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ABSTRACT

Currently the world’s second largest palm oil proeluMalaysia produces a large amount of oil
palm biomass each year. Although some oil palmspant derivatives like empty fruit bunch
and fibre have been commercialized as fuel, lesntan has been given to oil palm fronds
(OPF). Initial feasibility and characterizatiomdies of OPF showed that it is highly feasible as
fuel for gasification to produce high value gasefued or syngas. This paper discusses the
experimental gasification attempt carried out onFQIBINg a 50 kW lab scale downdraft
gasifier and its results. The conducted study fedum the temperature distributions within the
reactor and the characteristics of the dynamic &ratpre profile for each temperature zones
during operation. An average pyrolysis zone tentpegaof 324C and an average oxidation
zone temperature of 796 were obtained over a total gasification period74f minutes. A
maximum oxidation zone temperature of 952vas obtained at 486 Ipm inlet air flow rate and
10 kg/hr feedstock consumption rate. Stable blfiesle was produced for more than 70% of the
total gasification time. Similar temperature prefivas obtained comparing the results from
OPF gasification with that of woody biomass. Fumhere, the successful ignition of the
syngas produced from OPF gasification ascertaihad@PF indeed has a higher potential as
gasification feedstock. Hence, more detailed studeed to be done for better understanding in
exploiting the biomass as a high prospect alteraanergy solution. In addition, a study of the
effect of initial moisture content of OPF feedstarkthe temperature distribution profile along
the gasifier bed showed that initial moisture cahtaf feedstock in the range of 15% gives a
satisfactory result, while experiments with feedktbaving higher moisture content resulted in
lower zone temperature values.
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1. INTRODUCTION

Currently exploiting the energy potential of renéleafuels is becoming a focus of interest due
to increase in the price of fossil fuels and thghlkr environmental concern caused by their use.
One form of renewable energy that is available dbuatly is biomass waste. Considering the
biomass energy potential of Malaysia, oil-palm wasas the second largest energy potential,
next to forest residues, as shown in Table 1 (dasfal., 2003). The main types of biomass
wastes obtained from oil palm mills and plantationslude Empty Fruit Bunches (EFB),
Kernel Shells, Palm Oil Mill Effluent (POME), Truskand Oil Palm Fronds (OPF). The
amount of each type of biomass waste produced dypninam the oil-palm industry as of 2009

in Malaysia is given in Table 2 (Mohammed, et 2010).
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A number of studies had been carried out in liteeto study the gasification performance of
many biomass types. Studies conducted in earlreedi are found to mainly focus on
gasification of coal and woody biomass (Baker,|et1®84; Borisov, et al., 1998; Fredriksson,
1999; Guo, et al., 1997; Guoet al., 2008; Li ef 2001). In recent years more gasification
studies were conducted on agricultural residue bgmmwastes; such as rice husks (Ani, et al.,
2008; Bhat, et al., 2001; Yusof, et al., 2008),dhaat shells (Dogru, et al., 2002a; Midilli &
Dogru, 2001), peanut shells (Hanping, et al., 2008) shoots (Ganan, et al., 2006), coconut
shells (Bhattacharya & Hla, 2001). More recenthg search for sustainable biomass resources
expanded to industrial and household disposalstifes (Mitta, et al., 2006) and municipal
solid wastes (Dogru, et al., 2002b; Dong, et Q2.

Studies that are previously done on oil palm wastese limited to bio-diesel extraction
(Abdullah & Bridgwater, 2006; Abdullah & Gerhaus@008; Amin, et al., 2010; Kalam &
Masjuki, 2002; Yang, et al., 2006; Yang, et al.020) mostly from EFB biomass. No study had
been carried out on gasification of OPF for progurcbf syngas previously. This current study
focuses on gasification of OPF as they are easiprapare as feedstock and regularly available
throughout the year, with frequent pruning donéhmoil palm plantations. The composition of
the produced syngas, its cleanliness and most taoity its calorific value are highly
dependent on the temperature profile of each zbgasfication (Bridgwater, 1995; Higman &
Van der Burgt, 2008; Reed & Das, 1988). Therefordhis study a set of gasification runs of
OPF biomass with different initial moisture contevere carried out to study the temperature
profile of each zone of gasification.

