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This study investigates the non-isothermal microwave-assisted torrefaction of oil palm fibre, focusing on the effect of
microwave power levels on reaction kinetics and biochar yield. Microwave-assisted torrefaction (MAT) offers rapid
volumetric heating and energy efficiency, making it a promising alternative to conventional thermal methods for biomass
valorization. A modified kinetic model based on di Blasi and Lanzetta was applied to simulate the decomposition
pathway, incorporating heating rate (B) and multi-step reactions involving biomass (A), intermediate product (B), final
product (C), and volatile components (Vi, V). Experimental data revealed that increasing microwave power from 400
W to 800 W enhanced heating rates and volatile release, but reduced solid residue yield, indicating intensified thermal
decomposition. The kinetic parameters and statistical validation (R?, RMSE, SSE) confirmed the model’s robustness,
particularly at 400 W. These findings demonstrate that MAT can be tuned to optimize biochar properties for
multifunctional applications, such as carbon sequestration and thermal energy storage, contributing to climate mitigation
and sustainable biomass utilization.
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INTRODUCTION

Carbon dioxide (CO;) emissions, the primary Production), and 13 (Addressing Climate

driver of global climate change, reflecting the
rising use of fossil fuels, increased by 0.8% to
reach 37.8 Gt in 2024." The implementation of
Thermal Energy Storage (TES) systems is a key
option for integrating renewable energy sources
and achieving efficient, sustainable, and effective
thermal systems that reduce CO, emissions.'*®
Mobilized TES has even been shown to reduce
CO, emissions by 93%.%!° TES implementation
contributes to the achievement of Sustainable
Development Goals 7 (Affordable and Clean
Energy), 12 (Responsible Consumption and

Change).’

TES technologies facilitate the capture and
reuse of excess thermal energy, which improves
grid reliability, decreases dependence on fossil
fuels, and aids in decarbonizing industrial,
residential, and agricultural sectors. Within this
framework, biochar, a carbon-rich byproduct
produced from biomass pyrolysis or torrefaction,
has surfaced as a versatile material with valuable
uses in TES systems.!"!> While it has been
traditionally acknowledged for its benefits in soil
improvement and carbon storage, biochar's porous
nature, thermal stability, and adjustable surface
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chemistry render it an ideal medium for the
integration of Phase Change Materials (PCMs),
which are substances that store and release latent
heat during phase transition processes.!'""!3!4 Latent
TES uses phase-change materials (PCMs) capable
of storing 5-15 times more energy than sensible
heat storage.!> Other advantages of PCMs include
their molecular heat transfer, high heat storage
density, low cost, flexible design, and reduced
energy consumption.*!!-16

In tropical areas such as Indonesia, oil palm
fiber serves as a significant biomass source with
significant potential for producing biochar.
Traditional torrefaction techniques, although
effective, frequently encounter challenges like
slow heating rates, inconsistent thermal
distribution, and limitations in scalability.
Torrefaction methods can generally be classified
into conventional thermal torrefaction and
advanced techniques, such as microwave-assisted
torrefaction (MAT).!"!® Conventional torrefaction
typically involves gradually heating the biomass in
an inert atmosphere at temperatures ranging from
200-300 °C, resulting in partial devolatilization,
increased energy density, and improved
hydrophobicity.'®° While this method is effective,
it often faces challenges like uneven heat
distribution, lengthy residence times, and
considerable energy requirements, particularly for
larger particles. To overcome these challenges,
researchers are investigating innovations, such as
oxidative, steam, and microwave-assisted
torrefaction, each presenting distinct thermal and
processing characteristics.!31%2!

Microwave-assisted torrefaction (MAT) is
notable for its quick volumetric heating and energy
efficiency.'®!"” Unlike traditional external heating
methods, microwaves penetrate the biomass and
produce heat internally through dielectric heating,
leading to consistent thermal profiles and shorter
processing durations.?>>* This approach allows for
improved management of devolatilization
reactions, better product consistency, and a
reduction in excessive char production.”> MAT is
particularly beneficial for treating fine powders or
wet biomass, as it is more efficient in moisture
management.”® Its flexibility and compatibility
with continuous processing systems position it as
an encouraging option for decentralized bioenergy
generation, complementing the sustainable use of
biomass and the growing demand for low-carbon
energy solutions.?”-?

