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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Oil palm empty fruit bunch (OPEFB) 
was successfully converted into fuel 
gases.

• Pilot-scale gasification was carried out 
with three gasifiers in a fluidized 
reactor.

• OPEFB has a high volatile content and a 
favorable composition for fuel 
formation.

• Steam gasification yielded the highest 
H2 (52 % v/v) and CH4 (0.05 g/g 
biomass).

• Gasifying agent defines the syngas 
composition: air raises CO, steam boosts 
H2/CH4.
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A B S T R A C T

With increasing energy demand and agro-industrial waste generation, sustainable solutions for biomass valori
zation become essential. This study investigates the thermochemical conversion of oil palm empty fruit bunches 
(OPEFB) in a pilot-scale fluidized bed gasifier using air, steam, and nitrogen as gasifying agents. OPEFB char
acterization confirmed its favorable composition for energy purposes, including high volatile matter and 
lignocellulosic content. Gasification experiments revealed that the choice of gasifying agent strongly influenced 
syngas composition and yield. Air gasification maximized CO production, reaching 0.56 g/g biomass at an 
equivalence ratio (ER) of 0.43. Steam gasification produced the highest hydrogen and methane yields, with up to 
52 % v/v H2 and 0.05 g CH4/g biomass, which are comparable to, or even higher than, those reported elsewhere 
for other lignocellulosic biomasses under similar conditions. Nitrogen atmosphere suppressed oxidation and 
promoted moderate H2 formation. These findings demonstrate that steam is the most effective agent for 
hydrogen-rich syngas generation, while air favors CO production. Overall, the study highlights OPEFB as a 
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promising feedstock for clean energy and biorefinery applications, supporting the transition toward a circular 
and sustainable bioeconomy.

1. Introduction

Currently, most of the primary energy consumed worldwide origi
nates from fossil fuels. Due to climate change, the pursuit of energy 
security, and growing environmental awareness, efforts are being made 
to diversify the energy matrix with renewable and sustainable sources 
such as solar, wind, geothermal, tidal, and biomass (Gayen et al., 2023; 
Strielkowski et al., 2021). Biomass stands out as an attractive renewable 
energy option, ranking among the largest energy sources globally and 
offering advantages such as lowering greenhouse gas emissions and 
contributing to socioeconomic and environmentally sustainable devel
opment (Al Zubi et al., 2023; Ang et al., 2022; Méndez-Durazno et al., 
2024; Mignogna et al., 2024; Razm et al., 2023; Sarker et al., 2015; Yana 
et al., 2022). Unlike petroleum, biomass is widely available across 
countries, and its use can diversify the fuel supplies and enhance energy 
security, particularly for nations reliant on oil imports (Bilgili et al., 
2017; Fernandes and Costa, 2010).

Palm oil is one of the most consumed oils worldwide, and it is esti
mated that for every ton of palm oil produced, approximately 1.1 tons of 
oil palm empty fruit bunches (OPEFB) are generated (Hossain et al., 
2016). This residue, which often becomes an environmental problem, 
holds significant potential for energy applications and the production of 
high-value products, including biofuels, making it a promising feedstock 
for biorefineries (Chuaboon et al., 2024; Hendrasetiafitri et al., 2022; 
Obada et al., 2023; Tanimu et al., 2025). OPEFB is not only abundant but 
also has a lignocellulosic nature. Its composition, consisting of approx
imately 50.9 % cellulose, 29.6 % hemicellulose, and 17.8 % lignin, is 
comparable to that of other agricultural residues extensively studied for 
energy applications, such as sugarcane bagasse and corn stover (Kumar 
and Sharma, 2017; Padzil et al., 2020). Given these features, we hy
pothesize that OPEFB has significant potential as a feedstock for ther
mochemical conversion.

Biomass can be converted into three main products: fuel for the 
transportation sector, fuel for the generation of heat and power, and raw 
material for the synthesis of high value-added chemical products (Jamil 
et al., 2024; Maitlo et al., 2022). Among the processes available to carry 
out such conversions, biomass gasification has gained interest due to its 
high conversion efficiency and broad applications. Traditionally, coal 
has been widely used as the primary feedstock for gasification (Gao 
et al., 2023; Sansaniwal et al., 2017). Lignocellulosic biomass, however, 
emerges as more sustainable alternative, presenting high fixed carbon 
content, low ash and sulfur levels, and potential for carbon neutrality, in 
addition to being derived largely from agricultural residues. Its 
composition favors both the release of combustible volatiles and the 
generation of higher energy–density products, which reinforces its 
viability as a substitute for coal in thermochemical processes (Cherwoo 
et al., 2023; Santana et al., 2025; Shahzad et al., 2024). In this context, 
OPEFB stands out for its suitability as a lignocellulosic feedstock, 
coupling favorable composition with large-scale generation in palm oil 
production, positioning itself as one of the most promising residues for 
gasification and bioenergy generation (Asadpour et al., 2021; Nyakuma 
et al., 2020; Singh et al., 2025). Recent research in major palm oil- 
producing countries has focused on valorizing OPEFB through thermo
chemical routes. Al-Muraisy et al. (2025) investigated solar-driven CO2 
gasification of OPEFB, demonstrating the production of CO-rich syn
thesis gas (syngas) with high carbon conversion efficiency (94.9 %) and 
simultaneous biochar generation, highlighting its potential as a 
negative-emission technology and sustainable energy pathway. Ahmad 
et al. (2023) explored the use of OPEFB gasification char, activated by 
phosphoric acid, as a low-cost adsorbent for wastewater treatment, 
reporting efficient removal of methylene blue dye and confirming the 

value of gasification by-products beyond energy applications. These 
studies underscore the versatility of OPEFB in gasification routes.

The gaseous product obtained from the thermochemical process of 
gasification, known as syngas, consists mainly of a mixture of H2, CO, 
CO2, H2O, N2, and other light hydrocarbons. Syngas is produced by 
partial oxidation of organic material at elevated temperatures and can 
either be combusted for energy generation or used as precursor for the 
synthesis of higher-value chemical products, such as methanol, dimethyl 
ether (DME), and liquid fuels obtained through Fischer-Tropsch process 
(Santos and Alencer, 2020). Interest in syngas valorization routes has 
grown, with particular emphasis on the production of green hydrogen, 
renewable methanol, and sustainable aviation fuels (SAF), aligning with 
global strategies for energy transition and decarbonization (Hidalgo 
et al., 2025; Ismael et al., 2025; Klüh et al., 2024; Mustafa et al., 2024). 
Gasification involves drying and devolatilization (pyrolysis) of biomass, 
during which large amounts of volatile hydrocarbons and char are 
produced and subsequently are converted into syngas.

