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Synthesis gas, also known as syngas, produced from biomass materials has been identified as a potential
source of renewable energy. Syngas is mainly consists of CO and H,, which can be used directly as fuel
source for power generation and transport fuel, as well as feedstock for chemical production. Syngas is
produced through biomass gasification process that converts solids to gas phase via thermochemical
conversion reactions. This paper critically reviews the type of gasifiers that have been used for biomass
gasification, including fixed bed, fluidized bed, entrained flow and transport reactor types. The advan-
tages and limitations of these gasifiers are compared, followed by discussion on the key parameters that
are critical for the optimum production of syngas. Depending on the biomass feedstock, the properties
and characteristics of syngas produced can be varied. It is thus essential to thoroughly characterise the
properties of biomass to understand the limitations in order to identify the suitable methods for gasi-
fication. This paper later focuses on a specific biomass - oil palm-based for syngas production in the
context of Malaysia, where palm biomass is readily available in abundance. The properties and suitability
for gasification of the major palm biomass, including empty fruit bunch, oil palm fronds and palm kernel
shells are reviewed. Optimization of the gasification process can significantly improve the prospect of
commercial syngas production.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The world's energy supply is dominated by the gradually
depleting non-renewable fossil fuel. Production of oil, coal and gas
is expected to decrease exponentially after reaching peak pro-
duction in year 2015, 2052, 2035, respectively [1,2]. The huge
consumption of fossil fuels is mainly driven by the ever increasing
energy demand resulting from growth in global population and
economical activities. Another major issue brought by fossil fuel
burning is environmental pollution. The excessive emissions of
carbon dioxide (CO,), methane (CH,4) and nitrous oxide (N,O) are
detrimental to the environmental and human health [3]. These
issues drive the development of renewable energy technologies.

Synthesis gas (or syngas) is regarded as one of the promising
alternative energy due to its environmentally clean fuel char-
acteristic. Syngas is produced through gasification process from
carbonaceous materials by thermal cracking reactions [4-6]. It
consists mainly of hydrogen (H;), carbon monoxide (CO), carbon
dioxide (CO,), nitrogen (N;), water vapor, methane (CH4) and
other hydrocarbons [5,7,8]. Syngas is well suited for various
applications, including electricity generation and transport fuel
production [9,10]. Primarily, syngas is used for power generation
where it can be directly consumed as gaseous fuel to produce
electricity and heat. Most of the harmful pollutants can be
removed in the post-gasification process prior to combustion. In
addition, syngas is widely used as key intermediary in the che-
mical industry to produce methanol, dimethyl ether, and methyl
tert-butyl ether for liquid transportation fuel [11].

One of the key challenges of operating with syngas is the var-
iation in chemical composition which can affect the combustion
process [7]. Syngas composition varies depending on the feedstock
and production methods. There are many types of feedstock that
can be used to produce syngas such as biomass, coal, refinery
residual, organic waste and municipal waste [12]. Biomass, being
the fourth most abundant energy sources after coal, oil and natural
gases, is regarded as a good candidate to produce renewable,
sustainable and environmental-friendly energy source, which
currently supplies 14% of the total global energy consumption
[13,14]. In Malaysia, the agricultural sector contributes about 12%
to the gross national income (GNI). A significant 8% of GNI comes
from palm oil plantation with a gross value over $22.31 billion USD
in 2014, making it the fourth largest source of national income
[15,16]. Large quantity of biomass is produced from palm planta-
tion, which could potentially be used as feedstock for syngas
production. However, most of the palm biomass are either land-
filled as waste or left on plantation ground for mulching as organic
fertilizer [17]. There is a lack of initiative to process these biomass
to become value added downstream products due to a lack of
available efficient processing technology and poor management
[17,18].

One potential use of palm biomass is as co-firing fuel in boiler
system. However, most boiler system installations in Malaysia are
still operating with low-pressure boilers with less than 40% overall
cogeneration efficiency. Almost 77% of oil palm mills in Malaysia
use combustion system with high CO, emissions [18]. Therefore,
gasification system with combined heat and power (CHP) system
is one potential technology that can replace conventional system

to improve the biomass conversion efficiency, as well as to reduce
carbon emission.

The objective of this paper is to critically review the state-of-
the-art biomass gasification technologies, production methods,
characteristics and governing parameters that affect the produc-
tion of syngas. Understanding the biomass-to-syngas conversion
processing route is important in order to assess the feasibility of
gasifying palm biomass as alternative renewable energy source.
This study also reviews the availability, current state, characteristic
and potential of various palm biomass as solid feedstock to pro-
duce syngas via gasification method in the context of Malaysia.

2. Gasification of biomass to produce syngas

Gasification of biomass is a promising method to produce
syngas. The raw product of the gasification process, usually called
“product gas” or “producer gas” consists of stable chemical species.
Producer gas contains CO, H,, CH, aliphatic hydrocarbon, benzene,
toluene and tars (besides CO, and H,0) and is formed at low
temperature (below 1000 °C) [19,20]. H, and CO typically con-
tribute 50% of the energy in the product gas, while the remaining
energy is contained in CH; and (aromatic) hydrocarbons. While
the term “syngas” usually does not apply to the raw gas, it is
widely used as an industrial shorthand to refer to the product gas
from all types of gasification processes [21,22]. Fig. 1 shows the
generic gasification process from which syngas is produced. Syn-
gas is produced at high temperature (above 1200 °C) where
feedstock is converted into H, and CO (besides CO, and H,0) [19].

Generally, biomass conversion technology can be classified into
three main categories, namely thermochemical, biological and
physical conversion [20]. Gasification process is a thermochemical
conversion technology where biomass feedstock is converted into
higher heating value fuel [23,24]. The highlighted route in Fig. 2
indicates the production of syngas through gasification method.
Gasification process can be utilized to produce syngas for com-
bustion in boiler, turbine and internal combustion engines. Addi-
tionally, syngas is also produced for downstream application such
as chemicals [21,25-27]. Before syngas can be used for down-
stream application, gas cleaning is necessary to eliminate
unwanted by-product as shown in Fig. 1 [28,29]. Gasification
reactors operation typically consist of four steps, namely drying,
pyrolysis/devolatilization, reduction and combustion as detailed in
Fig. 3 [21,22].

During gasification conversion process, unwanted by-products
such as tars, impurities and ash will be produced. Tars consist of a
complex mixture of hydrocarbon materials, which need to be
removed or further processed to prevent it from condensing at
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Fig. 1. Production of syngas and product gas and their typical application [19].
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Fig. 2. Technological pathways for biomass conversion into alternative fuels. The highlighted route indicates production of syngas through gasification method. Figure
adapted from [28,30,31].

Feedstock moisture content is removed to improve syngas quality and

| Drying: performance of gasification system
Pyrolysis/ Thermal decomposition to vaporise volatiles component in the form of

devolatilization:

light HCs, CO, CO, and tar; leaving residue consisting of char and ash

|

Combustion/
oxidation:

Residual char matrix or solid carbonised fuel is further burned
producing more gaseous product where heterogeneous reaction take
place as the following equation:

C + 0, = CO, + 393.8 MJ/kmol
Fuel-bound hydrogen reacts with air blast oxygen, producing steam

Hy +1/2 Oy = HyO + 242 MJ/kmol.