Table 1 Renewable energy resource potential in ydaaJaafar et al., 2003)
Energy Value or Enrgy Price
[RM million per annum]

Type of Renewable Energy

Forest residues 11,984
Oil palm biomass 6,379
Solar thermal 3,023
Mill residues 836
Hydro 506
Solar PV 378
Municipal waste 190
Rise husk 77
Landfill gas 4

Table 2 Amount of oil-palm biomass produced in Mala as of 2009 in million
ton per year (MnT/year) (Mohammed et al., 2010)

Type oil- palm biomass Amount produced [MnT/Year]
EFB 17.08
Fibres 9.66
Trunk 8.2
Shells 5.2
OPF 12.9

Qualitative and quantitative studies carried oulétermine the potential and feasibility of OPF
ascertained that OPF has a higher potential assificgéion feedstock (Atnaw et al., 2011;
Mohammed et al., 2010; Sulaiman et al., 2010; Yangl., 2006; Yang et al., 2004). These
studies experimentally determine, the chemical phgsical properties of OPF biomass in
terms of proximate analysis, ultimate analysis, nulcal composition of cellulose,
hemicellulose and lignin. The detail study of plegsiand chemical characteristics, as well as a



Sulaiman et al. 37

study of ignitability of OPF feedstock is given the work of Sulaiman et al. (2010).
Comparison of proximate and ultimate analysis oF@®h other biomass types revealed that
the physical and chemical composition of OPF ise&ly similar to other biomass types used for
gasification. Table 3 shows the comparison of pr@ate and ultimate analysis results for OPF,
other oil-palm waste biomasses, and commonly useddw biomass types. The proximate
analysis results showed that OPF has higher fieedon composition compared to other oil-
palm waste biomass as well as woody biomass tysefixed carbon is the solid combustible
residue that remains after the volatile matter ioifass is released, OPF will have higher
amount of char during gasification.

Table 3 Comparison of proximate and ultimate analgsOPF with other biomass materials

Proximate Analysis (wt %) Ultimate Analysis (wt @y basis)
Waste Ref.
M., Vi A FC,. C H N S 6]
OPF (Balamoh
2. 2008) - 53 6 41 426 55 22 011 455
OPF (Wahid &
Weng, - 851 34 115 424 58 36 - 482
2008)
Shell (Vang et
ol o005 573 7374 221 1837 538 720 000 051 3630
Fiber v )
(Yanget oo 7599 533 1239 503 7.07 042 063 36.28
al., 20086)
EFB y t
(vanget — g.c 297 302 865 488 7.33 000 068 40.18
al., 2006)

Eucaly (Garfian et

ptus al., 2006) 6.76 73.64 053 19.09 464 573 025 0.00 47.25

Pine  (Gafianet ;g9 7996 020 1179 466 6.04 007 004 4691
al., 2006)

Holm (Gafian et

oak &l 2006 592 7886 094 1128 447 59 024 017 4851

M: moisture contenty: volatile mattersA: ash; FC: fixed carbon; ad: on air dried basigrddry basis.
®The oxygen (O) content was determined by difference

Table 4 Chemical composition of biomass materials

Component OPF EFB Shell Fiber Hard Wood

(Mohammed (Mohammed (Mohammed (Mohammed (Saidur etal.,

Ref. etal., 2010) etal.,, 2010) etal., 2010) etal.,2010) 2011)
Cellulose 49.8 38.3 20.8 34.5 45.8
Hemicellulose - 35.3 22.7 31.8 31.3
Lignin 20.5 22.1 50.7 25.7 21.7
Ash 2.4 1.6 1.0 3.5 2.7

