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Abstract- The present work investigated thermal decomposition behavior of palm kernel shell (PKS), empty fruit bunch
(EFB), and their blends during combustion using thermogravimetric analysis. The tests were performed for six mass
proportions of PKS-EFB blends. A 15 mg biomass/blend sample was heated in a thermogravimetric analyzer at different
heating rates (10, 20, 30, and 40 °C/min) and 30, 40, 50, and 60 mL/min flow rate of the furnace gas (dry air/nitrogen).
Combustion characteristics: ignition and burnout temperatures, as well as a comprehensive combustion performance index of
all fuel options, were determined from the TG-DTG profiles. The kinetic analysis was performed to determine the combustion
kinetic parameters during (co-)combustion of the selected fuel options. The findings revealed that the combustion reactivity of
EFB was higher than that of PKS, as indicated by the lower values of peak, ignition, and burnout temperatures, as well as the
higher value of the comprehensive combustion performance index. The activation energy for combustion of EFB was smaller
than that of PKS. With increasing EFB ratio in the fuel blends, the combustion characteristics of the fuel mixtures were
improved. The activation energy for PKS-EFB co-combustion found to decrease with an increased proportion of EFB. An
addition of EFB in the fuel blend can improve co-combustion reactivity, thus, enhancing fuel burnout rate, and consequently
combustion efficiency of the combustion system.

Keywords Thermogravimetric study, thermal degradation, oil palm residues, co-combustion, kinetic analysis

1. Introduction to reduce or substitute the use of fossil fuels. Among

renewable resources, biomass is the one that can directly

According to the recent energy and environmental crises,  replace coal in various applications [1]. Using biomass fuels

the development of novel energy conversion technologies  for producing thermal energy or electricity offers many
from renewable resources is a challenge for the energy sector
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advantages compared to fossil fuels from both technological
and environmental points of view [2,3].

Biomass is the main renewable energy resource in
Thailand because of the agricultural foundation of this
country. Sustainable agricultural biomass residues produced
by the Thai agricultural sectors on a large scale can be
treated as CO.-neutral with regard to their combustion, i.e.,
reducing the CO; net emission from the domestic power
generation [2]. Another apparent benefit of biomass
utilization through combustion is a quite low emission of
SOy, usually due to insignificant Sulphur content in biomass
[3]. Utilization of agricultural residues as energy source has
gained more attention [4,5] for sustainable development and
energy security of the country [6].

In 2021, Thailand produced about 3 million tons of oil
palm accounted for 4 percent of the world total production
[7]. During oil palm processing, a tremendous quantity of
solid residues including palm kernel shell and empty fruit
bunch are generated in this country, showing high potential
for using as a fuel in direct combustion systems, or,
alternatively, as raw material for production of biofuels. Due
to a substantial availability, the energy potential of these
biomasses was estimated to be about 90 PJ/year [8].
However, burning these biomasses in direct combustion
systems may face some difficulties or may be not feasible,
due to elevated nitrogen content in palm kernel shell as well
as, very high moisture content (consequently led to quite low
calorific value), and very high proportion of potassium in
empty fruit bunch.

Co-firing (or co-combustion) has been proved to be one
of the most effective combustion methods for resolving both
operational and environmental problems of systems, due to
firing the problematic fuels with high fuel-S and fuel-N, low
calorific value, and consisting of low-melting ash on its own.
The preferred advantages of co-firing are its flexibility with
various fuel types (i.e., fossil fuels, biomasses, combustible
waste, etc.) and combustion method [9,10]. Recent studies
showed that co-firing of a biomass with a relatively high
calorific value with another biomass with lower nitrogen
and/or higher moistures contents resulted in a lowered NOy
emissions from a combustion system [11,12].