Microwave-assisted torrefaction (MAT) stands
out due to its rapid volumetric heating and energy
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efficiency.'®!” In contrast to conventional external
heating techniques, microwaves penetrate the
biomass and generate heat internally through
dielectric heating, resulting in uniform thermal
profiles and reduced processing times, > 242820
This  facilitates  better = management  of
devolatilization reactions, enhances product
uniformity, and minimizes the chances of
excessive char formation.”> MAT is particularly
advantageous for processing fine powders or moist
biomass, as it more effectively manages
moisture.?® Its adaptability and compatibility with
continuous processing systems make it a promising
candidate for decentralized bioenergy generation,
aligning well with the sustainable utilization of
biomass and the increasing need for low-carbon
energy alternatives.?’-*8

Despite these advantages, the fundamental
kinetic behavior of biomass under MAT conditions
remains insufficiently understood, particularly
under non-isothermal regimes where heating rates
vary dynamically with microwave power. Kinetic
studies are essential because they provide
quantitative insights into reaction pathways,
activation energies, and decomposition rates,
which are critical for designing scalable
thermochemical conversion systems. Previous
models, such as single-step or consecutive reaction
schemes, often oversimplify the complex multi-
step decomposition of lignocellulosic biomass.
The di Blasi and Lanzetta model, later modified to
incorporate heating rate (B), offers a more realistic
framework by accounting for sequential
transformations of biomass into intermediates,
volatiles, and stable carbonaceous products.
Recent developments in microwave-assisted
torrefaction have shown greater energy efficiency,
quick heating, and improved control over reaction
kinetics, making it an appealing alternative for
decentralized biochar production systems.

This study therefore investigates the non-
isothermal microwave-assisted torrefaction of oil
palm fibre, focusing on how varying microwave
power levels influence reaction kinetics and
product yield. By applying a modified kinetic
model and validating it against experimental data,
we aim to clarify the decomposition pathways and
quantify the trade-offs between biochar quality and
yield. Understanding these kinetic dynamics is
crucial not only for optimizing biochar properties
for TES and carbon sequestration, but also for
advancing decentralized bioenergy systems in
tropical agro-industrial contexts. In doing so, this
research addresses both the scientific gap in kinetic



modeling of MAT and the broader sustainability
imperative of valorizing agricultural residues for
climate mitigation.

EXPERIMENTAL
Materials

The oil palm fibre was sourced from plantations in
Sumatra, Indonesia. Following collection, the fibre was
sun-dried, chopped, and ground into powder, which was
subsequently screened to a 60-mesh size. To further
reduce residual moisture and ensure sample
consistency, the sun-dried powder was re-dried at
105 °C for 10 minutes prior to use. The measured
moisture content of the prepared oil palm fibre was
11.2%.

Torrefaction procedure

The powdered oil palm fibre was processed in a
microwave-assisted torrefaction system comprising a
nitrogen cylinder, microwave unit, reactor, digital scale,
data logger, thermocouple, sample container, and
personal computer. Nitrogen gas was continuously
supplied to displace oxygen, thereby maintaining the
oxygen-deficient atmosphere required for torrefaction.
The microwave employed was an Electrolux model
EMM?2308X, while the digital scale had a capacity of
0.25 kg with a precision of 0.0001 g. For each run, 15 g
of fibre powder was placed in a Pyrex container and
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heated for 1,800 s. A nitrogen flow rate of 2 L/min was
maintained, and the microwave operated at an output
power of 400 W, 600 W, or 800 W depending on the
experimental condition. Experiments began at ambient
temperature and continued until the maximum
temperature was reached. The maximum temperatures
obtained were 283.79 °C at 400 W, 288.46 °C at 600 W,
and 337.50°C at 800 W. The sample mass (M,) was
continuously monitored online during torrefaction using
a digital scale (capacity 0.25 kg, precision 0.0001 g)
connected to a data logger. This ensures that mass loss
data were directly recorded during the process. The
recorded mass values were subsequently used to

. .M
calculate the relative mass ratio M—t, where M, denotes
0

the sample mass at time t and M|, represents the initial
mass.

