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Abstract
Hydrogen (H2) production via biomass gasification has demonstrated to be a viable method to obtain environmental-friendly
fuel. In this paper, steady-state modeling of palm kernel shell (PKS) steam gasification pilot-plant is developed and validated
using experimental data. The process optimization study for the gasification of PKS utilizing the coal bottom ash as a catalyst is
conducted in the continuous advanced fluidized bed technology pilot-scale gasification plant to determine the optimum condi-
tions to produce maximum H2 and syngas composition. The optimum conditions for maximum H2 and syngas composition are a
temperature of 625 °C, PKS particle size of 1–2 mm, and coal bottom ash to PKS percentage of 7.5 %. The optimum operating
condition results are then validated in the pilot-scale gasification system. Steady-state simulation of the pilot scale biomass
gasification plant is then developed using Aspen Plus® and validated using the experimental data.
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1 Introduction

Nowadays, biomass is abundantly available worldwide, and
the majority is derived from agriculture crops [1]. Coconut
and oil palm trees are considered among the world’s main
agricultural crops according to LMC International Ltd. [1]. It

is reported that global crude palm oil production from coconut
and oil palm trees are approximately 3.35 million tonnes and
60.86 million tonnes, respectively [1]. As a result, over 70%
of solid wastes were generated from post-processing of prod-
ucts such as trunks, fronds, leaves, fruits, and shells [2, 3].
Among them, coconut shells (CSs) and palm kernel shells
(PKSs) have been considered as potential biomass fuels be-
cause of their syngas higher heating values (HHV) among all
the agricultural solid wastes produced [2, 3]. Biomass gasifi-
cation is one of the most efficient conversion technologies
among thermochemical processes due to lower capital cost
while retaining the potential for high-rate production of fuel
gas [4]. Gasification performance is influenced by many fac-
tors, including the chemical and physical properties of bio-
mass [5], gasifier design [6], and operational conditions, such
as temperature [7], equivalence ratio [8], and gasifying agent
[9]. Currently, various commercial gasifier designs, such as
updraft, downdraft, and fluidized-bed gasifier, have been de-
veloped. Of the developed gasifiers, the downdraft gasifier is
the most sustainable for combined heat and power generation
because of the low tar and particulate composition in the pro-
duced syngas. Hydrogen plays an important role as fuel due to
its high-energy content and low-emission concerns [10].
Hydrogen produced from biomass gasification can directly
be used as a proton exchangemembrane (PEM) fuel feedstock
and to produce numerous chemicals such as methanol [10].
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Gasification is the most promising technique for hydrogen
production along with syngas [10].

Aspen Plus® has been widely employed to simulate chem-
ical processes in a wide number of fields including but not
limited to the petroleum industry, chemical processes, and
biomass gasification. Modeling biomass gasification on the
Aspen Plus® platform has gained momentum in recent years
[11–14]. For biomass-gasification using Aspen Plus®, kinetic
and thermodynamic equilibrium models are the most com-
monly used [15, 16]. The kinetic models consider the kinetics
of the gasification reactions and the hydrodynamics of the
gasification reactions [17]. The thermodynamic equilibrium
model enables the composition of syngas to be predicted on
the basis of the assumption that the reactants react for an
infinite time in a totally mixed state [18]. This model is inde-
pendent of the design of the gasifier and may therefore be
more fitting for process studies on the effect of the various
parameters of the process. There are two sub-categories of
equilibrium models: stoichiometric models and non-
stoichiometric models. Stoichiometric models are based on
constants of equilibrium, so they need particular chemical
reactions involved in the process. Non-stoichiometric models
are based on the free energy minimization of Gibbs, and they
provide the benefit of not taking chemical reactions into con-
sideration. Many researchers have successfully used equilib-
riummodels to model the gasification process in fluidized-bed
gasifiers [4, 19, 20].

Doherty et al. [12] developed a model of wood chips bio-
mass in Aspen Plus for a fast internally circulating fluidized
bed (FICFB) gasifier. The results show that reactor tempera-
ture is the most important factor in syngas output, and the
gasifier should be controlled between 850 and 950 °C.
Furthermore, while the steam to biomass ratio has a major
impact on lower heating value, it has a small impact on cold
gas production. Begum et al.[21] developed an Aspen Plus
model for an integrated fixed bed gasifier and predicted the
steady-state performance of the model for different biomass
feedstocks such as municipal solid wastes, wood wastes,
green wastes, and coffee bean husks. It is observed that oper-
ating parameters have significant effect on the composition of
syngas for each of the different feedstock. Sreejith et al. [22]
on the other hand developed an equilibrium model based on
Gibbs free energy minimization for steam gasification of
wood using the Aspen Plus® process simulator to determine
the optimum process conditions (pressure, temperature, and
steam to biomass ratio). The simulation results of the Aspen
Plus model are compared to those of another Gibbs free ener-
gy model built in MATLAB using the SA algorithm. In addi-
tion, Nikoo and Mahinpey [23] developed a model for the
pinewood gasification in an atmospheric fluidized bed gasifi-
er. The results showed that temperature enhances hydrogen
production and increases carbon conversion efficiency.
Carbon dioxide production and carbon conversion efficiency