N.B: OPF, EFB, Shell, Fiber and Trunk are formalm waste biomass

Eventually the solid char which is mainly composédarbon will be gasified in the reduction
zone of the gasifier. The ultimate analysis alsceaded that OPF has comparable elemental
composition (CHNS), with woody biomasses. Moreowatprific value of OPF is found to be
slightly higher than that of eucalyptus, pine aradnh oak (Gafan, et al., 2006). In general
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cellulose, hemicelluloses, lignin and ash are tromcomponents of biomass materials.
Usually biomass material contains 40-60% celluld3@,40% hemicelluloses and 10-25%
lignin on dry basis (Yang et al., 2006). A summafychemical composition in weight percent
of the different oil-palm biomass types and typmwalbdy biomasses is given in Table 4.

A study carried out on effect of woody biomass comgnts on air- water gasification showed
that the conversion in cellulose, hemicellulose &égdin are 97.9%, 92.2%, and 52.8% on
carbon basis respectively (Hanaoka, et al., 200&thermore, the product gas composition in
cellulose is reported to have higher carbon morexmmposition (35.5 mole %), compared to
that of hemicellulose and lignin. Considering thghler carbon conversion efficiency and
resulting higher carbon monoxide production in @g)gcellulose is found to be the most
favorable chemical component in biomass gasificatwhile lignin components show inferior

quality in terms of thermochemical conversion. Hiere, OPF has higher potential of
gasification, as it has the highest cellulose cositpm of 49.8% compared to other palm-oil

wastes as well as woody biomass. In addition ligmd ash composition of OPF, 20.5% and
2.4% respectively, is found to be lower comparedthte other biomass types. The high
composition in cellulose as well as lower lignindaash fraction of OPF, is a much desired
property for gasification application, as highemgmsition of cellulose ensures higher carbon
conversion efficiency.

2. EXPERIMENTAL SETUPAND PROCEDURE

2.1. Experimental Setup

The experimental setup consists of an air blowertctb feed gasifier unit, a cyclone, a
condenser unit, an oil bath filter, and a numbefflafe points as shown in Figure 1. The
experiment was conducted using a downdraft gasiidr atmospheric air used as gasification
media. The gasifier unit was designed to deliveestimated thermal power output of 50 kW.
The size of the internal cylindrical reactor wa®@®m in height and 400 mm in diameter. The
grate was located at the bottom of the reactorr dfie necking/constriction in a typical
downdraft arrangement. The grate provided supporthfe fuel bed, while allowing ash to fall
down to the ash box through its perforations. Taeking of the gasifier had upper and lower
diameters of 400 mm and 250 mm, respectively, 2@ mm in height of necking to result in a
slope angle of 700, to avoid interrupted flow dodtidging. The outer wall of the gasifier wall
is of rectangular shape of 450 mm by 450 mm. Tleespetween the outer wall and the inner
cylinder (effective insulation thickness of 25 mmps filled with refractory cement for
insulation.
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Figure 1 Schematic drawing of experimental setlipa{r blower, (2) air distribution line,
(3) downdraft gasifier, (4) gas flare points, (&vrgas sampling point, (6) cyclone for gas
cleaning, (7) cooling heat exchanger, (8) oil dter, (9) clean gas sampling point

2.2. Experimental Procedure
The experimental procedure consists of collectimg) @cording temperature readings along the
gasifier bed using six type-N thermocouples. Twaen@adings were recorded using Type-K
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thermocouples at the outlet pipe and after theeroahd filter unit. All these temperature
readings were collected using USB based temperdatee logger every minute and stored in
computer. The accuracy of both the Type-K and Typttermocouples used was 5 In
addition the amount of OPF feed in to the gasifias measured using a weigh scale, while the
air inlet flowrate in the reactor is measured usan§tatic Pitot Tube arrangement. Calibration
work carried out for determining the accuracy af fitot tube showed the pitot tube slightly
underestimate the measured flowrate with an avesage margin of 6.82%. In the future an
online gas analyzer unit will also be used to aralyhe syngas at the outlet pipe and record the
composition reading every few minutes working carnee to a computer set.