Reduction zone:

Raw material is completely gasified using oxygen from the air and/or
steam to form syngas through a series of reactions:

(i) Boudouard reaction: CO, + C =2C0O -172.6 MJ/kmol
(i) Steam reaction: C + H,0 =CO + H, — 131.4 MJ/kmol
(iii) Water-shift reaction: CO; + Hy, = CO + H,0 + 41.2 MJ/kmol

(iv) Methanation: C + 2H, = CH,4 + 75 MJ/kmol

Fig. 3. General process of gasification (adapted from [20-22,24,27]).

downstream of the equipment [32,33]. Tar can also cause serious
problems including fouling of engines and deactivation of catalysts
due to its condensation and polymerization characteristics
respectively [32]. Impurities that are present in the solid feedstock
contain sulfur, nitrogen, chlorine that need to be removed from
the producer gas and syngas [34]. Additionally, solid ash residue
which is inorganic and non-combustible should be separated from
the syngas products [14,35].

2.1. Type and selection of gasifier

Different reactor designs and gasification technologies have
been established to accommodate various types of fuels. Since fuel
types vary significantly in chemical, physical and morphological
properties depending on feedstock, it is important to choose the
appropriate gasifier. Biomass is known to be more difficult to
gasify compared to fossil fuel due to the presence of complex
lingo-cellulosic structures. However, experimental data and mod-
eling of the gasification process in the reactor can be utilized to
design biomass gasifier. The former practical approach models the
size, optimizes operation of an existing gasifier and explores
operational limits, while the latter simulates the thermochemical
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Fig. 4. Configuration and operating mechanism for (a) updraft and (b) downdraft gasifier.

process and mechanism inside the gasifier by taking into account
the properties of biomass [36].

Four types of gasifiers: fixed bed, fluidize bed, entrained flow
and transport reactor are promising technologies for gasification of
biomass and thus will be critically reviewed in the following
section. All four gasifying systems have relative benefits and
drawbacks with respect to fuel type, application and operation,
thus presenting potential technical and economic advantages
under certain operating conditions. Performance of gasifier is
dependent on the operational condition, stability, gas quality and
pressure losses in the system. This section examines the selection
of gasifier criteria based on the consideration of feedstock size
distribution, bulk density and propensity for char formation under
working conditions of different gasifiers [37].

2.1.1. Fixed-bed gasifier

Fixed-bed gasifier gasifies solid biomass using a cylindrical
reactor. The process involves a bed of feedstock that is maintained
at a constant depth, with the addition of fuel from the top of
gasifier. It has a stationary reaction zone typically supported by
grate [38]. Overall, there are two types of reactors used for fixed-
bed gasifier, i.e. updraft and downdraft reactors, as illustrated in
Fig. 4. [39]. The downside of this type of gasifier is the difficulty in
maintaining appropriate mixture and temperature in the reaction
area, hence the final composition of the syngas obtained can be
inconsistent [29].

2.1.1.1. Updraft fixed bed gasifier. Updraft (counter-current) gasifier
requires an opposite flow direction for the feedstock and gasifying
agent such air, oxygen or steam [39,40]. Biomass is fed from the
top of reactor, moves down through a drying zone (100 °C), fol-
lowed by a pyrolysis zone (300 °C) where char and gaseous species
are produced. At the gasification/reforming zone (900 °C), char
moves down to the bottom of the gasifier to react and combust in
the oxidation zone (1400 °C) with the incoming gasification agent
[21,29,38]. Combustion of char is completed with the production
of CO, and H,0 [29]. The up-flowing hot gas stream carries gas-
eous pyrolyzed products upwards to gasify the incoming feedstock
in the upper region of the bed, where they are reduced to H, and
CO and cooled to 400-750 °C [40,41]. The reducing gases (H, and
CO) will continue to move up and pyrolyze the descending dry
biomass before leaving the reactor at a low temperature [24].
The particle size range of feedstocks used for this type of
gasifier is typically 2-50 mm. Operating pressure range in these
gasifier is 0.15-2.45 MPa and the residence time is in the order of

15-30 min [22,33]. The long residence time of combustion to
achieve complete gasification reaction results in low throughput
and efficiency [42]. The operating conditions of various types of
gasifiers are shown in Table 1.

Table 2 and Table 3 compares the advantages and dis-
advantages of different gasifiers. The main disadvantage of pro-
ducer gas from updraft gasifier is the formation of high level of
tars of about 10-20% by weight, which requires intensive post-
cleaning [43,44]. Tar and some oxygenated compound are gener-
ated from low temperature gasification process. The produced tar
in vapor form is condensed on the relatively cold descending fuel
or is carried out of the reactor with the product gas [29]. Updraft
gasifier has the advantage of producing syngas with low ash
content due to the relatively high temperature achieved at the
bottom of the reactor, which is close to the ash discharge point
[43].

Since gas product from updraft gasifier has high content of tar,
it is not recommended for engine applications but more suitable
for thermal application [19,43]. The high content of CO, produced
from biomass from updraft gasifier is another factor that impedes
the production for liquid transportation fuels [39]. Gunarathne
et al. [45] used a pilot scale updraft high temperature agent gasi-
fier to produce syngas, in which the system operates with air/
steam as gasifying agent and biomass pellet as feedstock. The
syngas produced has relatively high low heating value (LHV) of
7.3-10.6 MJ/Nm>.

2.1.1.2. Downdraft fixed bed gasifier. Downdraft (or co-current)
gasifier is a reactor that operates with the primary gasification air
introduced at or above the oxidation zone in the gasifier. The
schematic of the downdraft gasifier is shown in Fig. 4b [21,40]. The
feedstock and oxidants are fed simultaneously into the gasifier.
Since producer gas is removed at the bottom of the reactor,
feedstock and gas move in the same direction [39]. Solids and
vapors generated from the pyrolysis zone react with the intro-
duced air at the “throat” that supports the gasifying feedstock at
atmospheric pressure [21]. The contraction area is where gasifi-
cation reaction occurs. At the oxidation zone of the throat, the
gasifying agent is distributed homogenously while the tempera-
ture is maintained at approximately 1000 °C. During the down-
ward movement, acid and tarry distillation products from the fuel
pass through a glowing bed of charcoal and converted into syngas
[46]. The high temperature exhaust steam exits the reactor at
about 700 °C [47].



Table 1
Comparison of various gasifier types.

Type of gasifier

Fixed-bed updraft

Fixed-bed downdraft

Bubbling bed

Circulating bed

Transport reactor Entrained flow

References

Combustion temp. (°C)
Outlet temperature (°C)
Feedstock size (mm)

Preferred feedstock type Feedstock

Residence time (s)
Maximum fuel moisture (%)
0,/feed (Nm?/kg)

Gas LHV (MJ/Nm?)