are directly proportional to the equivalence ratio. Increasing
the ratio of steam to biomass increases the production of hy-
drogen and carbon monoxide and reduces the efficiency of
carbon dioxide and carbon conversion. In their study, average
particle size in the 0.25–0.75 mm range does not probably
contribute significantly to the composition of product gases.
Im-orb et al. [24] developed a model for biomass gasification
combined with a Fischer-Tropsch (FT) process using Aspen
Plus to perform a techno-economic analysis of the integrated
process with rice straw feedstock for green fuel production. As
the FT reactor volume increases at a constant recycle fraction,
the CO conversion and diesel output rate from an FT synthesis
unit increase, while the electricity generation decreases. By
changing the FT off-gas recycle fraction and determining the
FT reactor volume, the useful products from the BG-FT pro-
cess, such as diesel and electricity, can be maximized. From
the work of Ivana Cekovic et al. [25], a thermochemical equi-
librium model is formulated for wood chips downdraft gasifi-
cation. Steady-state Aspen Plus® simulator is utilized to eval-
uate the produced gas composition and low heating value. The
equivalence ratio ranges from 0.32 to 0.38, and the air-fuel
ratio varies from 1.49 to 1.81, when the performance of the
gasifier is optimum, at 250 kW. Juan Manuel de Andres et al.
[26] developed a model to simulate the sewage sludge gasifi-
cation in an atmospheric fluidized bed gasifier using Aspen
Plus. It is observed that operating at higher temperatures re-
sults in higher efficiency in H2 and CO production. The use of
air and steam as a gasifying agent increased the H2 content of
the emitted gases while lowering the temperature. Mahmut
Acar et al. [27] considered the bubbling fluidized bed gasifier
(BFBG) to specify an appropriate model for almond shell
gasification. The chemical equilibrium model (CEM) and re-
stricted chemical equilibrium method (RCEM) are developed
using Aspen Plus®. The results showed that increasing tem-
perature has been shown to increase cold gas efficiency (CGE)
while having a negative impact on lower heating value (LHV).
Above 850 °C, the gas heating value and CGE do not change
significantly. Both the ratio of steam to biomass (S/B) and the
content of biomass moisture have a useful effect on the pro-
duction of H2. However, these factors have a negative influ-
ence on the heating gas value. Im-orb et al. [28] developed an
Aspen Plus model integrated with thermodynamic equilibri-
um for rice straw gasification in a bench-scale two-stage gas-
ifier. It is observed that at low temperatures, the syngas yield
of the two gasification processes increases significantly until it
reaches a maximum value and is stable at temperatures above
700 °C. Tapas Kumar Patra et al. [29] developed a process
model of the hydrogen-rich gas production through cleaning
and catalytic conditioning of producer gas using Aspen
Plus®. The results showed that the maximum composition
of H2 and CO conversion predicted by the model is 27.029
percent and 97.5479 percent, respectively, and the corre-
sponding operating conditions are reactor, 350 °C
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temperature, 8 S/CO, and 1000 h−1 GHSV. Beheshti et al. [30]
developed a model to simulate air-steam gasification of bio-
mass in a bubbling fluidized bed for hydrogen and syngas
production. The results show that high temperatures are more
favorable for the production of useful syngas (H2 and CO) and
for the production of hydrogen (HY). Mauro Villarini et al.
[31] presented a study of biomass waste to energy conversion
using gasification and internal combustion engine for power
generation. The biomass waste analyzed is the most produced
on Italian soil, chosen for its suitable properties in the gasifi-
cation process. Recently, the configurations of various param-
eters on the processing of gases and the simulation of the
process have also been studied in other research works
[32–35].

In a biomass gasification process, the bio-hydrogen gasifier
is one of the most important processing units. The gasifier
performance is influenced by many factors, especially the op-
erational conditions, such as temperature, equivalence ratio
(e.g., steam-to-biomass or air-to-biomass, etc.), as well as
the choice of gasifying agent and the chemical and physical
properties of the biomass. Variations in the feedstock are an-
other key factor that affect the gasifier performance. Very
limited studies are reported on the biomass gasification con-
trol studies as per our knowledge, and recently few researchers
have reported literature on machine learning-based modeling
of biomass gasification [36–38].

A number of researchers have reported on the control stud-
ies related to biomass plants; however, no work has been
reported with regard to the bio-hydrogen gasifier. All the
works reported so far are based on different feedstocks such
as pulverized coal and biomass (coconut shell, wood) for dif-
ferent processes like solar gasification, methanol synthesis,
and boiler combustion system. In addition, for a new feed-
stock like PKS, most studies reported are based on experimen-
tal analysis only. For example, Ahmad Zubair Yahaya et al.
[39] conducted the gasification of coconut shell (CS), and
palm kernel shell (PKS) is in a batch type downdraft fixed-
bed reactor to evaluate the effect of particle size and temper-
ature on gas composition and gasification performance. There
is also very limited literature on the use of coal bottom ash in
steam biomass gasification. Only Shahbaz et al. [40] studied
the catalytic-sorbent-based steam gasification of PKS in a
pilot-scale integrated fluidized bed gasifier and fixed bed re-
actor using coal bottom ash as a novel catalyst for cleaner and
hydrogen and syngas production. The results showed that it
improved the tar cracking and enriched hydrogen composition
as an effective catalyst. As it is vital to control the gasifier
operating conditions adequately under varying plant distur-
bances to achieve the required product gas composition espe-
cially for new feedstock such as PKS, this study aims to de-
velop steady-state simulation model for the gasification sys-
tem reported in Shahbaz et al. [40] using PKS with coal bot-
tom ash.

