types of OPWs tested including EFB, PKS, and PMF. The
predicted FEGT from the numerical model was validated against the actual FEGT from the
coal-fired power plant where the current boiler is located, revealing a discrepancy of less than
10%. As a result of the validation, the numerical model has the capability to be a reliable and



cost-effective tool for analysing the combustion performance of multiple solid fuel blends in
an actual power plant boiler. The current study yielded the following key findings based on
numerically tested OPWs co-firing cases:

The nose area temperature was anticipated to exceed the cap of 1200°C in OPWs co-firing
cases due to the higher VM in OPWs than the baseline pure coal case, resulting in a higher
rate of volatile release. It is suggested to co-fire OPWs in a boiler designed to burn sub-
bituminous coal rather than the bituminous-fuelled boiler used in this study because the
VM and FC of OPWs are more comparable with common sub-bituminous coals.

When co-firing with OPWs, the predicted UBC levels at the boiler's outlet are lower
because OPWs-coal blends contain less FC than pure coal blends. Furthermore, UBC levels
are expected to be lower than the LOI limit in all cases, demonstrating its positive impact
in terms of carbon reduction.

Slightly reduced mill performance was discovered as a result of the calculated OPWs fuel
flow exceeding the normal operation in the power plant under study to compensate for
the low GCV of OPWs while achieving the required load from the boiler. As a result of the
potential increase in fuel consumption caused by OPW's low calorific value, the cost of
operating the power plant that used OPWs co-firing may be higher.

OPWs co-firing is expected to emit less CO and CO; than baseline coal due to lower FC.
Nonetheless, higher thermal NOyx was predicted due to the higher flame temperature
generated by OPWs co-firing. However, it is recommended that the ash mineral
compositions to be included in future numerical studies because the ash minerals may
influence the emitted NOx.
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Abstract

This research project aims to utilize the mixtures of oil palm residues and plastic waste mixtures to
convert value-added products and energies. In this research, the hydropyrolysis process had been
selected to convert the plastic and palm oil biomass into hydrocarbon oil production. The selected oil
palm residue is palm kernel shell and plastic waste is high density polyethylene (HDPE). A simulation
work had been conducted using the ASPEN Plus software. This process aims to produce around
100,000 tonnes of bio-oil with a purity of 99%. The process design and techno-economic analyses of
hydropyrolysis of oil palm residues and plastic waste mixtures would be presented in this report.



Research Summary

1. Bio-oil is also known as the hydrocarbon oil which can be used for heat generation, power
generation, and as a transportation fuel for heavy-duty engines. Palm kernel shell is selected
due to its abundance supply among palm oil biomass in ASEAN region, and HDPE is able to
cater high volatile content which could increase the bio-oil production efficiency. Fast catalytic
hydropyrolysis is an advanced thermochemical conversion that efficiently converts
lignocellulosic feedstock into high quality hydrocarbons. Catalyst such as zeolite is introduced
into the system to allow the hydrocarbon to broken down into smaller molecules. In addition,
a hydrogen will be introduced into the system to stabiles the reactive intermediates formed
during the pyrolysisi process and reducing the formation of char and ash.

2. Table 1 shows the proximate and ultimate analyses for both palm oil biomass and HDPE.

Table 1
Proximate and ultimate analysis.

Proximate analysis  PKS HDPE  Ultimate analysis  PKS HDPE
(wit® wet basis) (wt.% dry basis)

Moisture content 12.00 000 C 49.23 85.71
Volatile matter 3053 9967 H 5.04 14.29
Fixed carbon 48.50 o000 0O 44.94 0.00
Ash 8.97 0.33 M 0.74 0.00
Holocellulose 5430 - S 0.05 0.00
Alpha-cellulose 2960 - Density (kg/m?) 733 1194

Lignin 5930 — HHV (M]/kg) 2497 45.98




3. The ASPEN Plus Process Simulation Flowsheet for hydropyrolysis of oil palm residue and plastic waste mixture is shown in Figure 1.
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Figure 1: Aspen Plus Process Simulation Flowsheet for hydropyrolysis of oil palm residue and plastic waste mixture