In this regard, the accumulation of volatiles significantly influences 
the reaction rate, and reactor design is critical for enhancing the gasi
fication process (Gao et al., 2023; Sher et al., 2025). Fluidized bed 
gasifiers, in particular, offer key advantages such as increasing the 
contact surface between bed material and biomass particles and pro
moting temperature homogenization, which improves the reaction rate 
and overall conversion efficiency. These benefits arise from the simul
taneous occurrence of pyrolysis and gasification stages within the 
reactor, preventing the buildup of volatile compounds (Gómez-Barea 
and Leckner, 2010; Lahijani and Zainal, 2011). Furthermore, fluidized 
bed gasification technology can operate under various and with a wide 
range of feedstocks, and its performance is strongly influenced by factors 
such as fuel type, particle size, reaction temperature, reactor configu
ration, gasifying agent, and equivalence ratio (ER) (David, 2013; Pfeifer 
et al., 2011; Santos et al., 2022). Recent studies have highlighted the 
potential of the fluidized bed to enhance process efficiency. Miccio et al. 
(2021) presented the advantages of fluidized-bed systems over fixed 
bed, moving bed, and rotary-kiln systems for the gasification of agri
cultural wastes, emphasizing improvements in mass and heat transfer 
efficiency. Siddiqui et al. (2022) developed studies on the gasification of 
various biomasses in fluidized bed reactors, focusing on enhancing 
biomass conversion and syngas production efficiency by optimizing 
operating parameters such as particle size and catalyst use. The use of 
impregnated catalysts significantly boosted H2 and syngas yields, 
improved the water–gas shift reaction, and reduced CO2 and tar 
formation.

In the field of lignocellulosic biomass, gasification in fluidized bed 
reactors has proven to be a promising route for clean energy production. 
Figueroa et al. (2014) studied the effects of varying the ER and tem
perature during sugarcane gasification on the production and distribu
tion of syngas, bio-tar, and char. The study showed that higher ER levels 
increased hydrogen and carbon monoxide production, while CO2 
emissions decreased, demonstrating the flexibility of fluidized bed sys
tems. Furthermore, the bio-tar yield was mainly water, highlighting the 
potential of such systems to produce cleaner energy from biomass resi
dues. Another work by Pedroso et al. (2021) focused on the roasting of 
sugarcane bagasse to optimize its use as a biofuel feedstock, addressing 
challenges associated with its fibrous nature and high moisture content 
by optimizing roasting conditions. The study reported improvements in 
energy yield and reductions in pollutant emissions.

Nevertheless, most studies in the literature have focused on con
ventional lignocellulosic feedstocks in fluidized bed configurations, 
while systematic investigations on OPEFB are still limited, highlighting 
the need for further research on this underutilized residue, since OPEFB 
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has similar lignocellulosic characteristics and is equally viable for this 
type of process (Kurnia et al., 2016; Umar et al., 2021). So far, only a few 
studies have addressed the gasification of OPEFB in fluidized bed re
actors. Sukiran et al. (2009) studied OPEFB pyrolysis in a quartz 
fluidized-fixed bed reactor, optimizing parameters such as temperature, 
particle size, and heating rate, and achieving a maximum bio-oil yield of 
42 % at 500 ◦C, confirming the relevance of fluidized systems for 
maximizing liquid fuel production from this residue. Lahijani and Zainal 
(2011) explored OPEFB gasification in a pilot-scale bubbling fluidized 
bed, finding that temperatures up to 1050 ◦C improved carbon conver
sion (93 %) and cold gas efficiency (72 %), but also induced severe bed 
agglomeration due to the high potassium and chlorine content of the 
ash, which they mitigated by lowering the operating temperature to 
770 ◦C. More recently, Sidek et al. (2021) compared raw and torrefied 
OPEFB in a steam fluidized bed gasifier, showing that torrefaction 
enhanced syngas yield, lower heating value, and cold gas efficiency, 
although it also increased tar generation, highlighting the trade-off be
tween energy output and downstream cleaning requirements. Despite 
these contributions, the current literature on OPEFB remains scarce, 
with key gaps still to be addressed: (i) the lack of systematic studies on 
OPEFB gasification, (ii) the limited number of investigations employing 
OPEFB specifically in fluidized bed reactors, and (iii) the absence of 
comparative analyses assessing the influence of different gasifying 
agents on process efficiency and product distribution. Addressing these 
issues is essential to unlock the full potential of OPEFB as a sustainable 
feedstock for fluidized bed gasification.

In light of these limitations and to the best of our knowledge, this is 
the first work to conduct a comparative experimental analysis of OPEFB 
gasification in a fluidized bed reactor under three gasifying atmospheres 
(air, water vapor, and N2). The study provides detailed insights into the 
effects of these agents on the production of key gaseous components (H2, 
CO, and CH4), highlighting the role of water vapor in enhancing 
hydrogen generation. By coupling physicochemical characterization of 
OPEFB with performance evaluation against a conventional lignocellu
losic feedstock (sugarcane bagasse), this research not only advances the 
technical understanding of OPEFB gasification but also demonstrates its 
potential as a sustainable alternative for clean energy generation. Ulti
mately, the study contributes to closing the loop in the palm oil pro
duction chain, transforming a major agro-industrial residue into a 
valuable resource for renewable energy and circular-bioeconomy 
applications.

2. Materials and methods

This section describes the materials and methodologies adopted to 
evaluate the thermochemical conversion of OPEFB into fuel gases under 
various conditions. The steps include biomass preparation, physico
chemical characterization, and thermochemical tests in a fluidized bed 
reactor. Each step was designed to gather relevant data for under
standing the influence of gasifying agents on gas composition and pro
cess performance.

2.1. Sample preparation

The OPEFB used in this study were obtained from Belém, Brazil. The 
dry OPEFB was ground using a Willey Macro knife mill (Fortinox, STAR 
FT-60) to obtain a particle size distribution in the range of 0.30 to 0.85 
mm by using a set of sieves (Bronzinox, São Paulo, Brazil) with the 
following mesh sizes: 10, 20, 50, 100, 200, and 500.

2.2. Biomass characterization

2.2.1. Proximate analysis
The moisture, volatile matter, ashes and fixed carbon (FC) contents 

were determined in triplicate according to ASTM D 5142-02a standard 
(Vassilev et al., 2012) using a LECO TGA 701 thermogravimetric 

analyzer.
For the moisture determination, the samples weighed in previously 

tared porcelain crucibles were heated in the equipment at 107 ◦C in N2 
atmosphere to constant weight.

After the determination of humidity, the volatile matter was deter
mined as follows. The crucibles were capped and weighed in the 
equipment. The equipment was then heated to 950 ◦C under N2 at a rate 
of 50 ◦C min− 1 and held for 7 min at this temperature.