Hence, the scope of this paper is two-folds:
1. To determine the optimum conditions of hydrogen (H2)

and syngas production using pilot-scale gasification
system

& Experiments have been carried out using the bench-scale
gasifier system to get higher purity and yield of hydrogen
from PKS via catalytic steam gasification with in-situ CO2

capture [40].
& The effect of different process variables such as tempera-

ture, steam to biomass ratio, coal bottom ash to biomass
percentage, and biomass particle size on hydrogen content
in the product gas in the fluidized bed gasifier is studied.
Temperatures are varied in the range of 500–750°C, where
higher gasification temperature is unfavorable for CO2

adsorption reaction (carbonation reaction based on CaO).
High fluidization velocity, ranging from 3 to 5 times of
minimum fluidization velocity is considered, to ensure
high mass and heat transfer coefficients in the reactor.
Steam to biomass and coal bottom ash to biomass percent-
age are in the range of 0.5–2.5 wt/wt and 5%, 7%, and
10% wt/wt, respectively. Two biomass particle sizes i.e.
0.5-1 mm and 1.0-2.0 mm are studied.

2. Development of steady-state simulationmodel and its val-
idation with the experiments

& To develop an Aspen Plus® simulation model using actu-
al process specifications, operating condition, and palm
kernel shell biomass and coal bottom ash in the pilot-
scale biomass gasification plant.

& The simulation model is validated with experimentation
performed on the pilot-scale plant from Step (1).

2 Characterization of physical and chemical
properties of the palm kernel shell

Palm kernel shell used as feedstock was supplied by
Kilang Sawit Nasaruddin Sdn Bhd located in Perak,
Malaysia. These materials were sun-dried for 4–5 days
and then dried in an oven to ensure removal of free and
bounded moisture. The biomass was ground using a
Fritsch 19/25 analytical mill and sieved into particle
sizes ranging from 1 to 2.0 mm. The samples were kept
in an airtight container to prevent additional moisture
content from entering.

2.1 Characterization of palm kernel shell

The characterization analysis of PKS includes proximate anal-
ysis, ultimate analysis, and calorific value analysis of the PKS.
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2.1.1 Ultimate analysis

The components such as carbon, hydrogen, nitrogen, sulfur,
and oxygen contents on dry weight % were determined using
the LECO CHNS 932 elemental analyzer. Approximately
3 mg of sample was placed into a silver capsule and analyzed
in the elemental analyzer. The furnace temperature of the ele-
mental analyzer was maintained at 800 °C.

2.1.2 Proximate analysis

The contents such as fixed carbon, volatile matter, and ash con-
tent on a dry basis were calculated using the thermogravimetric
analyzer EXSTAR TG/DTA 6300 (Seiko Instrument Inc.).

In the test, approximately 5 mg of sample was placed in the
furnace and heated from room temperature to 110 °C, in the
presence of nitrogen 99.9%with a flow rate of 100ml min−1 in
the TGA. A temperature of 110 °C is kept constant for half an
hour to ensure moisture content was removed. Afterward, the
nitrogen gas at a flow rate of 100 ml min−1 was supplied
constantly, and the temperature was allowed to ramp from
110 to 1000 °C. The nitrogen supply was continued for
10 min at a temperature of 1000 °C for the volatile matters
to release. The volatile matters were determined according to
ASTM E-872 standards. Then, oxygen gas (99.9%) at 30ml
min−1 was supplied instead of nitrogen and maintained for
15 min at 1000°C to evaluate the ash content according to
ASTM D-31775-01 standard. Then, fixed carbon was calcu-
lated by subtracting 100% of the weight percentages of mois-
ture, volatile matters, and ash. The analysis was repeated three
times to obtain consistent results. The fixed carbon content of
the PKS was calculated using the equation as follows:

Fixed carbon (wt.%) = 100 − (moisture + ash + volatile
matter)(1)

2.1.3 Calorific value

Calorific value, which is also known as higher heating value, for
the PKS was determined in a C5000 oxygen calorimeter using
the ASTM D5865-03 procedure. Approximately 5mg of the
PKS sample was placed in a crucible, and 99.9% oxygen was
provided into the calorimeter. The combustion took place inside
the decomposition chamber by burning the sample using a cot-
ton thread attached to the ignition wire inside the chamber. The
analysis was repeated three times to obtain consistent results.

3 Experimental

3.1 Experimental setup

The experiments are carried out in a continuous advanced
fluidized bed technology pilot-scale gasification pilot scale

plant at the University Teknologi PETRONAS, the same plant
reported in [40]. The palm kernel shell used as feedstock is
supplied by Kilang Sawit Nasaruddin Sdn Bhd located in
Perak, Malaysia, and coal bottom ash is obtained from TNB
Janamanjung Sdn Bhd, Malaysia. These materials are sun-
dried for 4–5 days and then dried in an oven to ensure removal
of free and bounded moisture.

The biomass is ground using a Fritsch 19/25 analytical mill
and sieved into particle sizes ranging from 0.5 to 2.0 mm,
which are 0.5–0.71, 0.71–1.0, and 1.0–2.0 mm. The coal bot-
tom ash is ground to the particle size of 0.5 mm. The samples
are kept in an airtight container to prevent additional moisture
content from entering. The characterization analysis of PKS
includes proximate analysis, ultimate analysis, and calorific
value analysis of the PKS which are not covered in this paper.
The overall block diagram of the pilot-scale gasification plant
is as shown in Fig. 1. The overall process is composed of feed
handling, gasification, cooling, and separation sections.

The gasification system consists of a fluidized bed reactor,
a steam generation system, and a polishing reactor. The bio-
mass gasification process takes place in the fluidized bed re-
actor consisting of sand as the bed material and steam as a
gasifying agent. Figure 2 shows the configuration of the flu-
idized bed reactor. The process flow diagram of the gasifica-
tion plant is illustrated in Fig. 3. The premixed PKS and bot-
tom ash are fed into the feed handling system at the hopper.
From there, it is fed into the gasification system via a screw
feeder at a specified feed rate.