Equipment Label Type of Equipment Specificaions
D301 Flash dum T=40°C,P=15bar
E-101 Dryer Length = 10 m, Solid residence time = 1.5 hours
Counter-cument air flow: T=200°C, P=1 bar, Total flow rate = 280 tonne/day
E-102 Pre-heater T=300°C,P=1bar
E1 Condenser T=70°C,P=30bar
E-301 Water heater T=100°C, Vapor fraction =1
302 Cooler T=330°C,P=1bar
E-303 Cooler T=250°C,P=16bar
E3M4 Cooler T=40°C,P=15bar
IC-301 Compressor Type: Isentropic, Discharge pressure: 30 bar
M-101 Mixer Parameters nof specified.
R-201 Fast catalytic hydropyrolysis reactor Type: RStotc
T=300°C, P =30 bar
Reactions:
Cellulose: 4CgHn0s + 158, — 0CH: + CeHig + 5C0; + 200 + 8,0
Hemicellulose: IOCHso + HH — (,_Hs T ['jH]t. + (, 3H]5 T [ng;g +300+ 3HJU
Lignin: 3C15Hy04 + 3ty — 2CHy + 2CoHs + CeHs + 2C7Hs + Cuably + 300y + SCO+ H0 + C
HDPE: 2(CHs)o + 3H; — 2CHe + CHs
The fractional conversion for all seactions above 15 (.98, assuming that the presence of zeolite cafalyst leads to higher rate of chemical reactions.
R-301 Steam reforming reactor Type: Rtoic
T=T00°C,P=10bar
Reactions:
(Hi+H:0—C0+3H0

(,H_ t EH]O =200+ 4H1
(s +2H,0 =200+ 5H,
(4l = 4H,0 = 4C0 + 8H)
The fractional conversion for all reactions above is 0.95.




R0

High-temperature water-gas shif Type: RStotc
P=15bar, Duty=0kW
Reaction:
(0+H0-C0+H
Fractional conversion of C0O =093

R-303

Low-femperature water-gas shift Type: RStorc
P=15bar, Dufy=0kW
Reaction:
(0+H0-(00,+H,
Fractional conversion of C0 =095

SR-101

Crusler Crusher fype: Gyratory, Selection and breakage function: US Bureau of Mmes, Maxtmm particle diameter: (.00 m

V101

Vapour-sold separator All water 1 separafed from the stream; Split fraction of water=1

V201

Gas-solid separator All solids are removed from the stream as biochar; Split fraction of solids (C., cellulose, hemicellulose, lignin and HDPE) = 0.999, assoming that small amount of solid
particles remained tn fhe stream

V202

Three-phase separator S-3 stream are separated tnto non-condensable gases (NC-GAS), bio-oil (BIO-OIL) and water (WATER). Cy-Cs light hydrocarbons are split nfo NC-GAS stream,
while heavy hydrocarbons (Cs and above) are splif nto BIO-OLL stream.
NC-GAS: Split fraction of Hy, €0y, CO, CHy, CoHls, G, On, Ny=1
BIO-OIL: Other components are split info this siream.
WATER: Split fraction of water = |

V30l

Pressure swing adsorption (PSA) vt Split fraction of Hy = 0.9; other gases are removed in TAILGAS stream.




The purchased equipment with installation costs USD 14,059,043.35 meanwhile the fixed capital
investment (FCl) is USD83,743,788.58. The total capital investment (TCl) amounts to USD
98,482,695.37 after considering the working capital and Southeast Asia location factor of 1.12.
Variable Costs of Production (VCOP) include raw materials: palm kernel shell (PKS), high-density
polyethylene (HDPE), zeolite (ZSM-5) catalyst, and hydrogen gas for the first process (one-time
purchase), with the packaging costs of products. Fixed Costs of Production (FCOP) include operating
labour and supervisory wages, utilities, maintenance and repairs, operating supplies, laboratory
charges, patents and royalties, property taxes and insurance, direct salary overhead, general plant
overhead, financing, environmental charges and security. General expenses include administrative,
distribution, marketing, and research and development (R&D) costs. The total cost of production
(operating costs) estimated is USD 65,008,434,66.