Thermogravimetric analysis (TGA) has been commonly
employed for prompt investigation and comparison of the
thermal and combustion reactivity of different types of solid
fuels including biomass [13,14]. The TGA provides
important data on devolatilization and combustion behavior,
as well as on combustion characteristics, such as the ignition
and burnout temperatures of biomasses, which is helpful for

Table 1. Fuel analysis of the selected biomasses

the prediction and interpretation of a (co-)combustion
process in a real combustion system. Besides, TGA also
provides the important data used to estimate combustion
kinetic parameters including the activation energy, pre-
exponential factor, and order of reaction. These parameters
are useful for efficient design and control of thermochemical
processes, as well as to build up a mathematical model
describing the decomposition (or degradation) of tested
material.

Numerous published studies employ TGA to assess the
thermal decomposition and characteristic temperatures of
combustion for different types of biomass resources [15,16].
It has been mutual agreed that the thermal degradation
behavior and combustion characteristics of a lignocellulosic
biomass is strongly affected by its chemical structure
(hemicellulose, cellulose, and lignin). Besides, some recent
published works reported studies on coal-biomass
co-combustion characteristics using TGA [9,17,18]. The
findings from these studies revealed that the adding biomass
in the coal-biomass co-combustion led to a lowered ignition
and burnout temperatures, and an increased combustion
performance of the fuels. However, very limited information
related to the investigation on thermogravimetric
characteristics and combustion kinetics of biomass-biomass
co-combustion has been reported.

This work was performed to investigate the
thermogravimetric characteristics of palm kernel shell, empty
fruit bunch, and their mixtures. The characteristic
temperatures of combustion (i.e., ignition, peak, and burnout
temperatures), the comprehensive combustion performance
index, as well as the combustion kinetic parameters, were
determined for an assessment of thermal degradation
behavior and combustion reactivity of the selected fuel
options. A scanning electron microscopy was also conducted
to obtain the knowledge of biomass morphology used to
facilitate the interpretation of the main results.

2.  Methodology
2.1. Analysis of biomass properties

In the current work, the thermal degradation behavior
and combustion characteristics of palm kernel shell (PKS),
and empty fruit bunch (EFB), and their blends were
investigated. These two residues were supplied by a local oil
palm mill located in Chumporn province, Thailand. The fuel
properties of both biomasses are analyzed and summarized in
Table 1. The proximate analysis revealed that PKS had quite
low moisture content, whereas EFB contained very high

Biomass Proximate analysis Ultimate analysis Chemical structure LHV
(wt.%, as-received basis) (wt.%, dry ash free basis) (wt.%, dry ash free basis) (kifkg)
W | VM | FC A C H N O S Hemicellulose | Cellulose |Lignin

PKS 52 | 703 | 196 | 49 |53.46| 7.10 | 1.41 |37.93| 0.10 10.0 325 57.5 | 16,390

EFB 414 | 449 | 108 | 29 |37.58|14.88| 0.68 |46.73| 0.13 18.0 66.5 155 | 5,810
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Table 2. Fuel ash analysis of the selected biomasses

Fuel Composition (wt.%):
ash Si0O,| Al,0O3|K,0|CaO|Na,O MgO|Fe,03|P205|SO3 Cl
pks|23-1| 5.2 |7.0|425 55| 30| 13 |85 2.4/0.7

EFB|15.1| 2.8 |42.2|19.5] — | 42| 3.4 |53|25|3.7

moisture. Volatile matter in PKS was substantial, while it
was elevated in EFB. Both fuel contained quite low
proportion of fixed carbon. The two biomasses had quite low
content of ash. Due to substantial moisture content and low
fixed carbon in EFB, this biomass fuel had a very low LHV
of 5,810 kJ/kg, while PKS with lower moisture had elevated
LHV of 16,390 kJ/kg. From the ultimate analysis, PKS had
substantially higher nitrogen content, as compared to EFB.
So, a higher NOx emissions can be predicted when firing
PKS, as compared to firing EFB using similar combustion
method and condition. The analysis of chemical structure
shows that lignin was the main content in PKS (57.5 wt.%),
while a fibrous EFB mainly contained cellulose (66.5 wt.%).

Table 2 presents the fuel ash analysis of the selected
biomasses. The analysis revealed that EFB contained a
significant amount of K,O (42.2 wt.%) and CI (3.7 wt.%),
indicating a potential risk of ash—related issues likely take
place when firing this biomass in a combustion system.