There are three main sections in the fluidized bed reactor
which are the plenum, main bed, and the freeboard. The re-
gion overhead the distributor plate is the plenum, where bed
material is allowed to fluidize, and the expanded zone above
the main bed is the freeboard. There are three internal temper-
ature indicators (TI) tomonitor the internal temperatures of the
reactor in the fluidized bed reactor. The total pressure drop
across the reactor plenum and freeboard sections are moni-
tored with two differential indicators (PDI). Four ceramic
heaters are installed to heat the reactor. Other utilities in place
include steam, a three phase 240 volts electricity supply, and a
compressed N2 supply. The specification of the fluidized bed
reactor is summarized in Table 1.

The steam is produced by an electric boiler and further
heated in a superheater until it reaches a temperature of 250–
300 °C, until it is then injected into the fluidized bed reactor.
From the fluidized bed gasifier, the gaseous product stream
entered the gas cleaning system. It is composed of a cyclone
where solid particulates like fine ash and dust particles are
separated as flue from the gaseous product of the fluidized
bed reactor. The cyclone is between the fluidized bed gasifier
and polishing reactor. Heating tape is installed to avoid tar
condensation on the cyclone pipelines. The gaseous product
is passed through a scrubber after the polishing reactor to cool
down the gaseous product to 40°C before entering the
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analyzing system. A scrubber is used to remove fine particles
of up to 0.5 μm and tar content from the gaseous product [41].
Afterwards, any remaining moisture is removed from the gas-
eous product in the separator section. Finally, a sample of the
clean and moisture-free product gas is sent to the gas analyz-
ing system.

The operating conditions of the fluidized bed reactor are as
presented in Table 2.

3.2 Aspen Plus® model

In this study, Aspen Plus® model of the biomass gasification
pilot-scale plant is developed. The development of the Aspen
Plus model involved the following sequential steps: (1) stream
class specification, (2) property method selection, (3) system
component specification (from databank) and identifying con-
ventional and non-conventional components, (4) defining the
process flowsheet (using unit operation blocks and connecting
material and energy streams), (5) specifying feed streams
(flow rate, composition, and thermodynamic condition), and
(6) specifying unit operation blocks (thermodynamic condi-
tion, chemical reactions, etc.). To simulate the reactor unit
operation in Aspen Plus, a number of reactions are provided
within the Aspen Plus input file. The assumptions considered
in the simulation include the following: (a) the model is at
steady state, kinetic free, and isothermal; (b) chemical reac-
tions take place at an equilibrium state in the gasifier, and there

is no pressure loss; (c) all elements (except sulfur content) take
part in the chemical reaction; (d) all gases are ideal gases,
including hydrogen (H2), carbon monoxide (CO), carbon di-
oxide (CO2), steam (H2O), nitrogen (N2), and methane (CH4);
and (e) char contains only carbon and ash in solid phase.

PENG-ROBINSON equation of state is used to estimate all
physical properties of the conventional components in the
Aspen Plus steady-state simulation. The PENG-ROBINSON
equation (shown in (1)) is a version of the general cubic equa-
tion of state. At high temperature, this package improves the
correlation of pure component vapor pressure which makes it
suitable for the gasification process [38]:

p ¼ RT
cþ Vmð Þ−b −

a
Vm þ cð Þ Vm þ cþ bð Þ Vm þ c−bð Þ ð1Þ

where a, b, and c are component-specific parameters. The
values of these parameters are stored in Aspen Plus®.
Table 3 tabulates the reactions (1)–(6) involved in the process.

The gasification process involved drying, decomposition,
gasification, and combustion stages. Figure 4 shows the
Aspen Plus simulation flowsheet of the biomass gasification
plant. Biomass is defined as a non-conventional component in
Aspen Plus and described by using the ultimate and proximate
analysis. The model is based on the Gibbs free energy mini-
mization and based on the assumption that sufficient residence
time is provided to allow chemical reaction to attain
equilibrium.

Fig. 1 Block diagram of pilot
scale gasification system

Plenum

Freeboard

Pressure 

Differential 

Indicator (PDI)

Temperature Pressure 

Temperature Indicator (TI)

Main Bed

Biomass Feeding

To Cyclone 

Temperature Indicator (TI)

Steam Distributor Plate

Fig. 2 Fluidized bed reactor
configuration
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The flowsheet in Fig. 4 represents a typical setup used in
biomass experimental studies [40]. The unit operations block
data are as follows:

& R-Gibbs: This model block is based on single-phase
chemical equilibrium works on minimization of Gibbs
free energy; this model has significance under known tem-
perature and pressure with unknown stoichiometry.

& Split: Feed splitter divide the feed based on splits specified
by outlet streams.

& Mixer: Mixes two or more streams. It can also combine
material, heat, and work streams.

& Flash: It is generally known as a two-outlet flash. This
model works on the principle of rigorous vapor-liquid or
vapor-liquid-liquid equilibrium.

& Superheater: It increases the temperature of water to make
it superheated steam.

& Cyclone: It separates solids from the product gas.

The overall gasification stages comprised of feed decom-
position, devolatilization, and gas solid separation in the

simulation model. The palm kernel shell (PKS) biomass as a
feedstock (on a wt% dry basis) is fed at 1.35 kg/hr and (de-
fined as a heterogeneous solid in Aspen Plus®). The physical
properties of solids and non-conventional components are cal-
culated using the Peng-Robinson-Boston-Mathias (PR-BM)
model. This property package defined both the pure and
mixed components properties. The HCOALGEN and
DCOALIGHT property models are used to calculate enthalpy
and density of the biomass, char, and ash-like components.