Kinetic modelling

The kinetic model applied in this research was the
model developed by di Blasi and Lanzetta and modified
by Harun et al. for the heating phase.’® On the
isothermal kinetics reaction for the non-isothermal
phase, Harun ef al. included the heating rate (f) in the
model equations.?® The reaction scheme is illustrated in
Figure 1. It is assumed that, initially, biomass A is
converted into B, an intermediate solid, and a volatile
Vi; the intermediate solid then generating a final
product C and a volatile V.

kg

Figure 1: Torrefaction reaction scheme

The rate equations for the reaction scheme are
presented in Equations 1-5:
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The simultaneous differential equations of the
models were numerically solved by Euler’s method to
obtained the calculated mass fraction of A (biomass), B
(intermediate solid), C (final product), V; (volatile
product obtained from the conversion of A) and V,
(volatile product obtained from the conversion of B).
The step size (t) for the numerical solution is set to 1s.
Four kinetic model parameters, that is, kg, k¢, ki1 and
ky,, were determined by fitting to the experimental data

M
M_O’
ratio of M; as the sample mass at time t, and M, as the
intial sample mass. Meanwhile, the calculated relative
mass sample was calculated as the sum of the mass of
A, B and C. The fitting was based on minimization of
the sum of square error (SSE), as in Equation 6:

2
SSE=3N, (ﬂ - ) (6)

Moexp,i Mocaic,i

The performance of the torrefaction model was also

evaluated by calculating several statistical parameters,

including coefficient of determination (R?), Chi-square

(X?), Root Mean Square of Error (RMSE), and Mean

Square Error (MSE), by Equations 7-10:
(e >2
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of the relative mass sample which represents the

RZ=1-

(7
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RESULTS AND DISCUSSION
Effect of microwave power level
Thermogravimetric analysis (TGA) is a
fundamental technique used to study the thermal
stability and compositional characteristics of
materials by monitoring changes in weight as a
function of temperature or time under controlled
atmosphere. Widely applied in biochar and
biomass research, TGA enables precise
identification of moisture content, volatile
components, decomposition stages, and ash
residues.’’* In this research, the TGA data was
recorded and the final solid residue mass was used
to determine the yield of the process. The yield of
the solid residue obtained from the microwave

assisted torrefaction of oil palm fibre is depicted in
Figure 2.

Figure 2 shows that the yield of solid residue
obtained from the microwave-assisted torrefaction
of oil palm fibre ranged between 63.83% and
83.87%. This range is comparable to the findings
of Harun et al., who reported solid residue yields
of 78-50% for empty fruit bunch (EFB) and 52—
82% for palm kemel shell (PKS) under
conventional torrefaction at temperatures of
240 °C, 270 °C, 300 °C, and 330 °C.*° In contrast,
Khamwicit et al. reported a significantly higher
yield of 97.36%, when palm fibre was torrefied at
200 °C for 30 minutes.**

The differences in yield across these studies
highlight the strong influence of operating
conditions, particularly temperature, heating
method, and residence time, on torrefaction
outcomes. The relatively high yield observed in
our microwave-assisted experiments suggests that
MAT promotes efficient energy transfer, which
reduces excessive devolatilization, compared to
conventional methods. However, the lower yield
compared to Khamwicit et al.** can be attributed to
the higher operating temperatures in our study (up
to 337.5 °C), which accelerate decomposition and
volatile release, thereby reducing the solid fraction.
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Figure 2: Yield of solid residue obtained from the microwave-assisted torrefaction of oil palm fibre at different power
levels of the microwave