Due to the high fuel-N in PKS, high moisture content in
EFB (resulting in very low calorific value), and substantial
amount of potassium in EFB, it is therefore reasonable to
co-combust PKS with EFB to improve combustion
performance and mitigate combustion-related problems
likely take place during energy conversion of PKS and EFB.

2.2. Method for investigation of biomass morphology

The morphological characteristic of the selected
biomasses were examined by means of a scanning electron
microscope (SEM, JEOL JSM-6400). The SEM analysis was
performed on the cross section of the selected fuel sample at
1000% magnification. An individual biomass sample was
prepared by surface cutting, and then it was coated with a
thin gold layer for electrical conductivity of the specimens.

2.3. Thermogravimetric study

Thermal  decomposition  behavior during  (co-)
combustion of the selected biomasses was investigated using
a TGA-DSC1l, METTLER TOLEDO thermogravimetric
analyzer. All experiments were conducted beginning at 30°C
through to 900°C under dynamic condition. Dry air was
supplied into the TGA furnace to provide combustion
environment. The (co-)combustion experiments were
performed at four values of heating rate (10, 20, 30, and 40
°C/min) and flow rate of dry air (30, 40, 50 and 60 mL/min)
with the aim to investigate effects of these operating
parameters on the thermal and combustion characteristics of
the selected fuel option. To avoid effects of heat transfer
during TGA test, ground PKS and EFB with a particle size of

100-150 pm were used in all experiments. The ground
biomasses were well mixed to obtain a PKS—-EFB blend with
different mass proportions: 100%PKS, 85%PKS+15%EFB,
70%PKS+30%EFB, 55%PKS+45%EFB, 40%PKS+60%EFB,
and 100%EFB.

About 15 mg of sample was used in each experiment.
The thermal event of the selected fuel option during
(co-)combustion was plotted and represented by the
thermogravimetric (TG) curve showing the sample mass loss
and derivative thermogravimetric (DTG) curve showing the
rate of mass loss. The characteristic combustion temperatures
including ignition (Tig) and burnout (Th) were obtained
following the related literatures [15,19]. Note that in the
trials with pure biomass, nitrogen gas (N2) was also used as a
furnace medium with the aim to investigate thermal
degradation during pyrolysis of both biomasses. For a given
fuel option and operating condition, a triplicate testing was
performed to ensure reproducibility of the finding, and it was
found to be very good.

The combustion performance of individual biomass and
fuel blend was evaluated by a comprehensive combustion
performance index (S). The S index is related to the ignition
(Tig) and burnout (Ty) temperatures, as well as the maximum
(DTGmax) and average (DTGmean) Weight loss rate, which can
be obtained from the combined analysis of TG and DTG
curves. The higher value of the S index indicates higher
combustion performance and faster burnout of the feedstock.
It was determined as follows [20]:

S=DTG,,, - DTGmean/(Tig2 -T,) 1)

2.4. Kinetic analysis
The Coats and Redfern method [21] was employed for
determination of the activation energy (E, kdJ/mol), pre-
exponential factor (A, 1/min), and reaction order (n), during
individual combustion of PKS and EFB and their

co-combustion in the thermogravimetric instrument.

Basically, the combustion process is based on the
Arrhenius law, and the kinetic of reactions are follows:

da E
E—kﬁ)f(a)—AeXp[—ﬁJf(a) (2)

where k(T) is the combustion rate constant, f (a) is the
reaction model, R is the universal gas constant (8.314
J/mol-K), and T is the Kelvin temperature (K).