The steam is produced and provided by an electric boiler
(E-401) and further heated in a superheater until it reaches a
temperature of 300 °C, after which it is then injected into the
reactor. In the model, an R-GIBBS operation block is used to
convert biomass to syngas. The Aspen Plus R-GIBBS Reactor
is used to perform the decomposition and gasification of PKS
with the assumption that these reactions follow the Gibbs free
energy minimization calculations. This step employed the de-
composition of PKS into their constituent components, in-
cluding carbon, hydrogen, oxygen, nitrogen, and sulfur, at a
specified temperature and pressure. The combustible sub-
stances from R-GIBBS include H2, CO, CO2, and CH4.
Additionally, coal bottom ash is added to the reactor section
and steam as a gasifying medium provided by an electric

Fig. 3 Process flow diagram of
pilot scale plant

Table 1 Biomass fluidized bed system specification

Parameter Value

Internal diameter (ID) (m) 0.15

Total height (m) 2.50

Freeboard height (m) 0.40

Freeboard internal diameter (m) 0.20

Plenum height (m) 0.30

Distributor plate hole diameter (m) 0.0015

Feeding point location from the distributor (m) 0.20

Operating temperature (°C) 500–900

Preheat steam temperature (°C) 250–300

Operating pressure (bar) 1–6

Table 2 Fluidized bed reactor operating conditions

Parameter Value

Biomass feed rate (g/h) 1000–1800

Steam flow rate (g/h) 2000–3500

Temperature (°C) 500–750

Pressure (bar) 1

Catalyst (wt/wt) 0.075

Steam to biomass ratio (wt/wt) 0.5–2.5

Bed material particle size (mm) 0.250

Biomass particle size (mm) 1.0–2.0
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boiler (E-401) and further heated in a superheater until it
reached a temperature of 300 °C. It is then supplied to the
bottom of the gasifier, where it reacted with the biomass. All
reactions in the gasification process are assumed to reach
chemical equilibrium before the syngas leaves the reactor.
Thermodynamically, the total Gibbs free energy of a closed
system at a constant temperature and pressure must decrease
during an irreversible process. Additionally, the gas product is
supplied further to Gasifier-2 for carbon dioxide capture. On
the other hand, the gaseous product is passed through a scrub-
ber (E-402) after the polishing reactor (R-406) to cool down
the gaseous product to 40 °C before entering the analyzing
system. Afterward, any remaining moisture is removed from
the gaseous product in the separator section(S-401).

A gas-liquid absorber is used for the separation of liquid
and gas (syn. gas) products at atmospheric conditions. An
analyzer has been used to determine the composition of the
subsequent gases, i.e., H2, CO, CO2, and CH4.

3.2.1 Model validation

In the experimental analysis described in the previous section,
the process optimization study for the gasification of PKS uti-
lizing the coal bottom ash as a catalyst is conducted in the
continuous advanced fluidized bed technology pilot-scale gasi-
fication plant to determine the optimum conditions to produce
maximum H2 and syngas composition. The effect of different
process variables such as temperature, steam to biomass ratio,
coal bottom ash to biomass percentage, and biomass particle

size onH2 content in the product gas in the fluidized bed gasifier
is studied. Temperatures are varied in the range of 500–750°C,
where higher gasification temperature is unfavorable for CO2

adsorption reaction (carbonation reaction based on CaO). High
fluidization velocity, ranging from 3 to 5 times of minimum
fluidization velocity, is considered, to ensure highmass and heat
transfer coefficients in the reactor. Steam to biomass and coal
bottom ash to biomass percentage are in the range of 0.5–2.5 wt/
wt and 5%, 7%, and 10% wt/wt, respectively. Two biomass
particle sizes, i.e., 0.5–1 mm and 1.0–2.0 mm, are evaluated.

After the optimum conditions have been determined exper-
imentally for maximum H2 and syngas composition, steady-
state simulation of the pilot scale biomass gasification plant is
then developed using Aspen Plus® based on the obtained
optimum conditions. Once the steady-state simulation has
converged based on the experimentally obtained optimum
conditions, the Aspen Plus® model is then used to study the
effect of the gasifier temperature and steam/biomass on syn-
gas compositions and validated with the experimental data. To
evaluate the reliability of the simulation results, the prediction
accuracy is then evaluated using the sum-squared deviation
errors defined in (2) to (4):

RSS ¼ ∑
N

i¼1

yie−yip
yie

� �2

ð2Þ

e experimental
P predicted

Table 3 Chemical reactions
involved in PKS gasification
[42–44]

No Name Reaction ΔH (KJ/mol)

1 Char gasification C4.15H6.13O2.73+1.44H2O↔4.25H2+4.15CO 131.50

2 Methanation C4.15H6.13O2.73+8.2H2↔4.15CH4+2.71H2O −74.80
3 Boudouard C4.15H6.13O2.73+CO2↔2.25H2+4.15CO+0.56H2O 172.00

4 Methane reforming CH4+H2O↔CO+3H2 206.00

5 Water gas shift CO+H2O↔CO2+H2 −41.00
6 Carbonation CO2+CaO↔CaCO3 −170.50

Fig. 4 Aspen Plus® simulation schematic flowsheet for PKS gasification
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MRSS ¼ RSS
N

ð3Þ

Mean Error ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
MRSS

p
ð4Þ

3.2.2 Gaseous product composition

The gaseous product composition is an important parameter
that will define the performance of the gasification process by
analyzing the gas composition of the H2, CO, CO2, and CH4

gas produced from the gasification process. Each gas compo-
nent is reported by vol.% as represented in (5):

Vol:% ¼ Volume of gas m3ð Þ
Total volume of product gas m3ð Þ ð5Þ

4 Results and discussions

4.1 Characterization of biomass feedstock (PKS)

The properties of PKS ultimate analysis, proximate analysis,
and calorific value are presented in this section.