Figure 2 also highlights the effect of microwave
power on the yield of solid residue and heating rate
during  thermochemical  conversion.  The
experimental results reveal a clear inverse
relationship between the microwave power level
and the yield of solid residue during non-
isothermal microwave-assisted torrefaction of oil
palm fibre. As microwave power increased from
200 W to 600 W, the solid residue mass decreased
significantly from 83.87% to 63.83%, indicating
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enhanced thermal decomposition and volatilization
of organic components. This trend suggests that
higher ~microwave power accelerates the
breakdown of hemicellulose and cellulose
fractions, leading to greater mass loss and
increased biochar porosity." Concurrently, the
heating rate exhibited a positive correlation with
microwave power, rising from 0.101 to 0.146,
which reflects the rapid energy transfer and
localized heating effects characteristic of



microwave irradiation.?? These findings align with
previous studies that emphasize the role of
microwave-induced dipole rotation and ionic
conduction in intensifying thermal reactions within
lignocellulosic biomass.

The reduction in solid residue yield at elevated
power levels implies a trade-off between biochar
quantity and quality, particularly in applications
targeting carbon retention versus surface
functionality. Higher heating rates may promote
the formation of micro- and mesopores, enhancing
the material’s suitability for adsorption or TES
composite integration, especially when paired with
PCMs. However, excessive power could risk
structural collapse or reduced fixed carbon content,
necessitating careful optimization for targeted end-
use. From a kinetics perspective, the non-
isothermal conditions and variable power inputs
complicate activation energy estimation, but they
offer valuable insights into reaction dynamics
under scalable, energy-efficient processing. These
results underscore the importance of power
modulation in tailoring biochar properties for
multifunctional applications, including soil
amendment, carbon sequestration, and thermal
energy storage. Overall, microwave-assisted
torrefaction presents a promising pathway for
valorizing oil palm fibre into high-performance
biochar, contributing to both waste reduction and
climate mitigation strategies.

Kinetics of torrefaction

In terms of energy recovery, the kinetics of
biomass torrefaction is of great importance. The
assesment of the torrefaction kinetics was intended
to obtain basic data for the design of
thermochemical conversion system, as well as to
get a better insight into the evoluion of the
torrefaction process.>* In the development of the
mathematical modelling of the torrefaction
process, a variety of models have been proposed
due to the physical and chemical mechanism
complexity involved in thermochemical reactions
of torrefaction. Thus, there are torrefaction kinetic
models proposed for biomass or biomass
components based on a single reaction, several
consecutive reactions, or complex reactions.?*¥

The initial work that proposed a single step
model of torrefaction was reported by Coats and
Redfern in 1964.%° The biomass was assumed to be
converted into solid residue and gas in a single
reaction. The reaction can follow either first- or n-
order kinetics.?*3® Further, Kilzer and Broido
proposed the torrefaction consecutive reaction
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scheme showing the conversion of cellulose into
chars and low molecular weight volatiles in their
work in 1969-1975.%° Nowadays, most of the
models proposed are multiple step models, in
which the solid residue produced from the first
reaction is converted into a new solid one. The
volatile can also be produced from both reactions.
Due to its simplicity and accuracy, the two-step
model proposed by di Blasi and Lanzetta is often
prefened'20,30,37,38

The torrefaction process in this work is a non-
isothermal one. The kinetics model applied is the
model developed by di Blasi and Lanzetta, and
modified by Harun et al. for the heating phase.*® In
the non-isothermal phase, Harun ef al. included the
heating rate (B) in the model equations.’* The
validation of the torrefaction model presents the
profile of the calculated relative mass of the
sample, including the mass fractions of biomass
(A), intermediate solid (B), final product (C),
volatile components (Vi), and a second volatile
fraction (V>), as illustrated in Figure 3.

The mass fraction data shown in Figure 3
demonstrates the transformation of biomass during
microwave torrefaction at three distinct power
levels, providing insights into decomposition
behavior, product yield, and the evolution of
volatiles. The mass fraction profiles obtained from
the microwave-assisted non-isothermal
torrefaction of oil palm fiber reveal a multi-step
decomposition pathway, marked by specific
changes in the biomass structure. Figure 3 also
presents the mass loss patterns for both

calculated % The

0
correspondence  between the  experimental

experimental ~ and

(& exp) and calculated (ﬂcalc) profiles
Mo MO

confirms the model's validity. This assertion is
further substantiated by the statistical parameters
presented in this research (Table 1).