The mass conversion ratio («) is defined as follows:

m,—m. (3)
My — M

o=

where mo, m;, and m is the initial, current, and final mass of
a sample, respectively.
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For the non-isothermal thermogravimetric experiment at

a constant heating rate (i.e., f = d7/dt), the kinetic equation
can be written as:

da A E

— =—exp| —— |- a)" 4

- fe o) @

Following the Coats and Redfern method, Eq. (4) is
integrated to be as:

forn=1: —In[—M}z—ln{E}E (5)
T PE

forn=1: —In{l_(zl_—a)ln}=_|n{ﬁ},£ 6)
T°@-n) SE

With a proper selection value of n, the plot of Egs. (5)
and (6) against 1/T will give a linear line with a high
correlation coefficient. The kinetic constants: E and A can be
then derived from the slope and intercept of the fitted line,
respectively.

3. Results and Discussion
3.1. Biomass morphology

Fig. 1 illustrates the SEM images showing the cross-
sectional views of a PKS particle and that of individual EFB
fiber. From the SEM micrographs, both biomasses exhibited
a cellular structure. PKS was constructed from tightly packed
cells of various sizes (mainly, 10-50 pm) filled with
biopolymers and, thus, exhibiting a muscle-like structure,
while the EFB fibers had a high-porous texture consisting of
hollow cells, basically of 10-20 pm in size. Due to
substantial content of cellulose (66.5 wt.%), fibrous particles
of EFB were elastic and light, whereas PKS with the
predominant lignin content (57 wt.%) and muscle-like

(@)

wl . BBEE ‘E_‘_B_m
PRI \

structure was characterized by rather high density and
hardness.

As follows from analyses of the fuel morphology and
chemical structure shown in Table 1, with the hollow cell
texture and higher hemicellulose and cellulose contents in the
chemical structure, EFB is expected to exhibit higher thermal
and combustion reactivity and faster fuel burnout compared
to PKS.

3.2. Thermogravimetric characteristics of the original
biomass fuels

Thermal decompositions of PKS and EFB tested
individually under combustion (tested with dry air) and
pyrolysis (tested with nitrogen) conditions at a constant
heating rate of 20 °C/min and gas flow rate of 30 mL/min are
shown on TG-DTG curves in Fig. 2. On raising the furnace
temperature, the sample mass showed some decrease, mainly
due to the consecutive thermal decomposition of the major
components of lignocellulosic biomass. It is known that
hemicellulose and cellulose decompositions usually take
place in the low and quite narrow temperature range from
160 to 360 °C and 240 to 400 °C, respectively. For lignin, its
decomposition occurs over a wide range of temperatures
between 150 °C and 900 °C [13,14,16,22].

Under pyrolysis condition (tested with N), the thermal
decomposition of PKS and EFB were somewhat similar,
displaying three  consecutive regions of thermal
decomposition; (i) biomass dewatering, (i) main
devolatilization, and (iii) continuous slight devolatilization.
This behavior is a typical appearance of pyrolysis for
lignocellulosic materials [16,23].

For the first region (dewatering), the initial mass losses
due to evaporation of fuel moisture were found to be about 5
wt.% for PKS and about 40 wt.% for EFB, correlated with
the fuel moisture in Table 1. The dewatering temperatures
(Tw), at which biomass moisture was completely vaporized,
of both biomasses were quite close about 120 °C.

(b)

Fig. 1. SEM immages of (a) PKS and (b) EFB at 1000x magnification.

1026



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

P. Ninduangdee et al., Vol.12, No.2, June 2022

(@)

-
o
o

[e:]
o
'

[}
o
L

i
o
DTG (%/min)

Sample mass (%)

]
o
L

0 T T T T T T T T t '20
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

(b)

100 0
X 80 a '4
* ~
< £
@ £
@ 60 - 8 3
£ £
5 40 1 12 9
£ o
©
@ 20 A -16

0 T T T T T T T T ‘ '20

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 2. TG-DTG curves of (a) PKS and (b) EFB tested individually at heating rate 20 °C/min under pyrolysis (N2) and
combustion (dry air) conditions.