4.1.1 Ultimate analysis

The ultimate analysis for PKS is presented in Table 4. The
results show high carbon content, i.e., 45.66±0.44 wt% in the
PKS. The high carbon content is present in products like
methane, solid char, and high hydrocarbons (tar and light gas-
es), when they undergo a devolatilization process. The char
and methane produced reacts with the steam in the char gas-
ification and methane reforming reactions to produce H2-rich
gas. Moreover, the higher amount of carbon in comparison to
H2 and oxygen results in higher calorific value of the fuel, as
there are higher energy content in carbon-carbon bonds com-
pared to carbon-oxygen and carbon-hydrogen bonds [45]. The
low sulfur and nitrogen contents produced a lesser amount of
NOx and SOx compositions in the product. The low amount of

nitrogen and sulfur content in palm kernel shell are 0.66±0.07
and 0.46±0.05 wt%, respectively.

4.1.2 Proximate analysis

The proximate analysis of PKS is presented in Table 5. The
results show a moisture content of 4.6±0.32. The moisture
content for the biomass feedstock used in biomass gasification
should be less than 30% in order to achieve acceptable igni-
tion and acceptable calorific value from the product gas [46].
The feedstock with a higher amount of moisture content can
decrease the temperature achieved in the oxidation zone and
will result in an incomplete tar cracking in the pyrolysis zone,
leading to high tar content in the product gas [46].
Furthermore, volatile matter and ash content present are 72.4
±0.50 and 1.4±0.41 wt%, respectively. The high volatile mat-
ter and low ash content allow for the gasification process to be
operated at a lower temperature range of (600–750°C) [47].
The lower amount of ash content provides a benefit for the
gasification feedstock because it helps to avoid agglomeration
and slugging problems in the pipelines that can cause block-
age along the pipelines [46]. Also, there is no need to install an
ash removing system for the gasification system and save
capital cost [47].

4.1.3 Calorific value

The heating value of PKS is presented in Table 6. The result
shows that the calorific value of PKS is 17.05 MJ/Kg. The
calorific value is affected by the moisture content present in
the feedstock. The moisture content of the feedstock is low;
therefore, a high calorific value is predictable from the feed-
stock. The presence of low moisture content in the feedstock
will require less energy or heat to remove the excess moisture
in the combustion process. Consequently, it increases the
overall heating value of the feedstock.

Table 4 Ultimate analysis for palm kernel shell (PKS)

Ultimate analysis (wt. %)

Carbon (C) 45.66±0.44

Hydrogen (H) 6.82±0.38

Nitrogen (N) 0.66±0.07

Sulfur (S) 0.46±0.05

Oxygen (O) (by difference) 46.41±0.94

Table 5 Proximate analysis of PKS

Proximate analysis (wt. %)

Moisture content 4.61±0.32

Volatile matter 72.40±0.50

Ash content 1.42±0.41

Fixed carbon (by difference) 21.60±0.35

Table 6 Higher heating value of PKS

Parameter Value (MJ/Kg)

High heating value (HHV) 17.00
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4.1.4 Reproducibility of experimental results

Based on the process optimization study performed in the
continuous advanced fluidized bed technology pilot-scale gas-
ification plant as described in Section 3.3.2 and earlier, the
optimum conditions for maximum H2 and syngas composi-
tion are a temperature of 625 °C, PKS particle size of 1–2 mm,
and coal bottom ash to PKS percentage of 7.5 %. The opti-
mum operating condition results are then validated in the
pilot-scale gasification system via three times experimental
repetitions. The results of the reproducibility analyses are
shown in Table 7. The three points are taken to highlight the
trend within minimum to maximum ranges of parameters.
Kindly note that in between many data sets are recorded dur-
ing experimentation.

4.2 Steady-state simulation results

4.2.1 Effect of gasifier temperature on synthesis gas
composition

Among all the variables, temperature is found to be the most
significant factor that influenced the biomass gasification pro-
cess. The effect of temperatures from 500 to 750°C on product
gas composition at a steam to biomass ratio of 1.25 and coal

bottom ash to PKS of 7.5% is as shown in Figs. 5, 6, 7, and 8.
In Figs. 5, 6, 7, and 8, performance behavior of the Aspen Plus
simulation results and actual experimental data are shown for
H2, CO, CH4, and CO2 compositions for temperatures in the
range of 500–750°C.

It is observed that H2 concentration increases with the in-
crease in temperature from 500 to 625°C however decreased
at a higher temperature of 750°C. Figure 5 shows reasonable
agreement between the simulation results and the experimen-
tal data for H2 production in temperatures higher than 600 °C.
As the biomass produces more tar and unburned hydrocarbon
at lower temperatures, less H2 will consequently be produced.
The increase in H2 content is due to the water gas shift reaction
CO+H2O↔CO2+H2 and steam methane reforming reaction
CH4+H2O→CO+3H2 at a temperature range of 500−625
°C. The water gas shift reaction produces CO2, and the
amount reduces with increasing temperature. This is due to
the Boudouard reaction, which becomes dominant and

Table 7 Optimum condition for H2 composition validation

Input parameters Experimental run

First run (vol %) Confirmation run (vol %)

1 2 3

H2 composition 81.20 81.76 80.61 78.20

Fig. 5 Effect of temperature on H2 (steam/biomass ratio=1.25, catalyst to
biomass % = 7.5)

Fig. 6 Effect of temperature on CO (steam/biomass ratio=1.25, catalyst
to biomass %=7.5)

Fig. 7 Effect of temperature on CO2 (steam/biomass ratio=1.25, catalyst
to biomass %=7.5)
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consumes CO2. In the current study, it is clear that as the
temperature increases, water gas shift reaction becomes dom-
inant in the range of 600–625°C. In Fig. 6, the composition of
CO decreased from 20.1 to 8.0 vol% when the temperature is
increased from 500 to 750°C.