Tar (g/Nm?)

Power output (MW)
Carbon conversion (%)

[29,38-40,43,44,55,84,85]

[29,38-40,46,47,55,86-88]

1300 (slurry feed) and 1500-1800 (dry feed) 800-900 800-1000
425-650 700-800 800-1000
2-50 10-300 <5
Capable for biomass with high moisture Low moisture biomass Any biomass
900-1800 900-1800 10-100
60 20 <55

0.64 0.64 0.37

5-6 4-5 3-8
50-200 0.015-0.3 3-40
<20 <10 10-100
Closed to 100 93-96 70-100

[23,38-40,55,57,62, 89,90]

900-1200
1000-1200
<10

Any biomass
10-50
<55

037

2-10

4-20
10-100
80-90

[29,38,55,56,65,66,73,83,85,90-92]

[29,38,40,71]
900-1200
600-1050
<0.05

Any biomass
1-10

<20

1.06

-NA-

-NA-

> 100

97.5

[29,38,55,73,80,83,93-95]
700-1500
1200-1500
<01

Any biomass
1-5

<15

0.37

4-10

<01

> 100
90-100

Table 2
Advantages of various gasifier types.

Properties Fixed-bed updraft Fixed-bed downdraft Bubbling bed Circulating Bed Transport reactor Entrained flow
References [40,96] [29,53,97] [55,98,99] [56,92,100] [40,71,75] [38,74,81]
Heat/thermal Efficient use of thermal energy released - - Nearly uniform tempera- - High heat transport rates High throughput and heating -
system by oxidizing solid carbon. Gases exiting ture distribution throughout possible due to high heat rate
the bed are cooled by the incoming fuel. the reactor capacity of bed material
- Provides high heat transfer - Suitable for rapid reactions
rates between the inert mate-
rial, fuel and gas
Feedstock Wide range (inclusive of high moisture Wide range Wide range, various particles - Wide range Wide range

and inorganic content such as municipal

solid wastes)
Syngas quality -

Operating -

conditions

Commercial value
process;

Proven technology, simple and low cost

Minerals remain with the char
/ash, reducing the need for a
cyclone

99.9% of tar formed is consumed,

requiring minimal cleanup, sui-
table for engine applications

Proven technology, simple and
low cost process.

sizes

Yields uniform composition of
syngas with low tar and
unconverted carbon

High conversion

Proven technology, medium
cost process;

Low tar and unconverted
carbon

High conversion rate

Proven technology, medium
cost process;

Reducing the tendency to crack
the volatiles and form tars

- Improved gas mixing solids
- Better conversion rate

— Better interphase transport
- Simultaneous removal of
sulfur

Syngas does not contains
tar and phenolic
compound

- Higher throughput
and better product gas
quality

- In-situ sulfur
removal
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The feedstock requirement for downdraft gasifier is related to
the size of the throat. Typically, the feedstock particle size range is
around 1-30 cm. The physical limitation of the particle size leads
to a practical upper limit to the capacity of this configuration of
about 500 kg/h or 500 kWe (kilowatt-electric) [29]. The size of the
throat forms a limitation for the scale-up process, and therefore
the downdraft gasifier is not suitable for the implementation in a
large-scale plant [48].

The downdraft gasifier is suitable to convert high volatile fuel
derived from biomass for power generation [49]. The feedstock
used should be relatively dry, limited to about 30% moisture and
with low ash content (< 1% in weight) [50,51]. High volatile
matters have high tendency to vaporize and thus can be ignited
easily. The highly reactive vaporized matters in the oxidation zone
is useful for combustion application.

For the downdraft gasifier, the high temperature at the gasifier
exit enables low tar production that is less than 0.5 g/m?> [52]. The
low tar content of this gasifier makes it advantageous for small-
scale electricity generation by using an internal combustion
engine [48]. The high local temperatures in the oxidation zone
could cause melting of some ash constituents [39,53]. Galindo
et al. [51] used a two-stage air supply in downdraft gasifier to
improve the quality of syngas. The two-stage air supply system
was developed based on the injection of the gasification fluid at
both combustion and pyrolysis zone. The primary process in pyr-
olysis zone ensures partial oxidation of biomass to allow produc-
tion of higher syngas concentrations with low tar content. The
two-stage air supply reduced the tar content in the syngas by up to
87%. The effect on the tar reduction is a consequence of tem-
perature increase in the pyrolysis and combustion zones. The
temperature in pyrolysis zone was higher compared to single stage
air supply that led to the increase of temperature in the combus-
tion zone [51]. Comparison of the advantages of different gasifiers
is shown in Table 2.

2.1.2. Fluidized bed gasifier

For fluidized bed gasifier, air is blown through a bed of solid
particles at sufficient velocity to maintain the particles in a state of
suspension [39]. The bed is externally heated to provide sufficient
energy for the endothermic steam reforming reaction process
during operation. Thus, feedstock is fed into the gasifier reactor to
interact and mix with the bed of solids at elevated temperature
[50]. The process is repeated rapidly with newly arrived particles
for drying and pyrolysis circulation to produce char and gases [54].
The advantage of fluidized bed gasification over fixed bed gasifier
is the uniform temperature distribution achieved in the gasifica-
tion zone [50].

Fluidized bed gasifier typically operates at temperatures of
800-1000 °C to prevent ash from building up [54]. This type of
gasifier has high thermal inertia with vigorous mixing during

a b

gasification process apart from permitting the control of ash
content, making it suitable to operate with wide range of fuels, e.g.
biomass fuels, municipal solid waste (MSW), lignite and low-rank
coals [40,55]. The fluidized bed gasifier is widely used for large-
scale biomass gasification plants [56-59].

2.1.2.1. Bubbling fluidized bed (BFB) gasifier. Bubbling fluidized bed
gasifier is characterized by discrete bubbles of gas relatively low
velocity ( <5 m/s). It consists of a vessel with a grate at the bottom
through which air is introduced as shown in Fig. 5a. Above the
grate is a moving bed of finely grained biomass materials. Particles
of biomass are driven into a bed of hot sand fluidized by recircu-
lating product gas [32,59-61]. Jakkapong et al. [55] regulated the
steam flow rate at 1.26 kg/h through the bed to achieve fluidiza-
tion at low velocity of around 0.18 m/s. Bubbling fluidized bed
gasifier is integrated with a fluidized bed, where a strong vortex
(or rotation) of gas-solid flow is introduced to intensify the fluid
motion in the reactor, providing a homogeneous temperature
condition for biomass reaction [62]. Since the bed consists mostly
of ash, temperature is maintained at 700-1000 °C by controlling
the air/biomass ratio to avoid agglomeration. Alternative bed
material (such as alumina) can be used to avoid the ash from
softening and developing defluidization phenomena [32,56].