Table 2: Total Capital Investment (TCI) of the plant.

Description Cost (S/USD)
Direct Cost
Purchased Equipment, E Obtained from Table 1. 14,039.043.33
Delivery of Purchased Equipment Expenses for shipping and locating purchased equipment to the site; 10% E (Towler and Simott 2020), 140390433
Purchased Equipment Installation Cost of sefting up and installing the equipment af the stte; 39% E (Towler and Sinnott 2020) 382361734
Yard Improvement Costs associated with stte preparation, such as land grading or infrastructore enhancements; 20% E (Towler and Stanoft 2020). 1,811.808.67
Service Facilities Costs for additional services like electrical, water, and gas connections for equipment; 60% E (Towler and Sinnott 2020). §4335.426.01
Total Direct Cost (D) 30.335,799.69
Indirect Cost
Engineering and Supervision Costs for engineering desizn, supervision, and management during the construction and installation phase; 30%E (Towler and Sinnott 2020). 4217713.40
Construction Expenses Miscellaneous construction-related costs; 13% D (Towler and Sinnott 2020) 485036993
Total Indirect Cost (1) 9,063,082.96
Total Direct and Indirect Cost (D +1) 41,403,381.65
Contractor’s Fee Payment made fo project contractors; 10% (D +I) (Towler and Snnott 2020). 4,140388.27
Contingency Areserved fund for unforeseen expenses; 23% (D = I) (Towler and Sinnott 2020). 10.330,970.66
Land Land area: 2.186 % 108" price of purchase: $12.74/8" (Memo 1) 17.848.34710
Fixed Capital Investment (FCI) §3,743,788.58
Working Capital Additional funds required to cover initial operating expenses, beyond the cost of butlding the plant, to initiate operations (start-up) and sustain them uatil the plant 418718943

begins earning income; 3% FCI (Towler and Sinnott 2020).
Total Capital Tnvestment (TCT) §7930,978.01
TCI Considering Location Factor (SE Asia) The location factor of Southeast Asia countries 13 112 (Towler and Sinnott 2020). 08.481,693.37
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Figure 2: Scenario analysis for the base, best, and worst-case scenarios

Table 3: Details of the cumulative net profit and return on investment for the base, best, and
worst case scenarios.

Case Cumulative Net Profit ($) Return on Investment (%)
Base 984640717.78 47.03
Best (+20%) 1494293350.29 71.37
Worst (-20%) 474988085.27 22.69

From Table 4, it is found that the plant aligns with the United Nations Sustainable
Development Goals (SDGs), achieving a total score of 126/170, along with their justifications.
This score reflects the plant’s to a more sustainable future in environmental and socio-
economic contexts.



Table 4: Bvaluation of plant based on the Sustainable Developnent Goals.

No.of SDG  Sustainable Development Goal(s) Score (/10)  Justifications

1 No Poverty 8 The plant can employ unskilled labour in feedstock collection, processing, and plant operations. The average salary of an unskilled worker ranges from RM1,300 to RM2,500, while the
average salary of a plant operator in Malaysia ranges from RM 2,380 to RM 7,570 per month (Aurawoo 2024; SalaryExpert 2024). Also, it could boost farmers' income by supplying
palm kemnel shells.

2 Zeso Hunger 5 Workers' employment can improve food security and nutrition. In Bintulu, the average monthly expenses of a family are approximately USD 230 (Traveltable 2023). Biochar produced
as 2 byproduct can be used as fertilizers to enhance soil quality, indirectly promoting sustanable agriculture and food securty.

3 Good Health and Well-Being 6 The plant has implemented air pollution control technologies such as filters to reduce volatile organic compounds (VOCs) and particulates from the hydropyrolysis process. The process
emits fewer harmful pollutants than traditional pyrolysis, ensuring personnel's healthy lives. Integrating hydropyrolysis with recycled HDPE reduces ash production and decreases
plastic waste. Reusing hydrogen gas and selling biochar reduces waste from plants and promotes well-being.