Similar results have been reported for reactor temperature
effect on H2 composition using CaO [48], which also shows
that H2 and CO content decreased at higher temperatures due
to the presence of CaO [2]. The utilization of both an adsor-
bent and catalyst produced a higher H2 composition, as dem-
onstrated by biomass catalytic steam gasification and steam
gasification with in situ CO2 adsorbents [49]. The CaO as an
adsorbent has a significant impact on syngas composition in
the gasification process, because it captures the CO2 from the
product gas. In this study, CaO used as an adsorbent for CO2

adsorption promotes the water gas shift reaction and steam
methane reforming reaction in the gasification [50]. The use
of CaO increased the H2 content due to the catalytic effects of
methane reforming and tar cracking reactions, which in turn
also facilitates the CO2 capture [51, 52].

In Fig. 7, it is observed that CO2 content decreased with an
increase in temperature from 500 to 625 °C, and then a revers-
ible effect is observed after 700 °C. The decrease in CO2

content is due to carbonation reaction supported by the pres-
ence of CaO as shown in the following equation [53]:

CaOþ CO→CaCO3 ΔH ¼ −170:5 KJ=mol

The CaO adsorbs the CO via water gas shift reaction, in
which it reacts with CO2 and results in CaCO3 formation.
With increasing temperature, the CO2 increases due to the
reverse exothermic carbonation reaction, as followed by Le
Chatelier’s Principle for the following equation:

CaCO3→CaOþ CO2 ΔH ¼ −170:5 KJ=mol

Rupesh et al. [53] also reported the deactivation of CaO at a
high temperature of 727 °C in the sorption supported biomass
gasification. A similar effect of carbonation reaction at the
high temperature of 727 °C was observed by Xu et al. [54].

As shown in Fig. 8, the amount of CH4 decreased from
23.4 to 10.1 vol.% as the temperature increased from 500 to
750 °C. It is due to the increase in methane reforming reaction
with an increase in temperature, due to presence of steam [43,
55].

Table 8 summarized the comparison between the simula-
tion and experimental data for the variation in temperatures.

It can be noted that the composition of H2 at lower temper-
ature, i.e., 500°C is relatively lower, and the deviation ob-
served between the experimental and simulation output is
greater. On the other hand, at higher gasification temperatures
(625°C, 700°C), satisfactory agreement between the simula-
tion and experiments is seen. The increase in H2 composition
with the increase in temperature is because of the water gas
and the Boudouard reactions which are favored at higher tem-
peratures due towhich there is a lesser amount of H2 content at
temperature 500°C. The deviation between the experimental
and simulation results is higher at lower temperature due to the
assumption in the simulation that the effect of tar is negligible
and Char contains only carbon and ash in the solid phase. The
same assumption is also reported for biomass gasification
simulation using Aspen Plus® software in the literature [53,
56]. At lower temperature, the presence of unconverted carbon
is higher in the experimental set-up resulting in the lower

Fig. 8 Effect of temperature on CH4 (steam/biomass ratio=1.25, catalyst
to biomass %=7.5)

Table 8 Comparison of synthesis
gas composition from simulation
and pilot-plant experimentation
data with temperature variation

Components Temperature

500 °C 625 °C 750 °C

Sim. Exp. Sim. Exp. Sim. Exp. Overall mean error

H2 54.10 45.60 81.20 81.76 79.61 78.95 0.1078

CO 19.23 29.10 6.90 3.90 8.00 3.59 0.8594

CO2 12.50 5.60 3.50 5.94 4.32 6.69 0.7772

CH4 22.67 11.20 7.84 8.96 8.73 9.15 0.5962
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amount of H2 and syngas, as is evident by the chemical reac-
tions. Within this lower temperature region, the simulation
model overestimated the H2 and syngas amounts due to the
assumption that Char contains only carbon and ash in the solid
phase as Aspen Plus does not facilitate solids [57]. In contrast,
the simulation results agree with the experimental results at
higher temperatures.

4.2.2 Effect of steam/biomass on syngas composition

Steam as a gasifying agent has an important effect on syngas
composition. In this study, steam/biomass ratio is varied from
0.5 to 2.5, and its effect on syngas composition is observed.
Figures 9, 10, 11, and 12 compare the simulation predictions
with experimental results of gas compositions versus steam to
biomass ratio at three points in the range of 0.5–2.5. The effect
of steam to biomass ratios onH2 composition is shown in Fig. 9.

It is shown in Fig. 9 that H2 composition increased as
the steam to biomass ratio increases from 1 to 1.5. It is
due to the higher activity of water gas shift reaction, char
gasification, and steam reforming of methane. Many re-
searchers also reported the activity of these reactions in
the direction of H2 content [2, 53]. Due to steam, the H2

content increased and shifted the water gas shift reaction
equilibrium in the forward direction [58]. In comparison
to air gasification, steam as a gasifying agent produces
more H2 content in the syngas [59].

Figure 10 shows the corresponding effect on CO composi-
tion. It is found that CO composition decreases with an in-
crease in steam to biomass ratio due to the higher activity of
steam methane reforming reaction in the presence of steam.
Moreover, a slight decrease in CO2 content with increase in
steam to biomass ratio is observed in Fig. 11. It may be prob-
ably be due to the decrease in CO and CH4 contents (as shown

Fig. 9 Effect of steam/biomass on H2 (temperature=625 °C, catalyst to
biomass %=7.5)

Fig. 10 Effect of steam/biomass on CO (temperature=625 °C, catalyst to
biomass %=7.5)

Fig. 11 Effect of steam/biomass onCO2 (temperature=625 °C, catalyst to
biomass %=7.5)

Fig. 12 Effect of steam/biomass onCH4 (temperature=625 °C, catalyst to
biomass %=7.5)
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in Figs. 10 and 12, respectively) which accelerated the water
gas shift and steam methane reforming reaction activity.