Biomass in bubbling fluidized bed is pyrolyzed in the high
temperature bed to form char with gaseous compounds. The char
and gases compounds are cracked by contacting with hot bed
material. Cracking process can reduce tar and therefore, product
gas will have low tar content, typically 3-40 g/Nm?> [55]. The
operating conditions for this gasifier are shown in Table 1. Addi-
tionally, the stirred-reactor mixing that found in this gasifier
separates the extracted ash/char particles from flue gas by a
cyclonic device. The process is followed by returning solids into
the fluidized bed, forming an internal solid circulation [62]. Kratas
et al. [58] used bubbling fluidized bed gasifier with air and steam
as gasifying agents. The gasifier was operated with cotton stalk
and hazelnut shell as feedstocks. The effects of equivalence ratio
and steam to fuel ratio variation on the CO, CO,, CH4, H, and N,
concentrations and the LHV of the product gas were investigated.
Hazelnut shell was found to produce syngas with higher LHV than
cotton stalk by using both gasifying agents since the calorific value
of hazelnut shell (4493 kcal/kg) is higher than cotton stalk
(3990 kcal/kg). Steam was reported to be the more effective gasi-
fication agent compared to air, as the LHV was increased by 44%
and 84% for hazelnut shell and cotton stalk respectively. The
increase of LHV corresponds to the increase of reactive component
H,. The participant of water (steam) in water gas shift reaction
increases the production of H; [58].

2.1.2.2. Circulating fluidize bed (CFB) gasifier. Circulating fluidize
bed (CFB) is a circulation process of bed material with volatiles

J—L = Syngas
Biomass —> g . Biomass Ji —— Cyclone
fed — [ yngas fed — ? ? —\ separator
Bubbling Bed Circulating Bed
Grate —— — — — — Grate™ [ — —, — —
Ash Ash
mmlm Ny im Ny

Steam Oxygen or Air

Steam Oxygen or Air

Fig. 5. Schematics of the (a) bubbling bed and (b) circulating bed gasifiers.
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(including hydrogen gas and char) derived from raw feedstock.
The circulation process takes place between the reaction vessel
and a cyclone separator as shown in Fig. 5b. The bed material and
char are returned to be combusted in the reaction vessel while ash
is removed through cyclone separator. Bed particles enter the riser
through orifices at the riser base to achieve solid mass fluxes up to
700 kg/m?s at gas velocities between 5.5 and 8.5 m/s, at which the
recirculated product gas, sand and biomass particles move toge-
ther [56,57,60,61]. Biomass in CFB is rapidly pyrolyzed to produce
hydrocarbon gases. Tar is quickly captured by the bed in the
gasifier while coke on the bed is gasified with steam [57].

In a CFB reactor, the circulating solids are characterized by
thorough mixing and high residence times within the solid cir-
culation loop [63,64]. The absence of bubbles prevents gas from
bypassing the bed [38,55]. The advantage of using rapid reaction at
high heat transport rate in the reactor is the reduced tar in the
syngas compared to the commonly-adopted bubbling bed [62,65].
Meng et al. [66] utilized a 100 kWth atmospheric pressure oper-
ated steam-oxygen blown CFB gasifier to investigate the effect of
two types of sawdust pellet and willow wood biomass feedstock
on syngas composition. The result shows that the average con-
centration of H, obtained was around 20-30% over the tempera-
ture range from 800-820 °C for both feedstocks. The range of H,
composition obtained is relatively high for gasification of biomass
[29,67,68].

2.1.2.3. Transport reactor gasifier. The operating mechanism for a
transport reactor gasifier is midway between a fluidized bed and
an entrained bed gasifier [40]. The schematic diagram of a trans-
port reactor gasifier is shown in Fig. 6. Transport reactor gasifiers
normally operates at higher gas velocity (~ 15 m/s) which require
smaller diameter of gasifier vessels so that all bed materials can be
transported up the reactor by gas flow [40,69]. In this gasifier,
feedstock enters with gas (either air or oxygen/steam) into an
upward flow to react and fluidize the bed of feedstock [38]. For
combustion mode, secondary air is introduced at high level of
mixing to ensure uniform temperature distribution in the gasifier,
usually below the ash fusion temperature (1000-1500 °C) to avoid
ash melting, clinker formation and loss of bed fluidity [69]. Fly ash
is recirculated to the furnace chamber as new bed material when
firing fuel with low ash content to avoid losses of circulating
materials [70]. The recirculation movement of fly ash and make-up
sand ensures the mass of solids is kept in the bed inventory [70].

In this gasifier, feedstock is first devolatilized/gasified in the
fluidized bed mixer followed by char combustion in a fluidized bed

J —» Syngas

Transport
bed

Biomass fed —p»

L ¢l_l TF

Steam Oxygen or air

Fig. 6. Transport reactor gasifier, adapted from [72].

combustor (riser). This process increases carbon conversion and
leads to high cold gas efficiency, contrary to other single-stage
type gasifier which leads to lower cold gas efficiency at low
operating temperature [71]. The temperature distribution in the
transport reactor needs to be controlled critically to ensure the
sulfur content produced during gasification process is low. High
production of sulfur in the gasifier reactor is possible particularly
during the direct desulfurization process [38].

2.1.3. Entrained bed gasifier

Unlike moving bed or fluidized bed gasifiers, entrained flow
gasifiers operate at high temperature of 700-1500 ‘C for biomass
[42,73,74]. The composition of the product gas is very close to
syngas quality [75]. The solid feedstock needs to be grinded into
small particle size (<100 um) for the feed system in order to
achieve high conversion rate [40,76]. In the single-stage system as
shown in Fig. 7a, feedstock and oxidant agents are fed con-
currently into the burner at high velocity to gasify the biomass
[75]. Flow velocity is high enough to establish a pneumatic
transport regime. Biomass is completely oxidized with typical
residence time around 1-5s [74]. The two-stage entrained bed
gasifier is shown in Fig. 7b. The gasifier uses super-heated crude
gas in the first gasification zone before reacting with steam bio-
mass injected in the second stage of gasification zone. This process
is important to increase the syngas quantity and cool the slag
[38,77-79]. Endothermic gasification reactions in the second stage
serve to lower the exit temperature compared to a single stage
design. This means lesser oxygen demand per mass of feedstock,
and higher efficiency conversion rate to syngas [40].

Entrained bed gasifier requires pulverized feedstock with par-
ticle size of less than 0.1 mm [72,74,76]. This type of gasifier
usually operates at high pressures of 2.94-3.43 MPa [40]. The
temperature of gasification is up to 1500 °C with the residence
time in the order of 1 s. The gasifier produces high yield of syngas
and is suitable for less active feedstock due to its high temperature
environment [72,75,80]. The high temperature environment
effectively eliminates all hydrocarbons, oils and phenol formed
during devolatilization stage, while the mineral matters in the
feedstock are removed as slag [81]. Senapati et al. [82] studied the
usage of entrained flow gasifier for powdery biomass feedstock
such as rice husk, coconut coir dust and saw dust. The study
showed the gasifier could reach high temperatures in the range of
976-1100 °C. The LHV of the syngas produced was relatively high
at 7.86 MJ/Nm?> with peak cold gas efficiency of 87.6%. Higher rate
of oxygen supply can be used to achieve higher operating tem-
perature in the gasifier to reduce cold gas efficiency [39]. The
entrained bed gasifier has been used to produce syngas for
synthesis of chemicals (ammonia, methanol, acetic acid), liquid
fuels and also for power generation [38,76,83].