From Fig. 2, the thermal decomposition of PKS and EFB
mainly took place in between 190 and 410 °C. In these
temperature ranges, the chemical bonds in the biomass began
to break, followed by a release of the lightest volatile
compounds. In this temperature region, the TG/DTG curves
exhibited two peak temperatures, related to endothermic
volatilization of hemicellulose, cellulose, and some part of
lignin [13,14,24]. The first (Tp1) and second (Tp2) peak
temperatures for PKS were found at 300°C and 350°C,
whereas Tp1 and Tp2 for EFB were at 260°C and 302°C,
respectively. From Fig. 2, the biomass degradation in this
stage accounted for about 60—70% of the total weight loss.

At the temperature greater than 410 °C, one can observe
a relatively low mass loss rate for both fuel options on the
TG curve in Fig.2. The mass loss during this stage was
mainly attributed to the decomposition of the rest lignin,
accompanied by its conversion into char.

When switching furnace medium to dry air (the main
experimental option of the present study), the thermal
degradation behaviors of both biomass during the low
temperature (below 410 °C) were quite similar to those
obtained from the pyrolysis tests, showing the same number
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of peaks on the DTG profiles. The sample weight loss in this
temperature region was related to the above-mentioned
devolatilization of the high-reactive chemical constituents
(hemicellulose, cellulose, and some lignin) in the biomasses
[13,14,24]. Nevertheless, an oxidative environment in the
TGA instrument’s furnace facilitated ignition and burning of
the released volatiles, consequently resulting in a greater
mass reduction rate at lowered corresponding peak
temperatures. Note that the first and second peak
temperatures of EFB were apparently lower than that for
PKS, due to a greater proportion of total hemicellulose and
cellulose in EFB compared to PKS.

However, the thermal degradation of both biomasses
during combustion at higher temperature region was different
from those found in the pyrolysis. Another peak temperature
(Tps) was observed in the TG profiles at 510 °C for PKS and
470 °C for EFB. This peak temperature was mainly
attributed to decomposition the rest lignin and char
combustion. As seen from the DTG curve in Fig. 2, the char
oxidation rate for EFB was relatively faster as compared to
those for PKS. This fact can be explained by the above-
mentioned hollow cell structure, as well as the lower lignin
content in EFB.

(b)

DTG (%/min)

—— 100%PKS

""""" 85%PKS + 15%EFB
70%PKS + 30%EFB
55%PKS + 45%EFB

— - - 40%PKS + 60%EFB

—— 100%EFB
-20 T T T T T T T T

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 3. The TG (a) and DTG (b) curves of PKS-EFB blends at variable proportions tested
under 30 mL/min flow rate of dry air and 20 °C/min heating rate.
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Table 3. Specific temperatures and comprehensive combustion performance index of PKS and EFB their blends for different

fuel proportions

Sample To1 (°C) Tp2 (°C) Tos (°C) Tig (°C) To (°C) S x 107
(%2 min? /°C®)
PKS 305 357 510 275 670 5.93
85%PKS + 15%EFB 304 353 507 266 650 6.83
70%PKS + 30%EFB 302 347 504 267 625 7.61
55%PKS + 45%EFB 287 330 497 270 612 6.23
40%PKS + 60%EFB 280 325 485 270 600 6.56
EFB 270 298 470 259 575 8.42

3.3. Thermogravimetric analysis of a PKS—EFB blend

Fig. 3 shows the thermal degradation of the PKS-EFB
blends, as well as those for pure PKS and EFB, during TGA
experiments under dry air of 30 mL/min and 20 °C/min
heating rate. It is observed from Fig. 3 that the thermal
decomposition behavior during PKS-EFB co-combustion
was as the results of the contribution of the individual
biomass in the fuel mixture. Thus, the TG and DTG profiles
of the biomass mixtures were allocated in between the ones
for PKS and EFB. Three temperature regions and the
corresponding peak temperatures are found on the TG and
DTG profiles of the fuel mixture. As expected, the rate of
demoisturizing showed an apparent increase with a greater
proportion of high-moisture EFB in the fuel blend.

Table 3 summarizes the characteristic combustion
temperatures and comprehensive combustion performance
index of the PKS-EFB blends for different fuel proportions
derived from the combined analysis of the TG and DTG
curves in Fig. 3. From Table 3, the peak, ignition, and
burnout temperatures of EFB were lower, whereas the value
of the S index was higher, than that of PKS. This fact
indicated a higher reactivity and burnout rate of EFB
compared to PKS.