Ashes content was determined after the determination of the volatile 
matter; the furnace of the equipment was cooled from 950 ◦C to 600 ◦C 
and the atmosphere changed from N2 to O2. The temperature was then 
raised to 750 ◦C and samples were weighed at regular intervals to 
constant mass. The FC percentage was calculated by subtracting the 
percentages of moisture, ashes and volatile matter (see the Supple
mentary Material).

2.2.2. Elementary analysis
Carbon, hydrogen, and nitrogen (CHN) were determined using a 

PerkinElmer CHNS/O analyzer (model 2400 Series II), operated at 
925 ◦C (combustion column) and 650 ◦C (reduction column), using 
helium as the carrier gas and oxygen as the oxidizing gas. Two to three 
milligrams of finely ground and oven-dried sample (105 ◦C, constant 
weight) were used. The amount of oxygen by difference was obtained 
with the ash content and the percentages of carbon, hydrogen and 
nitrogen.

Additionally, X-ray fluorescence spectrometer (XRF / EDX) of the 
Shimadzu brand, model EDX 720 HS, was used to analyze some elements 
from the 3rd period of the periodic table present in the samples, in 
vacuum with a 5 mm collimator and a beam ranging from 50 keV (Sc-Ti 
channel, 0.02 step) to 15 keV (Na-Sc channel, 0.01 step) with 2048 
points. This equipment allows the analysis of the range of elements 
covering from sodium (11Na) to uranium (92U).

2.2.3. Extractives
The extractives content of the biomass was determined following the 

Extractives Content Determination protocol described by NREL (NREL/ 
TP-510–42619) (Cortez et al., 2008) with modifications using an 
Accelerated Solvent Extractor (ASE) (Thermo Scientific Dionex ASE- 
350). Glass fiber filter was used at the base of each cell, filling it with 
the sample up to its maximum capacity without compacting the sample. 
Extraction was carried out using an ethanol (≥99 %, Sigma-Aldrich), 
petroleum ether (boiling range 40–60 ◦C, Merck) solution (1:2) 
through three 30 min cycles at 105 ◦C. Extract-free samples were 
removed from the cells, transferred to a tray, and allowed to air-dry at 
room temperature for approximately 24 h. The vials containing the ex
tracts were placed in a rotary evaporator to remove the solvents and the 
remaining extractives were quantified gravimetrically.

2.2.4. Lignin
Lignin and structural carbohydrate contents were determined on 

extractive-free biomass, following the NREL protocol (NREL/TP- 
510–42618) with modifications, in triplicate. Each pressure tube 
received 0.30 g of extractive-free biomass and 3 mL of 72 % sulfuric acid 
(analytical grade, Dinâmica Química Contemporânea, Brazil). The tubes 
were placed in a water bath at 30 ◦C for 60 min, with manual agitation 
every 10 min (without removing the tubes from the bath). After one 
hour, the tubes were removed from the bath, 84 mL of distilled water 
were added to each one, shaken to homogenize the solution, and then 
taken to an autoclave at 121 ◦C for 60 min. Hydrolyzed samples were 
filtered, under vacuum, in previously tared Gooch crucibles (porosity 
#4). A 50 mL of the liquor was collected in a falcon tube and analyzed, in 
triplicate, in a UV–Visible spectrophotometer with a wavelength of 240 
nm, using a 4 % sulfuric acid solution as blank (Blank Abs). In cases 
where the sample was too concentrated, it was diluted with the blank 
solution, and the dilution ratio was recorded.

After the analysis of the liquors, all remaining solids in each tube 
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were quantitatively transferred to the respective crucibles using at least 
50 mL of hot distilled water to remove all acid. The crucibles were 
placed in an oven at 105 ◦C overnight. After being removed from the 
oven, the mass of the crucibles with the residue of insoluble lignin and 
ashes was recorded.

The crucibles with residue were then placed in a muffle furnace and 
subjected to five heating stages, as described in Table 1.

After cooling down to temperatures below 200 ◦C, the crucibles were 
removed from the muffle furnace and transferred to an oven at 105 ◦C 
for 2 h. After being removed from the oven, the crucibles were weighed 
on an analytical balance and the mass of the crucible with the ash res
idue was recorded.

The soluble lignin content, based on extractive-free material (% 
Lignin), was determined using the volume of the liquor and the ab
sorptivity equivalent to 25 L g-1cm− 1, used to determine the absorbances 
of the liquor and the blank. More details can be seen in the Supple
mentary Material.

The insoluble lignin content, based on extractive-free material (% 
InsLignin), was determined based on the difference of the overnight 
oven crucible weight and muffle furnace crucible weight (see the Sup
plementary Material).

2.2.5. Carbohydrates
Liquor from the lignin determination step was filtered using a 0.22 

µm syringe filter, then transferred to a glass vial and analyzed in a 
Shimadzu HPLC (High Pressure Liquid Chromatography), using an 
Aminex HPX-87P column with pre-column and refractive index detector 
(RID). Volume of injection of 10 µL and ultrapure water (Milli-Q system) 
was the mobile phase at a flow rate of 0.6 mL min− 1. The run lasted 32 
min, with the column and detector temperatures fixed at 85 ◦C.

The mass value, in grams, of each compound was calculated multi
plying the total volume of the solution, expressed in liters, and the 
concentration of the compound obtained at the end of the HPLC analysis 
(see the Supplementary Material).

Monomeric sugar concentrations were converted to masses using 
equation described in the Supplementary Material. Polymeric sugars 
were calculated using the following conversion factors (see Supple
mentary Material): glucose to glucan, 0.90 (or 162/180); xylose to xylan 
and arabinose to arabinan, 0.88 (or 132/150); and acetic acid to acetate, 
0.983 (or 59/60).

The percentages of structural carbohydrates and acetyl groups were 
calculated from the relationship between the corrected mass obtained in 
the calculation of the mass of polymeric sugars and the sample weight 
(Supplementary Material). Results are expressed on a dry basis of the 
raw material.

2.2.6. High heating value and low heating value
High Heating Value (HHV) were obtained using an IKA calorimeter 

model C-2000, according to ASTM D 5865-04 (Saidur et al., 2011). Low 
Heating Value (LHV) was calculated according to the literature (Cortez 
et al., 2008).

2.2.7. Thermal analyzes
The TG/DTA (thermogravimetric analysis) curves were obtained in a 

Simultaneous DTA-TG Thermogravimetric Analyzer (Shimadzu, DTG- 

60H) with nitrogen purge (30 mL⋅min− 1). The analyzes heated from 
room temperature to 900 ◦C at a heating rate of 10 ◦C⋅min− 1 in platinum 
crucibles.