The initial decomposition of A is related to the
degradation of hemicelluloses and the release of
loosely bound moisture, succeeded by the
formation of intermediate products (B), where the
degradation of cellulose prevails. The final product
(C) signifies the stabilization of carbon-dense
biochar, with mass loss reaching a plateau as
recalcitrant lignin  structures resist further
volatilization. The presence of two distinct volatile
phases (Vi and V,) indicates the sequential release
of light and heavy volatiles, probably associated
with microwave-induced selective heating and
dipole activation.
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Figure 3: Mass fraction profile of obtained data of the relative mass sample (% exp ), calculated relative mass sample

(% calc ), biomass (A), intermediate product (B), final product (C), volatile 1 (V1) and volatile 2 (V) of the torrefaction

of oil palm fibre performed at microwave power levels of (a) 800 W, (b) 600 W, and (c) 400 W

Table 1
Kinetics and statistical parameters
Kinetics parameter 400W 600W 800W
kg 0.000076 0.000237 0.000164
kc 0.063696 0.080133 0.038296
kvi 0.000015 0.000057 0.000092
kv2 0.000239 0.000224 0.000331
Beta 0.101000 0.108000 0.146000
R? 0.907195 0.799911 0.820419
MSE 0.000125 0.000263 0.000236
RMSE 0.011164 0.016227 0.015373
X2 0.000125 0.000263 0.000236
SSE 0.336534 0.710933 0.638069

These findings highlight the complex thermal
behavior of oil palm fiber under microwave
treatment, where power variation directly affects
reaction kinetics and product distribution. The
existence of intermediate and final product stages
suggests that microwave-assisted torrefaction
allows for controlled carbonization, crucial for
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customizing biochar properties for specific uses,
such as thermal energy storage or soil
enhancement. The pattern of dual volatile release
may improve energy recovery potential,
particularly if captured and repurposed.
Additionally, the close alignment between
experimental and calculated mass fractions



reinforces the reliability of the kinetic model,
providing predictive capabilities for scaling up and
optimizing the process. Overall, the results
accentuate the potential of microwave-assisted
torrefaction for not just efficient biomass
conversion, but also for producing high-quality
biochar with multifunctional benefits in climate-
resilient systems.

The kinetic assessment across different
microwave power levels illustrates varying thermal
decomposition characteristics of oil palm fiber
during non-isothermal torrefaction. At 600 W, the
highest rate constant for intermediate product
formation (ks = 0.000237) and cellulose
degradation (kc =0.080133) indicates more intense
thermal reactions, likely a result of enhanced
dipole rotation and localized heating. Notably,
although 600 W facilitates fast decomposition, the
rate of final product formation (kc) decreases
significantly at 800 W (0.038296), suggesting
potential structural collapse or over-carbonization
limiting stable biochar creation. The kinetics of
volatile release (kyi and ky») also change with
power level, with kv, reaching its peak at 800 W
(0.000331), indicating a higher release of heavier
volatiles under intense energy conditions. These
differences emphasize how sensitive biomass
transformation routes are to microwave intensity,
necessitating optimal power adjustment to balance
decomposition efficiency with product integrity.

From a modeling performance viewpoint, the
goodness-of-fit metrics (R?, MSE, RMSE, SSE)
indicate that 400 W presents the most statistically
sound condition (R? = 0.907, RMSE = 0.011),
implying that lower power levels produce more
predictable and stable reaction profiles.
Conversely, the lower R? at 600 W (0.799) and 800
W  (0.820) reveals heightened variability,
potentially due to non-uniform heating or
secondary reactions. The heating rate () escalates
with power, hitting 0.146 at 800 W, which
correlates with increased mass loss but also brings
about modeling difficulties. These observations
suggest that while higher microwave power boosts
reaction kinetics, it may also jeopardize model
precision and biochar consistency. Consequently,
the range of 400-600 W seems to provide a
suitable kinetic performance.