With an increased proportion of EFB in the fuel blends,

(@)
100 2
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......... HR = 20 °C/min
= 80 1 HR =30 °C/min
=
X —— HR =40 °C/min
?
@ 60 A
€
[}
5 40 1
1S
©
020 4
0 ; . T T T T = T - T

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

all the peak temperatures were found to decrease. This effect
can be elucidated by the above-mentioned higher thermal
reactivity of EFB. As a result, the thermal and combustion
reactivity of the PKS-EFB blend were improved. The
presence of EFB decreased ignition temperature of the fuel
blend. However, a further increase of EFB proportion did not
impact the ignition temperature of the fuel blend
significantly, as the ignition temperatures in Table 3 turned
to be quite the same. This fact may be explained by an
increase of moisture content in the fuel blends.

From Table 3, the presence of EFB in the fuel mixture
led to a lower burnout temperature. During co-combustion of
the fuel blend in the TGA system, the higher reactive
biomass (EFB) with lower ignition and burnout temperature
was oxidized and ignited first. The released heat from EFB
combustion available in the furnace promoted ignition and
combustion of the fuel blends, consequently leading to a
shorter time of the fuel burnout.

In addition, the S index increased with increasing EFB
proportion the mixture owing to a higher reactivity of this
biomass, led to an improvement of ignition (Tig) and burnout
(Ty) characteristics of the fuel blend. However, when mixing
EFB greater than 45%, the value of S index was found to
decrease. This can be explained by an increase of moisture
content in the fuel blends.

'
N
[
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&

12 |-
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Fig. 4. The TG (a) and DTG (b) curves of a 70%PKS + 30%EFB blend tested at variable heating rates
under 30 mL/min flow rate of dry air.
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Based on this finding, adding empty fruit bunch to palm
kernel shell can improve the combustion characteristics and
reactivity, fuel burnout, and consequently combustion
performance of the selected fuel.

3.4. Effects of the heating rate on thermal degradation of
a PKS—EFB blend

Fig. 4 displays the effects of the heating rate on the TG
and DTG curves of a 70%PKS + 30%EFB blend tested under
dry air of 30 mL/min. One may observe from Fig. 4 that the
heating rate exhibited some effects on both TG and DTG
curves. An increased heating rate caused a shift of
characteristic combustion temperatures to higher temperature
regions.

When tested with lower heating rates, the samples were
heated in the furnace more evenly and gradually, resulting in
more effective heat transfer to the sample particle.
Contrarily, an increased heating rate caused a limitation of
heat transfer in the furnace leading to temperature delay
between the surrounding gas and the material inside a
biomass particle [25]. This phenomenon has also been
observed by other studies [26,27].

3.5. Effects of the flow rate of dry air on thermal
degradation of a PKS—EFB blend

Fig. 5 shows the effects of the flow rate of furnace
medium on the TG and DTG curves of a 75%PKS+25%EFB
mixture. The trials were performed at a fixed heating rate of
20 °C/min for variable flow rates (20, 30, 40, and 50
mL/min) of dry air. As seen in Fig. 5, the influence of this
operating parameter on the thermal degradation behavior was
quite insignificant, with some exemption for the lignin-
related region with 400-600 °C temperatures. With a higher
flow rate of dry air, the oxidation process of lignin was likely
intensified, which resulted in a higher rate of lignin
decomposition/char oxidation in the above-mentioned
temperature region.

(@)
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@
$ 60
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©
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3.6. Combustion kinetics of PKS and EFB and their blends

Table 4 summarizes the combustion kinetic parameters:
activation energy (E), pre-exponential factor (A), and order
of reaction (n) of PKS and EFB and PKS—EFB blends, tested
under dry air flow rate of 30 mL/min at 20 °C/min heating
rate. These parameters were determined according to distinct
temperature regimes of biomass degradation exhibited in Fig.
2. Note that the correlation coefficient, r, of fitting was also
listed in Table 4.