2.2.8. Particle size distribution
Particle size distribution was determined using a Bertel sieve shaker 

with a Bronzinox sieves (ISO 3310/1), with mesh sizes: 10, 20, 50, 100, 
200, 500.

2.3. Pilot plant for gasification and pyrolysis

Thermochemical conversion tests were performed in a PID Eng and 
Tech pilot-scale gasification and pyrolysis unit (Scheme 1 and figures in 
the Supplementary Material), capable of operating with air, steam, ox
ygen, and CO2 as gasifying agents, or nitrogen under pyrolysis condi
tions. Gases were fed through mass flow controllers and preheated 
(300–400 ◦C) before reaching the reactor. Water was pumped, evapo
rated, and introduced as steam. Solids were stored in a silo and fed using 
dual screw feeders to prevent premature reaction.

A fluidized bed reactor (see Supplementary Material) with silica bed 
(1.00 kg, mesh 30, dmax = 0.30 mm) was used. The reactor has a total 
height of 1515 mm, comprising a bed zone (770 mm in length and 82.8 
mm in internal diameter) and a freeboard zone (535 mm in height and 
134.5 mm in internal diameter). Temperatures were monitored by 
thermocouples (three in the bed, one in the freeboard), and pressures by 
transducers (one before the distributor plate and another at the top of 
the freeboard). The reactor was heated to 800 ◦C and the operating 
pressure drop ranged from 16 to 20 mBar. Once stabilized, ~400 g of 
biomass was fed at flowrates in the interval between 0.86 and 6.09 
g⋅min− 1. The ER applied in air gasification ranged from 0.29 to 0.43, 
depending on the air flow rates used (8–12 NL⋅min− 1). For steam gasi
fication, the Rsb were in the range from 1.75 to 2.19, corresponding to 
steam flowrates of 12 and 15 mL⋅min− 1, respectively. Under nitrogen 
atmosphere, flow rates of 12, 15, and 18 NL⋅min− 1 were employed. 
Generated gas passed through two cyclones to remove particulates, then 
through a heat exchanger (18–30 ◦C) for tar condensation, and finally 
through a particulate filter.

2.4. Gas analyzer

The gases generated during the gasification process were analyzed 
using an inline gas analyzer from SICK, model GMS800. This analyzer 
has four different modules responsible for determining the concentra
tions of H2, O2, H2S, CO, CO2, and CH4. Each gas was calibrated using a 
standard mixture with a known concentration.

3. Results and discussion

The results are structured to first assess the physicochemical prop
erties of the biomass, which are essential to evaluate its suitability for 
gasification. Subsequently, the performance of the gasification process 
under different operating conditions and gasifying agents is analyzed. 
The aim is to identify how these variables influence the composition and 
yield of syngas, with particular attention to the generation of key gases 
such as H2, CO, and CH4.

3.1. Proximate analysis

To ensure the viability of biomass use in a fluidized bed gasifier, the 
moisture content must remain below 10 %, as high moisture levels 
hinder solid feeding, reduce gasification efficiency, and lower the 
calorific value of the final gas (Molino et al., 2016). As observed in the 
data of Table 2, OPEFB had a desirable moisture value for the process. A 
high ash content also contributes to reducing the calorific value of the 
gas produced, as ash is inert and does not contribute to gas production 
during gasification. Therefore, materials with low ash content are more 

Table 1 
Heating stages associated with the temperatures used during the thermal 
treatment for lignin and ash analysis of oil palm empty fruit bunches.

Stage Initial temperature (◦C) Final temperature (◦C) Time (min)

1 0 100 15
2 100 300 25
3 300 300 30
4 300 500 25
5 500 500 180
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appropriate for thermochemical processes, causing less fouling, depo
sition, agglomeration, and corrosion problems (Vassilev et al., 2015). 
Compared with some residual biomasses, the OPEFB has a high ash 
content, but is still much lower than other biomasses such as rice husk 
(21.24 %), cotton stem (17.30 %) and avian bed (37.80 %) (Saidur et al., 
2011).

Comparing the values obtained on dry basis to other biomasses such 
as bark and rice straw, wheat straw and even some types of wood 
(Kalinci et al., 2011), the volatile content of OPEFB is higher. Higher 
volatile contents result in lower ignition temperatures, as well as making 
ignition, devolatilization and burning processes easier and faster and 
increase the production of combustible gas and inorganic vapors 
(Vassilev et al., 2015).

According to Vassilev et al. (2015), volatile biomass materials consist 
mainly of fuel species such as: CH4, C2H2, CO, H2, H2S, tar and other 
hydrocarbons, especially light ones; besides non-combustible compo
nents, such as: CO2, HCl, H2O, N2, NH3, NOx (NO, NO2), N2O, KCl, KOH, 
NaCl, NaOH, SOx (SO2, SO3), among others. It is noteworthy that due to 

high volatile contents, biofuels present a high reactivity when compared 
to coal (Khan et al., 2009).

3.2. Ultimate analysis: CHNO elemental analysis

Based on the values of carbon (C), hydrogen (H), and nitrogen (N) 
obtained from the elemental analysis, as well as the sulfur (S) content 
measured by XRF/EDX and the ash content from the proximate analysis, 
the oxygen (O) content was estimated by difference, i.e., by subtracting 
the sum of these components from 100 %. The results of the elemental 
analysis for OPEFB biomass are presented in Table 2. The oxygen con
tent observed for the OPEFB is average, while the carbon content is 
lower than average reported for most of the biomasses, which typically 
contain around 50 %. Both the low carbon content and the high oxygen 
content result in a decrease in the calorific value of the generated gas. 
According to Jenkins et al. (1998), each additional 1 % of carbon in the 
biomass composition increases the calorific value by about 0.39 
MJ⋅kg− 1.

Scheme 1. Schematic diagram of the gasification and pyrolysis pilot plant.

Table 2 
Characterization oil palm empty fruit bunches to provide information on their proximate, ultimate inorganic and lignocellulosic composition.