3. RESULTSAND DISCUSSION

A number of gasification run of OPF feedstock ofysag moisture content values were carried
out. The optimum operation of the gasification gsxis qualitatively controlled by flaring the
syngas at the three flare points provided. Fla@btained for more than 50 minutes of the total
74 minute operation for measured average inlefi@air rate of 486 liters per minute (Ipm). A
stable flare of bluish color is observed after ¢heaning units (cyclone, and oil bath filter) and
cooling unit (heat exchanger).

3.1. Dynamic Temperature Profile

After initial combustion is started and the fuebldeept burning inside the gasifier, by starting
the air supply blower, the oxidation zone tempagats increased from 500 to above 8HT,

in a period of 10 minutes. A total of 74 minutesapferation has been carried out. For the
following 30 minutes of operation after startuptabse oxidation zone temperature of average
value 879C was attained. During this time a maximum oxidatmmne temperature of 9%2
was recorded at the 20th minute of operation. bitemh average reduction zone temperature of
617°C was recorded.
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Figure 2 Dynamic temperature profile of the varigasification zones

As shown in Figure 2 the oxidation zone temperawas found to be lower (in the range of
500°C) at start up and it increased to a value abov@@0n about 15 minutes as the
combustion process advance. After the first 15 meswuof operation a relatively stable
temperature profile is obtained as the reactionsamee. In addition it is observed that the
oxidation zone temperature keeps on decreasingfout 15 minutes in the middle of the
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operation. This could be because of the endothenatigre of the overall gasification process.
The reduction zone temperature also showed a sipatern while the pyrolysis and drying
zone temperatures remain relatively stable. Thaageetemperature values of the drying,
pyrolysis, reduction and oxidation zone recordeérae total operation time were £25
324C, 543C, and 796C respectively, which are found to be in agreenvétit the range of
zone temperature values reported in literature iBuoret al., 1998; Zainal et al., 2002). The
peak temperature values observed in the dynamipesature profile, could possibly be caused
by the sensitivity of the measuring thermocouples, well as the direct exposure of the
thermocouple surface to the glowing char at highperature, as the fuel goes down to the
grate.

The dynamic temperature profile with operating tifmethe gasification of OPF is found to be
in close agreement, with the work of Borisov et(2B98) shown in Figure 3. In the work of
Borisov et al. (1998) the dynamic temperature jpea8 obtained for downdraft gasification of
furniture wood. The results are not directly conade as the size and dimension of the
gasifiers as well as the type of biomass used wW#ferent. However, fairly close results are
obtained for the range of values of temperatures&eh zone of gasification. For both cases
the oxidation zone temperature is found to varyveen 806C and 1008C for most of the run
(as shown in Figures 2 and 3), which is favoralde dasification. The pyrolysis zone
temperature for gasification of OPF is found toshghtly lower compared to that reported in
the literature. Therefore, in future experimentspar regulation of the inlet air flow rate and
avoiding the problem of bridging need to be doneolbain improved reactor temperature
profile, and to avoid the unsteady variation of thamamic temperature with operation time.
The effect of bridging is also observed to conti#bto the decrease of the oxidation zone
temperature in the middle of the operation, whigmitigated by shaking the fuel bed during
the experiment. In addition, the average oxidaaod pyrolysis zone temperature values of
796°C and 324C respectively are comparable to results repontelitérature (Borisov et al.,
1998; Zainal et al., 2002).
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3.2. Temperature profile along gasifier bed