In this study, applying the two-step kinetic
model to describe the torrefaction kinetics of palm
fibre produced moderate coefficients of
determination (R?). This outcome suggests that
although the model successfully captured the
overall decomposition trends, its statistical fit was

Oil palm fibre

weaker than that reported in several earlier studies.
For instance, Barcelo ef al. applied the two-step
model to the torrefaction of Caryocar brasiliense
(pequi) seed and achieved highly accurate
predictions with R? values exceeding 0.99,
demonstrating the model’s strong capability under
their experimental conditions.?” Similarly, Jamin et
al. reported a close correlation between
experimental and modeled residual mass in green
waste torrefaction using the same framework.*®

The differences observed in model performance
can be linked to the distinctive behavior of
microwave-assisted torrefaction. Unlike
conventional thermal systems, microwave heating
introduces additional complexities, such as
non-uniform energy distribution, particle size
variation, and residual moisture, all of which can
disrupt uniform heating and reduce the accuracy of
kinetic predictions. These factors often lead to
deviations from the assumptions underlying
simplified kinetic models, thereby lowering the
statistical fit.

Microwave irradiation is particularly prone to
producing localized hot spots and uneven heating
patterns, which generate steep temperature
gradients within the biomass.*® At higher
microwave power levels, these gradients can
intensify, resulting in the formation of hot and cold
regions, concentrated heating zones, and edge or
corner overheating. In extreme cases, this
phenomenon may trigger thermal runaway, further
complicating the predictability of reaction
kinetics.***

Despite these limitations, the moderate R?
values obtained here remain informative. They
provide meaningful insights into the sequential
transformation of biomass into intermediates,
volatiles, and solid residue, and allow comparative
evaluation across different microwave power
levels. The model thus remains a useful tool for
identifying trends in product distribution and
reaction pathways.

Moreover, Table 1 also shows a low value of
Chi-square (X?). The low value of Chi-square (X?)
indicated that the model fits well the experimental
data and the low value of SSE quantifies the total
deviation of the calculated values from the
experimental data.*!*> Moreover, the lower RMSE
and MSE are also an indicator of the good fit of the
model to the experimental data. The evaluation of
the torrefaction kinetics also reveals the profile of
the predicted mass fraction of the biomass (A),
intermediate solid (B), final product (C), volatile
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(V1) and the mass fraction of volatile 2 (V) (Fig.
4).
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Figure 4: Mass fraction profile of calculated: (a) biomass (A), (b) intermediate product (B), (c) final product (C), (d)
volatile 1 (V1), and (e) volatile 2 (V>) of the torrefaction of oil palm fibre

The calculated mass fraction profiles in Figure
4 provide a detailed view of the thermal
decomposition pathway of oil palm fibre under
microwave-assisted torrefaction. The evaluation of
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torrefaction kinetics provides insight into the
thermal decomposition behavior of oil palm fibre
under microwave-assisted  conditions.  As
illustrated in Figure 4, the predicted mass fraction



profiles of biomass (A), intermediate solid (B),
final product (C), volatile 1 (V:), and volatile 2
(V2) reveal the sequential transformation of the
material during the torrefaction process.

The biomass fraction (A) shows a rapid decline
in the early phase, indicating the breakdown of
hemicelluloses and partially of cellulose at lower
temperatures. This is followed by the formation of
intermediate products (B), which peak before
transitioning into stable carbonaceous structures
(C). The final product fraction (C) stabilizes as the
reaction progresses, suggesting the formation of
biochar with high fixed carbon content and reduced
volatile matter. These transitions reflect the
sequential nature of biomass degradation, where
microwave energy accelerates molecular vibration
and dipole rotation, enhancing reaction kinetics
compared to conventional heating.