Proximate analysis (%)

Humidity (%) Volatile matter (%) Fixed Carbon (%) Ashes (%)
6.18 ± 0.01 72.62 ± 0.27 15.93 ± 0.41 5.27 ± 0.22

Elemental analysis (CHN/O) on dry basis (%)
Carbon Hydrogen Nitrogen Sulfur Oxygen
45.16 ± 0.50 6.09 ± 0.09 1.35 ± 0.02 1.43 40.70

Inorganic materials (%)
K Ca Si P Mg S Fe Zn Mn Cu Sr
59.187 26.034 4.660 2.266 1.397 1.426 3.089 1.193 0.455 0.207 0.086

Composition of fractionated lignocellulosic (%)
Ashes Extractives Lignin Cellulose Hemicellulose Mass Closure
6.53 ± 0.25 8.55 ± 0.09 41.29 ± 0.25 28.91 ± 0.19 20.73 ± 0.80 106.01 ± 1.58
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In addition, the CHNO contents will also have direct consequences on 
the composition of the gas, since these elements are precursors to the 
main gaseous products in the thermochemical processes: H2, CO, CO2, 
NOx, CH4 and other light hydrocarbons. High hydrogen contents in the 
composition of the biomass, for instance, favors the increase of H2 and 
CH4 production, which in turn enhances the energy content of the 
resulting gas.

3.3. X-ray fluorescence by dispersive energy (XRF/EDX)

According to Khan et al. (2009), ashes can be defined as the non- 
combustible inorganic part of the biomass remaining after the process, 
containing the mineral fraction of the original biomass. The character
ization of the inorganic materials is particularly relevant for the OPEFB, 
which has a relatively high ash content. In this case, the high potassium 
content as shown in Table 2 directly influences the gasification process, 
since the presence of this metal decreases the melting point of the ash, 
causing bed agglomeration and deposit formation on the reactor walls, 
which can ultimately interfere with the stability of the fluidized bed 
(Mohammed et al., 2011). Like potassium, silicon, when in high con
centration, also reduces ash melting temperature, leading to the afore
mentioned operational issues. In contrast, elements such as calcium and 
magnesium tend to increase ash melting temperature, thereby helping to 
mitigate such effects (Khan et al., 2009).

Ash sintering and melting behavior can vary significantly among 
biomass types. Understanding these characteristics is essential to 
determine temperature control, as inadequate control can lead to ash 
fusion and the formation of deposits along reactor surfaces (Khan et al., 
2009).

Although further studies are required regarding the ash behavior and 
the consequences of its melting during the thermochemical processes, it 
has been found that the removal of alkaline and other elements makes it 
possible to increase the melting temperature of the ashes. Recent ex
periments with sugarcane bagasse showed that the leaching of alkali 
metals and chlorine by simple washing of the material with water 
resulted in drastic improvements in the melting temperatures of the 
ashes. This technique is capable of removing about 80 % of alkali metals 
and may be a viable strategy to optimize the process (Jenkins et al., 
1998).

3.4. Fractionation of lignocellulosic biomasses

Cellulose, hemicellulose and lignin are macromolecules with distinct 
compositions and structures, which lead to different behaviors during 
thermal conversion. Therefore, the contents of extractives, lignin, cel
lulose and hemicellulose in the biomass used were quantified and are 
shown in Table 2.

In a study carried out by Vassilev et al. (2012), standardized 
extractive, lignin, cellulose and hemicellulose were reported for 93 va
rieties of biomasses on an ash-free dry basis. The average composition 
found was: 43.3 % cellulose, 31.8 % hemicellulose, 24.9 % lignin and 
9.5 % extractives. Compared to these values, the OPEFB biomass 
analyzed in this study exhibited a significantly lower cellulose content 
and a higher lignin content. These factors have a direct consequence on 
the calorific value of the sample, as lignin has a lower degree of oxida
tion compared to cellulose and hemicellulose, thus contributing more to 
the energy content (Saidur et al., 2011).

The extractive content of OPEFB was also below the average reported 
by Vassilev et al. (2012). Biomass extractives consist of various organic 
and inorganic components that could be extracted individually or 
sequentially using different polar or nonpolar solvents. High extractive 
content in biomass, more common for herbaceous and agricultural fibers 
or grasses, is an advantage for the production of biodiesel, bioethanol, 
biomethanol, among other biofuels and biochemicals. However, for 
thermochemical conversion biomasses with lower extractive contents 
are generally more suitable (Vassilev et al., 2015).

3.5. Heating value

According to Cortez et al. (2008), the HHV of a fuel is defined as the 
amount of energy released as heat during the complete combustion of a 
unit mass of the material. The results of higher calorific value obtained 
experimentally was 18.3 ± 0.1 MJ kg− 1.

The LHV of a given material is calculated by subtracting the energy 
required to evaporate the moisture present in the biomass and the for
mation water generated when the hydrogen in the fuel is oxidized 
(Cortez et al., 2008; Khan et al., 2009). The LHV found for OPEFB was 
19,3 MJ⋅kg− 1. It was verified that the results obtained for the OPEFB are 
consistent with the literature, since LHV were reported in the range of 
17.8 to 19.0 MJ kg− 1, close to what was found (Kalinci et al., 2011; 
Kelly-Yong et al., 2007).

3.6. Thermal analyzes

The thermal stability of OPEFB was evaluated by thermogravimetric 
analysis. The mass loss curves as a function of temperature (TG) and 
differential thermal analysis (DTA) are shown in Fig. 1.

The thermal degradation of the biomass can be divided into three 
regions (Lahijani and Zainal, 2011). The initial mass loss in the range of 
approximately 50 ◦C to 120 ◦C can be attributed to the loss of moisture 
and volatiles. The second mass loss, quite pronounced, that occurs in the 
range of 229 ◦C to 314 ◦C corresponds to the decomposition of hemi
cellulose and cellulose and is related to the volatile matter present in the 
biomass. In the third step, the devolatilization process continues in the 
range of 314 ◦C to 547 ◦C, likely due to the degradation of lignin, which 
decomposes at higher temperatures than cellulose and hemicellulose. 
Beyond this temperature range, the mass of the samples remained 
practically constant up to 900 ◦C, indicating that the primary organic 
components are fully decomposed. The ash content observed for OPEFB 
was approximately 6 %.

3.7. Fluidization tests

Fluidization tests were performed to characterize the main flow re
gimes at both ambient and reaction temperatures, so that the fluidiza
tion behavior was established. These tests provided fundamental 
information regarding the minimum fluidization velocity – i.e. the point 
at which the packed bed transitions to fluid-like behavior (incipient, 
slug, bubbling, turbulent, among others). The experimental results are 
shown in Fig. 2.

Analysis of the fluidization curves for the three agents found that the 
minimum fluidization velocity (using 1.00 kg of silica ocher mesh 30) 

Fig. 1. Thermogravimetric analysis of oil palm empty fruit bunches to evaluate 
their thermal degradation profile.
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for air was reached in the range of 35 to 41 NL⋅min− 1 at room temper
ature and from 6 NL⋅min− 1 at the 800 ◦C. For the nitrogen the minimum 
fluidization velocity was reached in the range of 49 to 52 NL⋅min− 1 at 
room temperature and from 12 NL⋅min− 1 at 800 ◦C. Finally, for the 
steam the minimum fluidization velocity was verified from 12 mL⋅min− 1 

at 800 ◦C.