4 Quality Education 7 Educational programs, technical training, and upskilling opportunities provided by the plant to its employees and local communities can contribute to improving local educational
standards. These initiatives also help employees to improve their skills and knowledge, contributing to a better-educated workforce in the community.

5 Gender Equality ] The plant can establish policies to promote gender equality mn hiring, equal pay, and leadership opportunities fo promote equal employment opportunities for women in technical and
non-technical roles. This can be enhanced through partnerships with women empowerment organizations or government schemes.

6 Clean Water and Sanitation 8 The wastewater produced from the process undergoes treatment for reuse to minimize water withdrawal and ensure the wastewater is safe for environmental discharge (based on
government standards). No harmful chemicals are discharged into water bodies, ensuring the protection of local water resources.

I Affordable and Clean Energy 10 The bio-oil produced can be used in local industries as a substitute for diesel. The plant can also integrate solar power for auxiliary systems.

8 Decent Work and Economic Growth 8 The plant has created numerous jobs in the local community, employing both skilled and unskilled workers. Fair wages are ensured, and labour conditions comply with national labour
laws. This can contribute to local economic growth.

9 Industry, Innovation, and Infrastructure 9 The plant has adopted the fast catalytic hydro pyrolysis process, which significantly improves the conversion efficiency of PKS and HDPE to bio-oil and biochar. This method is new
and innovative in terms of technology and infrastructure development. Automation and remote monitoring systems can improve the plant's performance and resilience.

10 Reduced Inequalities ] The plant aims to make an effort to hire from disadvantaged and margmalized groups, including rural labourers and people with limited access to formal education. Offering equitable
pay and promoting employees from these communities reduces regional inequalities.

11 Sustainable Cities and Communities 9 The plant directly reduces plastic pollution in nearby urban areas by recycling HDPE plastic waste into valuable products. Bio-o1l provides high-quality green and sustamable fuel to
local industries or aviation fields, while biochar helps in soil restoration efforts.

12 Responsible Consumption and Production 8 The plant operates on the principles of a circular economy, converting waste materials (PKS and recycled HDPE) into valuable waste products like bio-oil and biochar. Using waste as a
feedstock, the plant promotes responsible production and reduces dependency on virgin materials. In addition, the plant minimizes waste generation during production through
efficiency optimizations.

13 Climate Action 7 The plant produces bio-oil as a sustainable fuel alternative, which can reduce carbon emissions from traditional fossil fuels.

14 Life Below Water 6 Treating the wastewater before discharging can protect marine ecosystems and prevent pollution of oceans, seas, and marine resources.

15 Life on Land 8 The plant is located 1n an industrial area, which will not affect the terrestrial ecosystems and will not lead to any deforestation activities.

16 Peace, Justice, and Strong Institutions 7 The plant is designed with a strong governance structure that promotes transparency, ethical business practices, and accountabality. It complies with environmental and labour laws,
ensuring workers' rights and building strong instrtutional frameworks.

17 Partnerships for the Goals 8 The plant partners with research institutions and government agencies to improve hydropyrolysts technologies and promote sustainable waste management practices. This promotes
knowledge sharing and mereases access to funding and expertise.