The volatile release profiles (Vi and V») further
support the staged decomposition mechanism.
Volatile 1 (Vi), likely composed of light
oxygenated compounds, emerges during the initial
breakdown of biomass, while Volatile 2 (V>),
associated with heavier hydrocarbons and lignin
derivatives, appears later in the process. The
distinct timing and magnitude of V; and V; suggest
that microwave power influences not only the rate
of decomposition, but also the composition of
evolved gases. This has implications for energy
recovery and emission control, as selective capture
of volatiles could enhance process efficiency and
reduce environmental impact. Moreover, the
Mt/Mo curve closely follows the expected mass
loss trajectory, validating the kinetic model and
confirming the reliability of the simulation in
predicting real-world behavior.

A comparison across the three microwave
power levels highlights the influence of energy
input on decomposition kinetics. At 400 W, the
maximum temperature reached was 283.79 °C,
resulting in slower biomass degradation and a more
gradual release of volatiles. At 600 W, the
maximum temperature increased slightly to
288.46 °C, producing a modest acceleration in
volatile formation, but still maintaining a relatively
balanced conversion pathway. At 800 W, the
maximum temperature rose significantly to
337.50°C, leading to  faster  biomass
decomposition, a sharper decline in the
intermediate fraction, and a more pronounced
release of volatiles. This higher power level
enhanced the yield of biochar (C) while
intensifying  volatile production, indicating

Oil palm fibre

stronger microwave absorption and more efficient
heat transfer.

From an application standpoint, the formation
of stable final products with reduced volatile
content is advantageous for further utilization of
the biochar, such as TES. The controlled release of
volatiles and the preservation of carbon-rich
structures  indicate that microwave-assisted
torrefaction can be tuned to produce biochar with
desirable thermal and structural properties. This
aligns with broader sustainability goals, as
valorizing oil palm fibre into functional materials
supports waste reduction, energy resilience, and
climate mitigation. The insights from Figure 4
reinforce the importance of power modulation and
kinetic modeling in optimizing biochar production
for multifunctional use, particularly in tropical
agro-industrial contexts where biomass availability
is high and energy demands are growing.

A limitation of this study is the absence of
proximate and ultimate analysis data for the oil
palm fibre used in the experiments. Parameters
such as moisture content, volatile matter, fixed
carbon, ash, and elemental composition are well
known to influence microwave absorption,
dielectric ~ properties, heating rate, and
decomposition pathways. Without these data, it is
not possible to establish direct correlations
between fibre composition and the kinetic
constants obtained. Given this constraint, the
kinetic modeling results presented here should be
interpreted primarily as trends associated with
microwave power levels, rather than absolute
relationships tied to biomass composition. Even so,
the continuous online mass measurements
employed in this work provide reliable information
on decomposition dynamics and product
distribution under different operating conditions.

Future studies will incorporate proximate and
ultimate analyses to enhance the mechanistic
interpretation of microwave absorption and
reaction pathways. Such characterization will
enable a more comprehensive understanding of
how fibre composition interacts with microwave
energy, thereby improving the predictive accuracy
of kinetic models and strengthening the
reproducibility of torrefaction research.

CONCLUSION

This research explored the non-isothermal
microwave-assisted torrefaction of oil palm fibre,
focusing on how different microwave power levels
influence decomposition kinetics and biochar
yield. The results showed that increasing
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microwave power from 400W to 800W
accelerated heating rates and volatile release, but
simultaneously reduced solid residue yield,
indicating more intense thermal breakdown. The
modified two-step kinetic model effectively
described the sequential conversion of biomass
into  intermediates, volatiles, and stable
carbonaceous products, with the strongest
statistical agreement observed at 400 W (R? =
0.907). Although the coefficients of determination
were lower than those reported in conventional
torrefaction studies, the model still provided
meaningful insights into reaction pathways and
product distribution under microwave conditions.

The study highlights the distinctive nature of
microwave heating, where localized hot spots and
uneven energy distribution introduce variability,
but also enable rapid energy transfer and efficient
biomass conversion. These findings emphasize the
need to optimize microwave power to balance
biochar yield, structural stability, and functional
properties. Overall, microwave-assisted
torrefaction emerges as a promising approach for
converting oil palm fibre into biochar.
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