3. Energy mix in Malaysia

Overall, the use of biomass for energy production in Malaysia is
not yet extensive. In 2013, less than 1% of the total energy in
Malaysia was generated from biomass, compared to the 6% energy
produced in Europe [102,103]. Table 4 shows the breakdown of
electricity generation in Malaysia over the last three decades. The
interest in using biomass for energy production is low despite the
launch of Small Renewable Energy Power program (SREP) in May
2001 that promotes the use of agricultural waste for power gen-
eration [104-106]. After almost a decade since the SREP program
was launched, only 65 MW of biomass power generation out of the
targeted 350 MW was achieved [107]. From the overall renewable
energy perspective, oil palm biomass contributes the most with
40 MW of grid-connected capacity, more than other renewable
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Fig. 7. Schematic of the (a) single stage entrained flow and (b) two stage entrained flow, adapted from [40].

technologies such as from biogas, small hydro, solid wastes and
solar sources amounting to 4.95 MW, 12.5MW, 5MW, and
2.5 MW, respectively [108].

In 2009, the ‘National Renewable Energy policy and action plan’
was launched by the Malaysian government to enhance the utili-
zation of renewable energy resources. This policy and action plan
led to the enactment of the Renewable Energy (RE) Act 2011 with
feed-in tariffs to provide a more attractive implementation of grid
connected power generation from renewable energy resources.
The New Renewable Energy Act 2011 revised the renewable
energy target to 985 MW, 2080 MW and 21,000 MW by the years
2015, 2020 and 2050 respectively [112,113]. Syngas production
from biomass for power and heat generation presents one feasible
way to contribute to achieving the target set. The syngas produced
can be used directly either in a standalone combined heat and
power plant (CHP) or by co-firing in a large scale power plant
[114,115].

Syngas is also expected to play a vital role with the increased
activities of biofuel in Malaysia since it is also a key intermediary
product to produce biofuel. Syngas produced from gasification
followed by Fischer-Tropsch (FT) process is one of the promising
routes to produce liquid biofuel for transportation [116,117]. The FT
synthesis reaction is a process that converts syngas to a wide
range of long chain hydrocarbon products like liquefied petroleum
gas (LPG), hydrocarbon-based fuel (such as gasoline, diesel and jet
fuel) naphtha, olefins, wax and oxygenated compounds (such as
alcohols) [118,119]. The long chain hydrocarbon can be distilled,
hydrocracked or upgraded to become liquid transportation fuels
[118].

4. Malaysian palm biomass for syngas production

It is estimated that 80 million dry tonnes of solid biomass from
palm is produced annually, contributing to 85.5% of the total
biomass share in Malaysia [18,100,120]. Palm oil residues are
generally produced as by-product from milling sector and plan-
tation activities. The palm kernel shells (PKS), mesocarp fibers

(MF), and empty fruit bunches (EFB) are the main residues gen-
erated through milling process during production of crude palm
oil [121]. Other major residues such as oil palm fronds (OPF) and
oil palm trunks (OPT) are obtained from cut-down in plantation
site. During harvesting and pruning, OPF are also obtained [122].
Malaysia as a leading producer of palm oil has over 362 palm oil
mills in operation that process 71.3 million tons of fresh fruit
bunch annually. As a result, over 20 million tons of crop waste
consisted of empty fruit bunch, fiber and shell were produced
[123]. Table 5 shows the weight proportion and quantity per
hectare for different types of oil palm biomass in Malaysia.

At present, biomass is typically confined to low value down-
stream activities such as biofuel conversion or used as direct fuel
for power generation [28,123,126]. In Malaysia, about three quar-
ters of the total solid biomass are used as fertilizer in plantation
sites, where OPFs, trunks and EFBs are left in the plantation for
biodegradation [127,128]. Some milling plant utilizes MFs, PKSs
and EFBs from milling waste for steam power generation [127].
Table 6 shows the availability of palm biomass and the potential
energy generation based on the availability of specific palm bio-
mass. The availability of PKS and MF is relatively low compared to
EFB, frond and trunk. PKS and MF are mostly used as solid fuel
feedstock for steam generation to produce electricity [129]. Part of
the biomass were used for wood industry, animal feed and other
niche downstream applications, such as wood products, bioenergy
and pellets [130-132].

Prior to converting biomass into different phase of fuels, thor-
ough characterization of the chemical and phase compositions
properties is needed [134]. Previous research utilized structural
composition, ultimate and proximate analysis for characterization
of solids fuel to determine the properties and quality of biomass
[63,134]. Structural composition analysis is performed to examine
the lignocellulose content in biomass, i.e. cellulose, hemicellulose
and lignin. These information are important for the development
of fuels and chemicals, study of combustion phenomena and
estimation of HHV [135,136]. Ultimate analysis is conducted to
determine the elemental content in percentage by mass. Infor-
mation such as the exact amount of N, S and Cl in biomass content
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conditions
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Not well proven

Commercial value

Table 4
Malaysia energy mix (%) in electricity generation [109-111].

Source 1980 1990 2000 2005 2010 2012 2013
Oil/diesel 87.9 714 4.2 2.2 0.2 5 23
Natural gas 7.5 15.7 77.0 70.2 55.9 46 50.4
Hydro 41 53 10.0 55 5.6 7 8.4
Coal 0.5 7.6 8.8 21.8 36.5 41 38
Biomass - - - 0.3 1.8 1 0.9

is useful for environmental impact study, whereas information
such as C, H and O can be used for estimating heating value
[134,136]. Proximate analysis assesses the mass percentage of
moisture, volatile matter, fixed carbon and ash contents. In the
context of biomass, high amount of ash produced is undesirable
and can cause ignition and combustion problems [134]. High
volatility matters present the advantage of requiring lower tem-
perature for decomposition and reaction process [38]. The heating
value of biomass is proportional to the content of carbon and
volatile matter [136]. The characteristics and properties of oil palm
biomass are reviewed in the following section.

4.1. Empty fruit bunch (EFB)

Empty fruit bunch is one of the main solid by-product gener-
ated from palm oil mill processing [137]. There are small mill
plantations in Malaysia with integrated facilities that utilize
shredded EFB for power production purpose [106,132]. However,
due to the high upfront investment cost needed for the pre-
processing of biomass such as shredding and pressing of biomass,
most plant owners have been reluctant to use EFB for power
generation. Instead, most EFBs are simply burned in incinerators to
produce fertilizer [128]. The incineration process produces exces-
sive emissions that are detrimental to the environment [138].