Total score (/170) 126
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2.1 Development of New Functional Materials for Energy and Environment
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Qur grop have developed the finctional natenals that can be applied n energy and environnent
applications. F"Yb-doped BV, photocatalyst has been prepared by sonochemical process and the
prepared product exhibits the photocatalytic perfomance under infrared iradiation due to photon up-
comversion phenonena. Rare-earth/Al co-doped GiS powders with good infrared absorption property can
be prepared in large scake production by facile co-precipitation nethod. Ball milling process was enployed
to synthesze MWO; (MINa,Kimaterial for infrared shielding for energy conservation: applications.
Hydrothermal process was used to prepare NHWO; naterial that could be applied as infrared active
materials n energy applications. SIOy IO, based conposite prepared by sonochemical process could be
utiized for selfcleaning application.
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E/b codoping effectively enhances the infrared-driven  photocatalytic perfomance of BV,
nanopartickes. Phase transfommation from nonoclinic to tetragonal BV, and significant up-conversion
process induced by Yo and Fr ions are key nechanisns for this inprovenert. the facile synthesis of
@GS particke via coprecipitation nethod. The influence of Al and Yb 1ons as the potential dopants on
structural and optical properties of GiS are mvestigated. |t s found that both Al and Yo dopants have
significant nfluence on the optical properties, especially in NR spectra region. Al dopant could enhance
the [SPRinduced NIR absarptivity of GiiS while Yo dopant could firther increase the NIR absorption
due to charactensstic transition of Yb ions. Sodiumtungsten bronze particles was prepared using the high
energy ball miling nethod, optimized for a milling tme of 2.5 hours. The resulting crystal structure
revealed the presence of pure Nay3 WO, achieved without additional of annealing processes. The milling
tire, played a significant role for reducing the oxidation nunber of W to W axidation states, thereby
enhancing the Near Inflared (NR) shielding perfomance. The synthesis of GIOTIO-SIOy



nanoconposites with different G precursor loading was achieved by a sonochemical process. the
conpositions of CUOTIO-SIO, nanoconrposttes with difierent i precursor loading indicates the increase
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with thoroughly covering GO clusters on the THO-SIO, conoste.
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Abstract

The sub-unit focuses on socio-environmental issues of energy use in Southeast Asia,
combining quantitative and qualitative data approaches. In FY2023, the investigation
assessed electricity access impacts on quality of life (QoL) through a mixed methods
approach using qualitative data from interviews and visual ethnography conducted in rural
communities in Southeast Asia. The study has developed a more detailed understanding of
electrification's impact on quality of life and other community issues in rural areas in
Malaysia, the Philippines, and, most recently, Indonesia.

RESULTS

In FY2023, we adopted a mixed-methods approach to elaborate a more detailed
understanding of the electrification impacts on QoL of beneficiaries in the rural communities
we have been working within Malaysia, the Philippines and Indonesia, and the resulting
community disparities from the electrification process.

We conducted 92 semi-structured interviews with community members (32 in Malaysia, 10
in the Philippines, 50 in Indonesia), four interviews with stakeholders (The Philippines) and
one focus group (The Philippines). We also recorded audio-visual material for visual
ethnographies of households and activities in rural communities receiving electricity access.

The analysis of the collected information is still in progress, and the emerging results from
these analyses have been presented in various forums for discussion. One example is our
research presentation at the Energy Resources and the Environment section of the
European Geosciences General Assembly in April 2023, where we discussed how relevant
circular economy visions are in the context of rural communities that lack electrification and
receive access through solar PV technologies. Our work emphasised some problems we
identified through our analyses, such as malfunction and short life of PV systems delivered
in the communities and the waste generation from early end-of-life of such systems.

Another example was a comparative analysis of electrification effects on quality of life in
Malaysia and The Philippines, presented at the 6th International Conference on Clean
Energy and Technology in Penang, Malaysia. We demonstrated how demographic profiles
can determine significant differences in the effects of electrification on the quality of life of
community members. Several other invited lectures in Indonesia and Japan also allowed
receiving feedback on this and more recent findings from our comparative analyses.



In addition, with our colleagues from BRIN Indonesia, we published an article about the
governance of sustainable photovoltaic innovation systems, where we identified issues
related to unsustainable PV projects in Indonesia (e.g., short-life infrastructure, maintenance
difficulties) and how stakeholder collaboration could improve them.

Finally, we organised one international workshop, where we successfully discussed the
socio-economic impact of renewable energy (solar PV) in rural communities in the region,
fieldwork experiences, and the challenges for advancing access to such communities.

In sum, we have advanced the understanding of electrification's impact on quality of life and
other community issues, such as disparities and solar PV waste problems in rural Malaysia,
the Philippines, and Indonesia.
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