3.8. Gasification with air

The air flow rates to be used in the process were determined based on 
the ER, calculated from the average feed rate at 100 % engine speed, as 
obtained from the calibration curve (Supplementary Material). After 
each experiment, the actual biomass feed rate was verified, and ER 
values were adjusted accordingly. It was not possible to use airflows 
below 8 NL⋅min− 1, due to stability limitations in the mass flow 
controller.

Considering the minimum fluidization velocity of air at the gasifi
cation temperature and the ER range of 0.2 to 0.4, recommended by 
several authors as ideal for gasification processes (Alauddin et al., 2010; 
Martínez et al., 2012; Ruiz et al., 2013; Sarker et al., 2015), air-based 
gasification experiments were performed using flow rates of 8 to 12 
NL⋅min− 1. The respective ER of which are shown in Table 3.

Analysis of the gas composition profiles showed that CO and CO2 

Experimental
Data filter

Experimental
Data filter

Fig. 2. Profile of the bed load loss as a function of the gas flow: A) air at room temperature; B) air at 800 ◦C; C) steam at 800 ◦C; D) nitrogen at room temperature and 
E) nitrogen at 800 ◦C.

Table 3 
Equivalence ratios used in gasification with air.

Air Flow (NL⋅min− 1) ER

8 0.29
9 0.32
10 0.36
11 0.40
12 0.43
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were the predominant species at all ER values, likely due to partial and 
complete oxidation of carbon, as represented by Equations 1 and 2, 
according to Table 4 (Musinguzi et al., 2014).

For ER values of 0.29 and 0.40, a trend was observed in the con
centration curves of the CO and H2, suggesting the predominance of 
steam gasification reaction (Equation 3, Table 4).

For the condition of ER = 0.43, an opposite behavior was observed in 
the profiles of CO and CO2, evidencing that with CO2 consumption more 
CO was produced and vice versa. This fact may evidence the occurrence 
of Boudouard’s reaction (Equation 4, Table 4).

Opposite trends in the CO2 and H2 profiles, particularly between 240 
and 280 min, indicate that the reverse water–gas shift reaction, an 
endothermic process, may have been favored during that time interval 
(Equation 5, Table 4).

Maglinao et al. (2015) carried out a study to evaluate the gas pro
duced in the gasification in fluidized bed reactor with three different 
biomasses: high tonnage sorghum, cotton gin residue and beef cattle 
manure. They assessed ratios of equivalence ranging from 0.3 to 0.5 and 
temperatures of 730 to 790 ◦C. For a fixed temperature of 730 ◦C and ER 
= 0.35, a composition of approximately 5 % H2, 13.5 % CO, 14 % CO2 
and 4 % CH4, very similar to the composition of gaseous mixture ob
tained in the present study for gasification of OPEFB for ER = 0.36, 
where the syngas consisted around 6 % H2, 13 % CO, 11.5 % CO2 and 2 
% CH4.

The generation of a gas mixture with high carbon monoxide (CO) 
content offers substantial potential for a wide range of industrial ap
plications. One possible use is the direct combustion of CO as a fuel for 
heat and power generation, particularly in boilers and gas turbines. In 
addition, CO-rich gas serves as a valuable feedstock to produce high 
value-added chemicals, such as methanol (via the hydrogenation of CO 
and CO2), which represents a strategic route due to its potential to yield 
numerous commercially relevant products widely employed in different 
industrial sectors (Chan et al., 2021). Another promising pathway is 
syngas fermentation, in which specific microorganisms convert CO, CO2, 
and H2 into biofuels and various chemicals, including alcohols and 
organic acids (Pacheco et al., 2023). These two latter applications are 
particularly attractive, since it is not necessary to clean up the syngas to 
remove CO2, once it is used in the process to generate the desired 
product. Furthermore, the Fischer-Tropsch synthesis constitutes an 
additional downstream application, involving the hydrogenation of CO 
to produce long-chain hydrocarbons and oxygenated compounds, 
enabling the generation of synthetic fuels such as gasoline, kerosene, 
and diesel (Fu et al., 2025; Santos and Alencer, 2020).

In all cases a rather low H2S reading was observed, possibly due to its 
solubility in water (approximately 3370 ppm), which allowed the 
retention of much of that gas in the gas scrubber. Although H2S is a 
combustible gas, its production is undesirable, because when burned it 
forms sulfur oxides (SOx), particularly SO2, a harmful atmospheric 

pollutant. Moreover, H2S can poison catalysts used in downstream ap
plications for fuel or chemical synthesis. Gas concentration and mass 
flow profiles are shown in the Supplementary Material.

3.9. Water steam gasification (or gasification with steam)

The steam flow rates used in the gasification process were chosen 
according to the fluidization test data and the calculation of the Rsb, 
determined using the average biomass flow rate (at 100 % engine speed) 
obtained by means of the calibration curve, as shown in Table 5. It is 
worth mentioning that the steam/biomass ratio is calculated by dividing 
the flow rate of the steam flow by the biomass feed rate. After the 
gasification experiments with these steam flows, the mean flow rate of 
biomass fed during the process (6.84 g⋅min− 1) was verified and the Rsb 
values were corrected.

Preliminary tests using steam as the gasifying agent showed an H2 
production close to and, in some cases, even higher than the maximum 
detection limit of the in-line gas analyzer (25 % v/v). To avoid inaccu
rate readings, the produced gas stream was diluted by injecting 
15 NL⋅min− 1 of nitrogen at the top of the reactor. This dilution ensured 
accurate measurements without interfering with fluidization.

Fig. 3 shows the gas concentrations (corrected to exclude dilution 
effects) and the mass flow rates of each major gas produced in steam 
gasification experiments with Rsb values of 1.75 and 2.19.

In the experiments performed with OPEFB using steam as gasifica
tion agent, a predominance of H2 was observed in the concentration of 
gas produced, with a maximum production of 45 % for Rsb = 1.75 and a 
maximum of 52 % for Rsb = 2.19. These values are very interesting, 
especially when compared to gasification with air, which were in the 
range of 6 to 8 %. This can be attributed to the fact that most of the H2- 
generating reactions involve steam as a reactant, particularly reactions 
3, 5, and 6 in Table 4. Similar trends were observed for the three main 
gases (H2, CO, and CO2) at both steam flow rates (12 and 15 mL⋅min− 1), 
supporting the hypothesis that the above reactions are predominant in 
the reaction system.