Understanding the characteristics of EFB allows better handling
and utilization of resources more efficiently, especially in the
application for power generation. Biomass fundamental properties
such as moisture content, particle size, density, element contents
(e.g. C, H, N, S and O), structural constituent contents, ash content
and volatile matter contents influence the suitability of EFB as fuel
[139]. Studies have been conducted to characterize EFB as feed-
stock for energy production. The proximate analysis of EFB is
shown in Table 7. EFB has relatively high content of moisture,
indicating the need of excessive heat for drying. The high volatility
and reactivity of EFB is a merit for the production of liquid fuel or
other downstream activities. Syngas production is made feasible
by the sufficiently high level of HHV of EFB (32.1 MJ/kg) [140].

4.2. Palm kernel shell (PKS) and mesocarp fiber (MF)

Palm kernel shells (PKS) and mesocarp fiber (MF) are by-
products produced from palm oil mill processing [141]. The high
content of carbon element in PKS and MF shows its potential to be
used as solid fuel feedstock for steam generation to produce
electricity [142]. Based on the proximate and ultimate analysis of
PKS feedstock shown in Table 8, PKS contains the most significant
amount of volatile matter despite a moderate amount of fixed
carbon. The fuel moisture and ash content is low but the heating
value is relatively high, making it a good source as feedstock
compared to other palm biomass for power generation in the
industry [126,143].

4.3. 0il palm frond (OPF)

Oil palm frond mainly consists of 40-50% cellulose, 20-30%
hemicellulose and 20-30% lignin as shown in Table 9 [126,144].
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Table 5

The weight proportion and quantity per hectare for the different types of oil palm biomass in Malaysia [124,125].

Source of residue Type of residue Description

Weight of the total source
(%)

Quantity (million tonnes)?

Fresh fruit bunch (from palm oil Palm kernel Shell Remains after palm kernel oil extraction 5 4.2
mill) Empty fruit bunch Remains after removal of palm fruits 23.0 19.3
Mesocarp fiber Remains after crude palm oil extraction from fruit 13 10.9
bunch.
Oil palm tree 0Oil palm Frond Replanting and annual pruning 20 24.8

2 Based on 83.9 million tonnes of fresh fruit bunch processed in 2010.

Table 6
Availability and energy generated from palm oil biomass in Malaysia [113,154]

Table 9
Properties for oil palm frond (OPF).

Biomass Quantity avail- Potential energy Electric gener- Proximate analysis (wt%  Ultimate ana- Lignocellulosic content HHV
component able (million generation (metric ated (GWh) dry basis) lysis (wt% dry (wt% dry basis) ™MJ/
tonnes) tons) basis) kg)
Reference [133] [133] [106] Reference [122,145] [122,126] [126,144] [129]
Empty fruit 17.0 7.7 46,346.2 Moisture 10-20 C 40-45 Cellulose 40-50
bunches content
Palm kernel 5.9 2.8 57921 Volatile 80-85 H 4-6 Hemicellulose 20-30 15-
shell matter 20
Fiber 9.6 44 1578.2 Fixed 5-15 0 45-55 Lignin 20-30
Palm kernel 21 0.95 - carbon
seed Ash 0.2-2.0 N 0.3-0.8
Fronds and 211 - - S 0.01-0.1
trunks
Table 7 Table 10

Properties for empty fruit bunch [140].

Proximate analysis  Ultimate ana-  Lignocellulosic content HHV (M]/kg)

Comparison of syngas composition and heating value for gasification of palm
biomass with other feedstock biomass

(wt% dry basis) lysis (wt% dry  (wt% dry basis) Biomass type Dry gas composition (% vol.) LHV Ref.
basis and ash (MJ/Nm?)
free basis) co CO, H, CHy
Moisture C 45.00 Cellulose 23.7 Pith 14.0 OPF 253 8.2 9.6 1.2 4.8 [68]
content EFB 166  19.24 5.6 4.3 5.9 [87]
Pith 82.60 H 6.40 Hemicellulose  21.6 Branch 18.1 PKS 10.4 0.0 82.1 1.4 13.8 [150,151]
Branch 5750 O  47.30 Lignin 29.2 143 115 625 116 12.7 [151]
Volatile 7120 N 0.25 Coconut shells  21.3 11.8 13.5 1.5 49 [68]
matter Hazelnuts 19.6 10 12.7 2.0 4.7 [68]
Fixed 1830 S 1.06 shells
carbon Furniture wood 24.0 14.7 14.7 2.0 5.5 [68]
Ash 7.54 Woody biomass 20.3 8.3 17.8 1.7 53 [68]
Table 8 OPF [82,122,146,147]. The high volatile matter content in OPF
Properties for Palm kernel shell (PKS). implies high reactivity and is suitable for thermochemical energy
- - - - - conversion process such as pyrolysis and gasification for syngas
Proximate analysis Ultimate analy-  Lignocellulosic content HHV ducti [68]. OPF has the highest cellul dl t lieni
(Wt% dry basis) sis (wt% dry (Wt% dry basis) M/ production . as the highest cellulose and lowest lignin
basis) kg) and ash contents compared to other oil palm biomass such as EFB,
Reference [126,143] [129] shells and trunks [122]. Lignin is the most difficult component to
- be thermally decomposed and accounts for most of the uncon-
Mg:)srft'erst > 40 ?e‘ﬁﬂfgimose_ 25-40 verted matter in ash and char [148,149]. Therefore, the high cel-
Volatile 65-75 H 5_7 Alpha-cellulose-  15-20 1614 lulose, low lignin and ash compositions of OPF is advantageous as
matter hemicellulose gasification fuel [148].
Fixed 15-20 O 30-45 Lignin 35-45
carbon
Ash 2-5 N 0.05-2.00 L. . .
S 0.05-0.20 5. Characteristics of palm biomass-derived syngas

Previous studies showed that OPF has high potential to be used for
gasification [145]. According to Fiseha et al. [122], the volatile
matter content of OPF is 83.5%, comparable to beach wood and
sugarcane bagasse, which are 82.5% and 85.61%, respectively.
Other feedstock such as rice husk and coconut husk biomass
contain 68.25% and 70.3% of volatile matter, which is lower than

The characteristics of syngas derived from palm biomass were
studied by some groups [68,87,150]. Table 10 shows the compar-
ison of syngas composition and heating value for gasification of
palm biomass with other biomass. Compared to other palm-
related biomass, OPF produces the highest reactive component
of CO content of 25.3% by volume but lowest in CO, using a
downdraft gasification process [68]. The composition of H, and
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CH4 were low because of the depletion of moisture and pyrolysis
gas in the feedstock as gasification time increased. When the
moisture content was reduced in the feedstock, steam and hydro-
gasification reactions become slower. Therefore, formation of CO,
by oxidation in the oxidation zone formed more CO when it passes
through the char bed accumulated on the grate [122].