Shown in Figure 4 is a typical averatemperature profile along the gasifier bed for lacted
period of 10 minutes of operation. In this figutike peak temperature value at bed heigt
300 mm from the bottom is the oxidation zone terapge and the reduction; pyrolysis ¢
drying zone émperature are measured at 200 mm, 500 mm and 80Reawght above the gra
respectively. The top part of the gasifier bed a&ted height of 600 mm from the gr:
showed temperature values lower than®°C, indicating that the feedstock in this regio
undergoing drying. The fuel near bed height of 5@® began to thermally decompose
pyrolyzed as the temperature rises to°C. The temperature profile of the gasificationgerse
showed satisfactory results compared to litera{Baisov et al., 198; Dogru et al., 2002i
Hanping et al., 2008; Zainal et al., 2002). In &ddi Figure 5 shows the variation of t
temperature profile along the gasifier bed at défife operation time. The variation of t
temperature profile at different operation es is suggested to be partly created by
endothermicity of the gasification reaction andtlyadue to occurrence of bridgir
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3.3. Effect of moisture content of OPF on temperature profile

The effect of initial moisture content of feedstamk the temperature profile has been stu
by using OPF feedstock with initial moisture cotteh15%, 20% and 30% in the experime
Shown in Figure 6 is the variation of temperatui@ife along thegasifier bed for the differet
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initial moisture content values of feedstock. Thasults showed that the temperature profile for
moisture content of feedstock of 20% and 30% iselowhan the acceptable range for
gasification operation as the peak oxidation zamperature was found to be below T00
Also the reduction, pyrolysis and drying zone terapges were found to be much lower
compared to that of 15% MC, as shown in Figure 6rddver, no flare was obtained during the
gasification of 30% and 20% initial moisture cortéred at the flaring points of syngas outlet
pipe. The gasification of 15% MC of OPF howeverdueed a stable flare for more than 50
minutes out of 74 minutes total operation time.sT$ihows that the MC of the feed need to be
kept in the range of 15% (or below) for better fiasbperation.
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Figure 6 Variation of reactor temperature alonggasifier bed for different initial moisture
content of OPF

4. OPERATION PROBLEMS

The primary operational problem encountered in ipreyv gasification experiments was
bridging. In the current experiment the size offéed is reduced to average size of 1”7 (25 mm)
to reduce the occurrence of bridging, yet somedmmgl was rarely observed. The bridging is
typically caused by the non-uniform flow of the lfused down towards the gasifier bed.
Shaking of the fuel bed is carried out whenevehdwuidging is observed by opening the top
cover of the gasifier. Sometimes decreasing thet iair flow rate is required to avoid fire
hazard while opening the gasifier top cover, whaffiected the temperature profile for the few
minutes of operation when shaking of the grateoised In future designs it is recommended to
incorporate a shakeable grate to easily facilthéesmooth and uniform flow of the fuel bed.
The incorporation of a shakeable grate also helgsmasing the flow of ash to the ash box at the
bottom.

5. CONCLUSION

Initial physical and chemical property test anddgtof chemical composition of OPF feedstock
in terms of cellulose, hemicelluloses, and lignimowed that OPF has a high potential as a
gasification energy resource. From the experimemastigation of temperature profile of
downdraft gasification of OPF, it is shown that parature profile was in close agreement with
the ones recorded in the literature. A stable ftdrelue colour has been obtained for more than
60% of the total operation time. The presencelatia flare indicated that a high quality syngas
containing hydrogen and methane composition wadymed from the gasification process. In
addition a study of the effect of initial moisturentent of OPF feedstock on the temperature
distribution profile along the gasifier bed showt initial moisture content of feedstock
higher than 15% resulted in a much lower tempeeapnofile than the acceptable level.
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Moreover, the fact that there was no flare obtaidedng the gasification of 20% and 30%
moisture content OPF demonstrated that the MC efféled needs to be kept below or in the
range of 15%. In the future, detailed experimemtakstigation of downdraft gasification of

OPF need to be carried out to study the effectsaabus operating conditions: AFR, moisture
content, oxidation and reduction zone temperatune &edstock particle size on the
composition, cleanliness and calorific value ofgasmproduced.
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