Fremaux et al. (2015) studied the effect of the steam/biomass ratio in 
the range of 0.5 to 1.0 in gasification processes of wood residues in a 
fluidized bed gasifier similar to that used in the present study and 
observed that with the increase of Rsb, H2 production increased, just as it 
was observed for OPEFB. Kuo et al. (2022) investigated the biomass/ 
waste gasification using a simulated feedstock composed of poly
ethylene bags, sawdust, and polypropylene particles. They reported H2 
yields up to 38.25 % when employing catalytic bed materials such as 
activated carbon and zeolite. In contrast, the present study achieved 52 
% without any catalyst with a real feedstock. This result highlights the 
efficiency of the adopted process conditions. Moreover, avoiding cata
lysts lowers costs, simplifies the process, and enhances sustainability for 
industrial applications.

The concentration of CH4 in volumetric percentage in relation to the 
total volume of gas produced also increased by changing the gaseous 
agent from air to steam, leaving the range of 1.5–2.5 % for the range of 
3–7.5 %. Production of H2S remained fairly low, close to 2.5 %.

Mechanistically, the introduction of steam provides reactive H2O 
that participates in the gasification of char (e.g. reaction 3 in Table 4), 
the water–gas shift reaction (WGS reaction related to reaction 5 in 
Table 4), and the steam reforming of light hydrocarbons and tars. Most 
of these pathways are endothermic (reaction 3 and steam reforming), 
whereas the water–gas shift is exothermic in the forward direction 
(Mankasem et al., 2024; Mohammad Junaid and Khaled Ali, 2022). At 

Table 4 
Main reactions in biomass gasification processes.

Reaction name Chemical equation ΔH Equation 
number

Partial Combustion C(s) + ½O2(g) ⇌ CO(g) − 111 
kJ⋅mol− 1

(1)

Complete 
Combustion

C(s) + O2(g) ⇌ CO2(g) − 394 
kJ⋅mol− 1

(2)

Steam Gasification C(s) + H2O(g) ⇌ CO(g) +
H2(g)

131 
kJ⋅mol− 1

(3)

Boudoard C(s) + CO2(g) ⇌ 2CO(g) 173 
kJ⋅mol− 1

(4)

Water gas shift 
reaction

CO(g) + H2O(g) ⇌ CO2(g) 
+ H2(g)

− 41 
kJ⋅mol− 1

(5)

Reverse 
Methanation

CH4(g) + H2O(g) ⇌ CO(g) 
+ 3H2(g)

206 
kJ⋅mol− 1

(6)

Reverse 
Methanation

CH4(g) + CO2(g) ⇌ 2CO 
(g) + 2H2(g)

247 
kJ⋅mol− 1

(7)

Table 5 
Steam/biomass ratios (Rsb) used in steam gasification.

Steam flow (mL⋅min− 1) Rsb

12 1.75
15 2.19
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~800 ◦C in the fluidized-bed reactor, the endothermic steps are pro
moted by heat input and excess steam, while the WGS reaction rapidly 
equilibrates the gas phase and converts CO to H2 when favored by local 
partial pressures. This combined effect explains the observed increase of 
H2 under steam. Specifically, WGS enhances H2 formation by converting 
CO released during devolatilization and char gasification, while steam 
reforming of hydrocarbons and tar species provides an additional 
contribution to hydrogen production (Mankasem et al., 2024; Yang 
et al., 2019).

Although this latter pathway is often associated with tar reduction 
under steam-rich atmospheres, the present study focused exclusively on 
the hydrogen fraction. In relation to CH4, its main origin is the primary 
devolatilization during pyrolysis, where light hydrocarbons (including 
CH4) begin to appear above ~300–500 ◦C during biomass heating. This 
is consistent with pyrolysis gas profiles that show CH4 emerging at 
elevated temperatures alongside H2 (Mankasem et al., 2024). Under air- 
blown operation, oxidative pathways can consume a portion of these 
volatiles, while in steam gasification the absence of O2 removes such 
sinks and steam-driven equilibria dominate: WGS reaction, steam 
methane reforming (reaction 6 on Table 4) and steam tar reforming all 
push the system toward higher H2 and adjust the CH4 balance 
(Mohammad Junaid and Khaled Ali, 2022). Consistent with these 
pathways, Cao et al. (2025) reported that in steam gasification at 
~800 ◦C the H2/CO ratio increases with temperature due to endo
thermic tar reforming and char–steam reactions. Under these conditions, 
methane concentrations remained moderate, around 3–5 vol% 
depending on the steam-to-biomass ratio, which is comparable to the 
3–7.5 vol% CH4 observed in this study. Moreover, Yang et al. (2019)
showed in controlled fluidized-bed experiments that increasing the 
steam-to-biomass ratio raises H2 while CO decreases, with CH4 changing 

only slightly. This behavior is consistent with a competition between 
limited secondary methanation/hydrogasification (CO/CO2 + H2 ⇌ 
CH4; C + 2H2 ⇌ CH4) and simultaneous steam reforming of CH4 at 
800 ◦C, which prevents excessive methane accumulation. When com
bined, these mechanisms can explain the higher H2 and moderate CH4 
obtained under steam compared to air, and align with the broader 
fluidized-bed steam-gasification literature on temperature and steam-to- 
biomass ratio effects.

3.10. Thermochemical processes with nitrogen

For the experiments performed with nitrogen, the flow rates were 
selected solely based on fluidization test data. Tests were performed 
with the flow rates of 12, 15 and 18 NL⋅min− 1. The resulting gas for
mation profiles are shown in Fig. 4.

At 12 NL⋅min− 1 of nitrogen, the production profiles of CO and H2 
followed similar trends, as did those of CH4 and CO2, suggesting the 
occurrence of the reverse methanation reaction (Equation 7, Table 4).

Since nitrogen contains no oxygen, oxidation reactions of the 
biomass carbon (which typically produce CO and CO2) were suppressed. 
As a result, higher volumetric concentrations of H2 — one of the most 
desirable gases — were achieved.

At nitrogen flow rate of 15 NL⋅min− 1, the same trend was observed, 
with formation of CO and CH4 from 15 min of reaction. The process 
initially favored CO2 and CO formation, followed by a progressive in
crease in H2, reaching a peak of approximately 7 % near 40 min of re
action. The inverse behavior of the H2 and CO2 concentration curves 
again indicates the predominance of the reverse methanation reaction 
(Equation 7, Table 4), as it occurs for the condition with 12 NL⋅min− 1.

Under 18 NL⋅min− 1 of nitrogen condition, H2 became the 

Fig. 3. Concentration and mass flow profiles of process gases with OPFEB for Rsb = 1.75 (A) and Rsb = 2.19 (B).