Gasifying EFB is another possible way for small scale power
generation [152]. The high moisture content in EFB (60%) is a
drawback for downstream applications that requires extensive
drying to reduce the moisture level to < 10% [152]. Supercritical
water gasification (SCWG) is an emerging technique that is sui-
table for the conversion of high moisture content biomass into
hydrogen-rich syngas [153]. SCWG requires specific characteristics
of water under supercritical conditions, such as low dielectric
constant, thermal conductivity, ion product, viscosity and density
to achieve effective biomass conversion reaction. H, and CO, were
found to be the most dominant gases produced by SCWG method.
Since EFBs are lignocellulosic compounds that are composed of
hemicellulose, cellulose and lignin, higher amount of H, was
obtained from hemicellulose. Hydrolysis of hemicellulose leads to
formation of formic acid where it was reported to be prone to
decomposition into CO, and H,. Higher H, production shows the
participation of water in water gas shift reaction. Cellulose and
lignin produced the most CO and CH,4 respectively [153].

Table 10 shows the syngas derived from EFB contains high
concentration of CO and CO, caused by thermal decomposition.
Several factors have been known to increase the composition of H,
in syngas derived from EFB. By increasing the bed temperature,
endothermic methane steam reforming and dry reforming reac-
tions occurs favoring the production of hydrogen. Tar reforming
and cracking reactions are also prone to increase H; based on the
following reactions:

CyHp(tar)+nH,0 ->n+m/2H,+nCO AH >0 (1)
CyHp(tar)+nCOy & (m/2)H, +2nCO AH >0 2)
CpHp(tar) - (m/2)H,+nC AH>0 3)

CO, is produced through water—gas shift reaction at low tem-
perature. At high temperature, CO, is consumed through methane
dry reforming, tar cracking and Boudouard reaction to yield more
H, and CO, leading to a sharp decrease in CO, level. CH4 produc-
tion can also occur at high temperatures due to the cracking of tar
to CHy, CO and H,. The generated CH, is consumed through steam
reforming reactions and methane dry reforming [87].

CO can also be affected by the presence of catalyst in gasifi-
cation process. Besides capturing CO, or being a sorbent, catalyst
assists in improving hydrogen production from gasification of EFB.
The catalytic activity of cracking volatile compounds (tar) into
light hydrocarbons and the reforming reactions significantly
increase the concentration of H, [154].

Palm kernel shell is a well-known fuel for solid combustion due
to its high calorific value. It is also a preferred feedstock for H,
production via gasification process due to it high proportion of
fixed carbon and volatile matter, low ash and moisture content
[150,151]. PKS has shown wide application in industry to produce
bio-oil, catalyst and bio-coal [155-157], but the potential for syn-
gas production has not been capitalized. Previous study showed
that gasification of PKS produce high H, content of syngas. Zakir
et al. [151] used an integrated catalytic adsorption steam gasifi-
cation system with fluidize bed to produce high hydrogen content
syngas from PKS, of which over 80% of hydrogen was achieved
[151]. Reza et al. [150] also achieved high hydrogen composition
from PKS blended with polyethylene waste by utilizing catalytic
steam gasification, indicating the suitability of PKS as feedstock for
syngas production

The LHV of syngas is affected by factors such as feedstock,
gasification method and temperature. Samson et al. [68] reported
that LHV of syngas produced from OPF remained constant at
5.2 MJ/Nm?> after the reactor temperature reaches 1100 °C using
downdraft gasification process. The value obtained is higher than
coconut shells and hazelnut shells as shown in Table 10. Pooya
et al. [87] used EFB as feedstock in a fluidized bed gasifier and
observed a maximum heating value of 5.88 MJ/Nm? for the syngas
produced. HHV value obtained from the chopped OPF (17.3 M]/kg)
using unheated air was comparable to pelletized empty fruit
bunch (EFB) but lower compared to woodchips (20.5 MJ/kg), pel-
letized bagasse (19.26 MJ/kg), pelletized wood (20.27 M]/kg) and
eucalyptus wood residues (18.14 MJ/kg).

6. Gasification process and parameter optimization

In general, the syngas yield and composition of gases produced
from gasification are dependent on parameters including reaction
temperature, gasifying agent, type of biomass, particle size, heat-
ing rate, operating pressure, equivalence ratio, catalyst addition
and reactor configuration [28]. Studies on the development of
gasification have been performed by many researchers to improve
the efficiency and operability of gasifier, as well as the yield of
syngas.

Gasification process is sustained by heat generated from a
controlled amount of oxidant to conserve the reaction of gasifi-
cation. Gasification agent or oxidant (air or oxygen) is added to
solid fuel to produce gasified fuel. Some of the gasification reac-
tions involve the precipitation of water or steam [147,158-160].
The use of catalysts such as dolomite, olivine and nickel-based
inside the gasifier was shown to improve gas product quality, tar
reduction and increase yield [35,161]. Other parameters such as
steam to biomass (S/B) ratio, temperature, equivalence ratio, and
biomass feed rate can be controlled to increase syngas yield and
reduce formation of tar [162]. Table 11 elucidates studies of palm
and other biomass gasification with various parameters that affect
syngas production.

Nimit et al. [159] utilized oil palm frond as a feedstock for
gasification process and showed that hydrogen mole fraction
increases with decreasing reactor temperature. Samson et al. [68]
used OPF as feedstock and reported that the concentration of H, in
syngas increases in oxidation zone temperature for the range
between 500 and 850 “C. At higher temperature, H, concentration
drops slightly for temperature above 900 °C. Fiseha et al. [122]
reported that preheating the gasifying air in oil palm fronds
increased the volumetric percentage of H, from 8.47% to 10.53%
and CO from 22.87% to 24.94%. Sivasangar et al. [153] utilized
supercritical water gasification (SCWG) technique to gasify EFB.
The study showed that hydrogen concentration increased with
reaction time as the concentration of EFB increased from 0.05 g to
0.3 g. Mohammed et al. [163] investigated air gasification of EFB
using fluidized bed gasifier. The study reported that increasing the
operating temperature was enhanced the total gas yield where H,
obtained 38.02% vol. and CO, 36.36 vol%. respectively. Fine particle
size of feedstock also increases the composition of Hs. Finally, the
equivalence ratio of 0.25 was found as the optimum value to attain
a higher H, yield at volume percentage of 27.3%.

Pooya et. al [87] used a bubbling bed gasifier to produce syngas
from EFB and reported that equivalence ratio of 0.21 was optimum
to achieve maximum volumetric composition of CO, H,, CH, and
CO,, at 16.6%, 5.5%, 4.3% and 19.2%, respectively. Ogi et al. [73] used
EFB in entrained flow gasifier with H,0 (steam) and H,0 + O, as
gasifying agent. The study found that conversion rate of gasifica-
tion with steam was above 95% and hydrogen-rich syngas was
obtained with H, /CO fraction of 1.8-3.9. Conversion rate increased



Table 11

Effect of different parameter to syngas yield and tar reduction for various type of biomass.