Basically, the activation energy is related to the fuel
reactivity: the lower activation energy means higher
reactivity [28]. From Table 4, the activation energies of pure
EFB obtained from all temperature ranges were apparently
lower than that of pure PKS, pointing at higher reactivity of
this biomass, which was consistent with the above-
mentioned combustion characteristics in Table 3.

It appears that the activation energy for all temperature
ranges of fuel blends slightly decreased as an increased
proportion of EFB in the fuel mixtures. Therefore, adding
EFB with higher reactivity in the fuel blends facilitated the
combustion reaction of the PKS-EFB mixture. It can be
further noticed in Table 4 that the activation energies of the
selected biomasses for the stage of release and combustion of
volatiles were significantly greater than those for the stage of
char combustion. This fact indicates that the combustion
reaction of the selected fuel option was controlled by the
combustion of volatiles rather than char.

4. Conclusions

The thermogravimetric analysis (TGA) is performed to
investigate thermal degradation and characteristics of the
(co-)combustion of palm kernel shell and empty fruit bunch.
The results show that EFB has a lower peak, ignition, and
burnout temperatures, but higher comprehensive combustion
performance index, as compared to PKS. This makes the
combustion reactivity of EFB to be higher than that of PKS.
With increasing proportion of EFB, combustion reactivity of
the PKS—EFB blend has been improved, thus, enhancing fuel

(b)
0
-4 |-
£
S s
3 -8
O - _
E 12
—— FR =30 ml/min
164 FR =40 ml/min
FR = 50 ml/min
—+— FR =60 ml/min
-20 T T T T T b [ :
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Fig. 5. The TG (a) and DTG (b) curves of a 70%PKS + 30%EFB blend tested under variable flow rates of dry air
at a 20 °C/min heating rate.
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Table 4. Combustion kinetic parameters of PKS and EFB and their blends for different temperature range

PKS:EFB | Temperature range Fitting equation E (kJ/mol) A (1/min) n r
°C
100:0 20(073)27 y = 21.35x—19.96 1775 1.992 % 104 5 0.9984
327-410 y =9.882x-6.57 82.16 82.16 4 0.9931
410-670 y =19.89x-15.02 16.54 0.012 0.6 0.9580
85:15 200-320 y = 20.22x—24.71 168.1 2 180 % 1016 5 0.9984
320-400 y =8.655x-3.770 71.96 71.96 4 0.9833
400-650 y =1.169x+13.35 13.46 0.051 0.6 0.9777
70:30 200-318 y =19.04x—22.41 158.3 2 050 x 105 5 0.9984
318-395 y =8.522x-4.969 70.85 70.85 4 0.9914
395-625 y =1.447x+13.48 12.03 0.033 0.6 0.9848
55:45 200-310 y =18.77x+22.50 156.0 2 231 % 1015 5 0.9985
310-390 y= 6.548x +2.163 54.44 54.44 4 0.9956
390-612 y =1.423x+14.17 11.83 0.015 0.6 0.9592
40:60 200-305 y =17.95x - 21.54 149.3 8.132 x 1014 5 0.9984
305-385 y =6.245x-2444 51.92 51.92 4 0.9931
385-600 y =1010x +12.12 8.400 0.110 0.6 0.9833
0:100 200-274 y =16.88x-17.45 140.3 1.287 x 10*® 25 0.9984
274-399 y =7.708x —3.933 64.09 64.09 4 0.9321
399-575 y =3.024x+10.17 25.14 2.323 0.6 0.9816

burnout rate, and consequently combustion efficiency of the
system. The heating rate exhibits some effects on the thermal
degradation behavior of the fuel blend, while the flow rate of
furnace medium shows a minor impact on the TG/DTG
curves. The activation energy of EFB is lower than that of
PKS. A greater ratio of EFB in the fuel mixture results in a
lowered activation energy of the fuel mixture. The kinetic
parameters obtained in this study can be used to predict the
time-related decomposition of PKS and EFB and their blends
under specified operating conditions
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