A.A. Rosa Silva et al.                                                                                                                                                                                                                          Bioresource Technology 440 (2026) 133404 

9 



predominant product, followed by CO and CO2. Both H2S and CH4 were 
low, possibly due to the occurrence of the steam reforming reaction or 
partial oxidation of methane (Equations 7 or 8), since in both reactions 
CH4 is consumed to produce CO and H2.

3.11. Performance of gasification agents: Relationship between produced 
gas mass and mass of biomass fed

To evaluate the performance of the thermochemical processes with 
different fluidization agents (air, steam and nitrogen), an average yield 
of each gas was calculated using the mass ratio of produced gas to fed 
biomass (Rgb). This normalization enables a direct comparison of gasi
fication performance across agents and operating conditions and helps 
account for process disturbances such as biomass feed fluctuations or 
temperature variations in the reactor bed. Fig. 5 presents the Rgb values 
for each gas under the different conditions tested.

In air gasification, gas yields increased as the equivalence ratio raised 
from 0.29 to 0.32 and from 0.32 to 0.36. Between 0.36 and 0.40, a slight 
decrease in CO2 yield was observed, while yields of the other gases 
continued to increase. Finally, when raising ER from 0.40 to 0.43, there 
was an increase in CO and CO2 conversions, but a small decrease in CH4 
and H2 production, suggesting that ER = 0.40 may represent an optimal 
balance.

Under the two conditions evaluated with steam as the gasifying 
agent, increasing Rsb led to higher Rgb ratios for CO2, H2 and H2S, while 
reducing CH4 values; CO yield, however, remained essentially constant.

Under nitrogen atmospheres, increasing the flow rate from 12 to 15 
NL⋅min− 1 resulted in higher CO2 and H2S production, decreasing the Rgb 
ratio for CO, CH4 and H2, which is unfavorable for the process, since the 
latter are the main combustible gases of the generated gas mixture. 
Raising the flow to 18 NL⋅min− 1 reversed this trend for most gases, 
except CH4 (which remained nearly unchanged) and CO2 (which 
decreased significantly).

Comparing the different agents, steam yielded the highest conver
sions to CH4 and H2, at 0.05 and 0.04 g of gas per gram of biomass, 

respectively. It was also observed that a high value was obtained for the 
ratio between the mass of biomass fed and the mass of CO produced 
(around 0.25 g CO generated per gram of OPFEB). However, the highest 
conversions of in natura biomass into CO were obtained in gasification 
using air, with a maximum of about 0.56 g of CO produced per gram of 
OPFEB at ER = 0.43.

The experimental results confirm the technical feasibility of OPEFB 
gasification and its potential for hydrogen-rich syngas production. 
However, it is also important to recognize some practical challenges that 
may affect large-scale implementation. Some challenges remain for the 
large-scale application of OPEFB gasification. Tar formation may occur 
due to the high volatile content of the biomass, potentially affecting 
downstream processes (Maitlo et al., 2022). The use of catalysts could 
enhance hydrogen yield and reduce tar but also introduce economic and 
operational limitations, such as deactivation and attrition (Jothiprakash 
et al., 2025). In addition, the relatively high potassium and chlorine 
contents in OPEFB ash may promote bed agglomeration and sintering, 
which could affect reactor stability (Kittivech and Fukuda, 2019). These 
aspects should be considered in future optimization studies.

4. Conclusions

The characterization of OPEFB demonstrated its potential as a 
feedstock for energy generation, thereby adding value to a residue from 
the palm oil production chain. The thermochemical processes using 
OPEFB under different gasifying agents – air, steam, and nitrogen – 
revealed distinct syngas compositions depending on the operating con
ditions. Air-based gasification resulted in a predominant production of 
CO and CO2, with moderate H2 and low CH4 yields. In contrast, steam 
gasification led to a predominant production of H2, reaching close to 50 
% (v/v) and 0.05 g/g biomass, along with substantial CO and CO2 and a 
modest increase in CH4 relative to air. Nitrogen-based processes also 
produced high levels of H2, followed by CO and CO2, with CH4 present in 
lower concentration. Among the nitrogen flow rates tested (12, 15, and 
18 NL⋅min− 1), the 12 NL⋅min− 1 condition yielded the highest 

Fig. 4. Gas concentration and mass flow profiles during gasification of OPFEB with nitrogen at (A) 12 NL⋅min− 1, (B) 15 NL⋅min− 1 and (C) 18 NL⋅min− 1.
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concentrations of the key gases of interest.
These yields are comparable to or higher than those reported for 

other lignocellulosic biomasses such as sugarcane bagasse and corn 
stover, underscoring the competitiveness of OPEFB for thermochemical 
conversion. Gasification is a well-established technology traditionally 
relying on coal, but the demonstration of OPEFB conversion in a pilot- 

scale fluidized bed reactor provides novel insights and confirms the 
technical feasibility of scaling agro-industrial residue valorization. This 
work highlights OPEFB as a promising resource for hydrogen-rich syn
gas production, advancing the scientific understanding of biomass 
gasification and supporting the integration of renewable feedstocks into 
sustainable energy and biorefinery systems.
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Sher, F., Hameed, S., Smječanin Omerbegović, N., Chupin, A., Ul Hai, I., Wang, B., Heng 
Teoh, Y., Joka Yildiz, M., 2025. Cutting-edge biomass gasification technologies for 
renewable energy generation and achieving net zero emissions. Energ. Conver. 
Manage. 323, 119213. https://doi.org/10.1016/j.enconman.2024.119213.

Siddiqui, M.Z., Sheraz, M., Toor, U.A., Anus, A., Mahmood, A., Haseeb, M., Ibrahim, M., 
Khoo, K.S., Devadas, V.V., Mubashir, M., Ullah, S., Show, P.L., 2022. Recent 
approaches on the optimization of biomass gasification process parameters for 

product H2 and syngas ratio: A review. Environ. Dev. Sustain. https://doi.org/ 
10.1007/s10668-022-02279-6.

Sidek, F.N., Saleh, S., Samad, N.A.F.A., 2021. Gasification performance and tar 
generation comparison from fluidized bed gasification of raw and torrefied empty 
fruit bunch. IOP Conf. Ser.: Mater. Sci. Eng. 1092 (1), 012061. https://doi.org/ 
10.1088/1757-899x/1092/1/012061.

Singh, S., Nara, R., Yadav, M., Sharma, C., Agrawal, S., Kumar, A., 2025. Oil palm 
biomass: A potential feedstock for lignocellulolytic enzymes and biofuels production. 
Environ. Sci. Pollut. Res. 32 (19), 11791–11814. https://doi.org/10.1007/s11356- 
025-36379-3.

Strielkowski, W., Civín, L., Tarkhanova, E., Tvaronavičienė, M., Petrenko, Y., 2021. 
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