Biomass type catalyst Reactor type Gasifying agent  Reaction tempera- Syngas yield Tar reduction Ref.
ture (°C)
Qil palm frond No catalyst Semi-batch reactor Steam 700 Energy ratio was increased by 33% with an -na- [159]
increase in reactor temperature from 600 to
1000 °C.
0il palm frond No catalyst Downdraft fixed-bed Air 850 CO composition increase from 5% to 28% with -na- [68]
increasing temperature from 500 °C to 1200 °C
Oil palm frond No catalyst Downdraft fixed-bed Preheated air 985 Preheating air improved the composition for all  -na- [122]
component (H,, CO and CH,)
Empty fruit bunch No catalyst Entrained flow Steam 900 Obtaining hydrogen rich gas with steam agent Tar yield was very low (< 1.0 wt%) [73]
(H20)
Empty fruit bunch No catalyst Bubbling fluidized bed Air 600-1050 H, content increase from 7.3% to 12.4% with -na- [87]
increasing temperature
Empty fruit bunch No catalyst, calcined Fluidized bed Steam and Air 800-900 Highest hydrogen produced by steam gasification -na- [165]
dolomite and tri-metalic with tri-metalic catalyst as 58 (%v/v)
(nano-NiLaFe/y-Al,05)
Empty fruit bunch -na- Super critical water gasifi- Deionized water 380 Hydrogen concentration increased as the EFB/ -na- [153]
cation (SCWG) water ratio increase to 0.3 g from 0.05 g
(3.75 wt%)
Empty fruit bunch -na- Fluidized bed Air 700-000 As temperature increased from 700 to 1000 °C, -na- [163]
the H, content increased from 10.27 to 38.02 vol%,
CH, increased from 5.84 to 14.72 vol%, CO
increased from 21.87% to 36.36%
Empty fruit bunch -na- Bubbling bed Air 650-1050 Obtained maximum heating values (HHV) of 5.37 -na [87]
(MJ/Nm3), dry gas yield of 2.04 (Nm3/kg), carbon
conversion of 93% and cold gas efficiency of 72%
Empty fruit bunch -na- Entrained flow Steam, steam + 600-900 Conversion rate of gasification with steam was -na- [73]
Oxygen above 95% and hydrogen rich syngas was obtained
with H,/CO fraction of 1.8 to -3.9. As O, added to
the steam, amount of CO, was increased, hence
reduced the amount of H, and CO as well as
calorific value.
Empty fruit bunch CaO and MgO Temperature program Oxygen 50-700 Nano MgO enhances the production of H, -na- [164]
gasifier released, high amount of CO,. Nano CaO showed
high production of H, and released significant low
amount of CO,
Palm kernel shell ~No catalyst Fluidized bed Steam 600-750 H2 composition of 82.11 vol% is achieved at 675 oC -na- [151]
Pine Sawdust Nickel based, dolomite, Two-stage catalytic and Steam 850 Yield increase up to 2.78 Nm?>/kg with increasing -na- [161]
olivine gasification temperature at < 850 °C
Wood chip and Ni-loaded brown coal Fluidized bed and fixed bed Steam 650 Gas yield increase up to 90 mmol/g by reducing  -na- [166]
red pine char (Ni/BCC) the ratio of feedstock per catalyst.
Pine sawdust Limonite iron ore and Fluidized bed Steam 700-860 CO=17 mol/kg by olivine, H,=5.0 mol/kg by iron Tar reduces from 70 g/kg of biomass at ER 0.2 to [167]
olivine ore at equivalent ratio 0.3 20 g/kg of biomass at ER 0.3. Limonite iron ore is
more active in tar reduction than olivine which
yield 15-25 g/kg of biomass
Pine sawdust calcined natural olivine External circulating coun-  Steam 800 Increase from 0.6 Nm?/g to 0.8 Nm?/g with Decrease from 4 g/m3 and 25% to 2 g/m3 and  [162]
tercurrent moving bed increasing S/B ratio 10%, respectively with increasing S/B ratio
(ECCMB)
Pine sawdust dolomite Fixed bed Steam 600-900 1.15-2.53 Nm®/kg with increasing temperature Tar reduced 4.7-0% with increasing S/B ratio [168]
Fixed bed Steam 500 -na- [169]
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[170]
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Increasing O, content cause the syngas content
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900
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as 0, was added to the steam. Ismail et al. [164] investigated the
effect of calcium oxide (CaO) and magnesium oxide (MgO) catalyst
on the production of hydrogen in syngas for gasification of EFB.
Nano scale MgO is able to enhance H; production, but at the same
time, high amount of CO, was produced. Conversely the use of
nano CaO showed high level production of H, but low CO, was
produced. Taufiq et al. [154] utilized CaO as base catalyst but with
the addition of secondary dopant lanthanum, potassium, cobalt
and iron (La, K, Co, Fe). The result showed that the addition of
secondary dopants significantly increased hydrogen production
with notable changes in the CO, absorption capacity of the cata-
lyst. Among all of the dopants, potassium, K showed the highest
selectivity towards hydrogen production up to 0.03 mol compared
to Fe, La and Co with 0.025 mol and below.

7. Conclusion

Syngas, consists mainly of CO and H,, is obtained from gasifi-
cation process through feedstock such as biomass, coal, refinery
residual, organic waste and municipal waste. Biomass is a good
source for syngas production as it is renewable, sustainable and an
environmental-friendly energy source. Syngas derived from bio-
mass has the potential to be used as alternative fuel for power
generation, transportation fuels and chemical production. At pre-
sent, the commonly used gasifiers include moving/fixed bed,
fluidized bed, and entrained flow system. Carbon conversion rate
exceeding 90% can be achieved by most gasifiers, with slight var-
iation depending on the type of gasifiers and operating conditions.
Entrained flow gasifier produces the highest quality of syngas that
is clean and has low tar content compared to other gasifier types
but at the expense of high operating cost. Fixed bed is a proven
technology that is more cost effective but the syngas produced
needs a separate cleaning process due to high content of tar.
Fluidized bed is most commonly used in industry to produce
syngas since it operates at medium cost and produces medium tar
content. The limitation for fluidized bed is the strict requirement
of complying the feedstock particle size and erosion in the sys-
tems. Transport reactor can be used to produce syngas efficiently
without problems involving thermal system, syngas quality and
fuel feedstock requirement.

The abundant oil palm biomass in Malaysia can potentially
allow it to be the main fuel feedstock resources for syngas pro-
duction. There are four main type of oil palm biomass which can
be utilized as a potential feedstock for syngas; oil palm frond
(OPF), empty fruit bunches (EFB), palm kernel shell (PKS) and
mesocarp fiber (MF). These palm-based biomass have distinct
characteristics. OPF contains the highest volatile matter content.
PKS and EFB have the highest value of fixed carbon content among
all palm biomass, thus exhibiting higher syngas LHV value. PKS has
high ash content that could result in inferior syngas production.
EFB has the highest moisture content and hence would require
additional steps of drying. PKS showed high potential as feedstock
to produce syngas with high LHV value and hydrogen content.
Thorough understanding of the characteristics of biomass can
assist in designing the suitable gasifier for optimum production of
syngas.
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