Khan et al. [55] reported similar justifications for an in-
crease in CO2 composition in the presence of CaO. Acharya
et al. [48] observed the similar trend in CO2 content for the
steam gasification of sawdust. Rupesh et al. [53] also reported
the same phenomenon in their air-steam sorption enabled gas-
ification model.

The effect of steam to biomass ratio is important for syngas
production, as excess amount of steam can decrease the gas-
ification temperature [60]. The higher syngas composition is
due to the presence of Al2O3, Fe2O3, and MgO in the coal
bottom ash for catalytic steam gasification. The Fe2O3 and
Al2O3 contents enhanced the char gasification [61]. Xiong
et al. [62] investigate the coal bottom ash as the bed material
in a fluidized bed reactor. It is reported that its use reduced the
tar yield significantly. This effect is due to the metal com-
pounds existing in the coal bottom ash (Fe2O3, Fe3O4, CaO,
CaSO4, etc.). Therefore, the use of coal bottom ash is impor-
tant in the enhancement of syngas composition and decrease
in tar content and higher gasification efficiency [63]. The H2

content increased, while CO, CO2, and CH4 contents de-
creased. The increase in H2 contents is due to the water-gas
shift reaction (7) and steam reforming reaction (9). The use of
coal bottom ash for decrease in tar reduction is also observed
in the pyrolysis of coal [61]. The catalyst improved the solid
carbon conversion into the gaseous product and also enhanced
the tar cracking which results in an enhanced H2 content in the
syngas.

In the case of steam to biomass ratio, the trends observed in
the simulation results for H2, CO, CO2, and CH4 validate well
with the trends shown by the experimental results as shown in
Figs. 9, 10, 11, and 12. With the increase in the steam to
biomass ratio, there is a sufficient amount of steam tomaintain
the temperature inside the reactor to breakdown the char and
for the reaction to proceed adequately. The subsequent de-
crease in the trend is due to the excess amount of water content
leading to the reduction in the temperature of the reactor [60].
The comparative error analysis between the simulation and
experimental results tabulated in Table 9 indicates that higher
accuracy is observed in the H2 composition. In contrast,

relatively higher errors are observed especially in terms of
CO composition at lower steam to biomass ratio (less than
2.0). Similar to the effect of the lower temperature region
explained in the previous section, the overestimation of the
CO amount is probably due to the assumption that Char con-
tains only carbon and ash in the solid phase as Aspen Plus
does not facilitate solids [57].

5 Conclusions

In this current work, the optimum conditions for maximumH2

and syngas composition of a steam gasification pilot-plant
using palm kernel shell (PKS) with CaO and coal bottom
ash have been obtained experimentally. The optimum condi-
tions for maximum H2 and syngas composition obtained are
625 °C, PKS particle size of 1–2 mm, and coal bottom ash to
PKS percentage of 7.5 %. A steady-state model of the palm
kernel shell (PKS) gasification pilot-plant is then developed in
Aspen Plus® based on the Gibbs free energy minimization
method using the optimum conditions. Validation of the de-
veloped simulation model has been carried out by varying the
temperatures from 500 to 750°C on product gas composition
at fixed steam to biomass ratio of 1.25 and coal bottom ash to
PKS of 7.5%, as well as by varying the steam/biomass ratio
from 0.5 to 2.5 at fixed temperature of 625 °C and coal bottom
ash to PKS of 7.5%. Results show that within the lower tem-
perature region (500°C), the simulation model generally tends
to overestimate the H2 and syngas amounts due to the assump-
tion that Char contains only carbon and ash in the solid phase
as Aspen Plus does not facilitate solids. In contrast, the simu-
lation results agree with the experimental data at higher tem-
peratures. With respect to the effect of varying steam to bio-
mass ratio, higher prediction accuracy of the simulation results
is observed in the H2 composition. However, relatively higher
prediction errors are observed in CO, CO2, and CH4 especially
at lower steam to biomass ratio, probably due to the same
assumption on the Char contents made previously. As reason-
able agreement can generally be deducted between the simu-
lation and experimental results, the steady-state model may be
used for future dynamic and control studies of the pilot-plant

Table 9 Comparison of synthesis
gas composition from simulation
and pilot-plant experimentation
data with steam/biomass
variations

Components Steam/biomass

0.5 1.25 2.5

Sim. Exp. Sim. Exp. Sim. Exp. Overall mean error

H2 75.50 78.23 78.39 81.20 81.29 80.61 0.03

CO 11.50 5.63 8.82 3.90 7.28 3.55 1.123

CO2 5.80 6.12 4.89 5.94 5.24 5.85 0.12

CH4 8.00 10.10 7.90 9.99 6.19 8.96 0.25
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gasification system. The steady-state simulation model may
then be exported to ASPEN-DYNAMICS simulation which is
then used for studying the dynamic behavior of the gasifica-
tion system. Advanced model-based control studies may be
explored using the Aspen-Dynamics simulation model to
evaluate the efficacy against traditional control strategies such
as Proportional-Integral-Derivative (PID) controllers.

Nomenclature HHV, higher heating value, MJ/kg; LHV, lower heating
value,MJ/kg; T, temperature, °C;CO2, carbon dioxide;CO, carbonmono
oxide; CH4, methane; H2, hydrogen; SBR, steam to biomass ratio; PKS,
palm kernel shell; CGE, cold gas efficiency
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