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Abstract. Multi-stage gasification process adding multiple air injection (at pyrolysis and oxidation) to reduce tar content
and improve the efficiency. all components of the fuel can decompose perfectly into pyrolysis products and the total
pyrolysis product also increases. The mean temperatures in the pyrolysis zone are respectively between 569°C and 633°C
for the 0% and 90% Air Ratios. Temperature increases in the pyrolysis zone change the nature of the endothermal into
exothermal and providing the heat energy for the drying, oxidation and reduction zones. While the temperature of the
partial oxidation zone reaches 858°C. For a total air flow of 10.5 Nm3h with a 90% air ratio, the gasifier can produce a
low tar content of 32.27 mg/Nm? when compared to 0% air ratio of 106.5 mg/Nm?. This result shown that multi-stage
gasifier can reduce tar content by 30%.

INTRODUCTION

Biomass gasification for power generation faces many difficulties when entering commercialization scale [1] due
to various problems, especially from the beginning of the fuel handling [2], biomass conversion technique to gas [3,
4] methods of gas cleaning (dry gas), gas cooling and methods of utilization of gas into electrical energy [5, 6].
Gasification applications in internal combustion engines require syngas with tar amounts about 10-50 mg / Nm? [7].
Meanwhile, tar produced in the conventional downdraft gasifiers about 2 g/Nm? and conventional updraft gasifier is
about 58 g/Nm®. If the applied system of cleaning supplies gas with high efficiency, then the content of tar will be
reduced to approximately 20-40 mg/Nm? and the content of tar will be less than the specified level, but required
higher costs and requires the installation of a wide system [8]. The gas cleaning system also produces liquid waste
including carcinogenic elements and requires extensive treatment before disposal. Furthermore, if the gas is used on
diesel engine that will cause operational problems due to a blockage in the air intake and abnormal wear on the
engine components [21]. Due to the many technical problems, especially on the gas cleaning unit and the ash
problem many large-scale gasification for the power plant has been cancelled [9]. Therefore, as much as possible tar
should be removed from syngas.

The methods used to eliminate tar levels can be divided into two ways: primary and secondary methods [10]. In
the primary method, the cleaning process takes place inside the gasifier, and on the secondary method the gas is
handled after exiting the gasifier by adding handling equipment. The primary method of the procedure is to prevent
or convert tar formed in a gasifier, meaning appropriate operating conditions, using a catalyst layer or modifying the
reactor's physical configuration. The secondary method is a method in which tar is handled after a physical gasifier



or chemical process. Therefore, the primary method for tar cleaning is combined with thermal cracking, a multi-
stage gasification system developed, which is based on injection of the gasification agent and the addition of the site
from the combustion zone as for example the pyrolysis zone leads to Partial oxidation in this region resulting in high
gas concentrations and very small tar content [11].

The primary method by modifying the gasifier structure of a single air input into multi-stage air input has been
done by some of the earlier studies of Sudarmanta [22,23] which examined the effect of two air input positions and
varied the type of gasification agent used. The results of Bui's research [24] reported that the maximum temperature
was reached in the second zone (pyrolysis). Furthermore, tar content in syngas 40 times lower when compared with
single-stage conditions (from 3600 mg/Nm?3 to 92 mg/Nm3). The increase in cold gas efficiency also occurred from
86-90% to 92-97% [26]. In addition to modifying the structure of the gasifier, Bentzen [26] added a layer of
charcoal to the oxidation zone to reduce the tar content to 15 mg/Nm?. Premixed between gasifying agent and
syngas was also performed on two-stage gasifiers to improve gas quality and reduce tar content to obtain an increase
of H, content in syngas by 20% and temperature rise in pyrolysis zone between 725-954°C. Multi-stage gasifier
modified by Antonopolous [25] adding physical grate to separate pyrolysis and oxidation zones, the modifications
produce gasifiers that can be used for different types of fuel. The maximum operating conditions of multi-stage
gasifiers depend on the equivalent ratio and percentage of air injection into the gasifier. The results of nhuchhen [27]
reported that the optimum combination was achieved at a ratio of 100 and 80 I/min for pyrolysis and oxidation
zones. However, until now there has been leak of research discussing about the effect of air injection ratio on the
performance of gasifier.

Increased performance of multi-stage gasifiers because all the energy from fuel is utilized to the maximum (all
components of the fuel decompose perfectly). Char and tar products decreased while permanent gas and water vapor
increased. The perfect decomposition occurs due to temperature rise in all gasification zones: drying 200°C,
pyrolysis 400-725°C, partial oxidation 750-1195°C and reduction of 650-950°C. The change of heat reaction
properties in the pyrolysis zone requires heat of 0.28 MJ/kg to release the heat energy of 7.23 MJ/kg. The input of
air in the reduction zone changes the nature of the charcoal layer into an activated carbon and is capable of capturing
tar components. Equivalent ratio as control variables remain within the optimum range of 0.2-0.4 so that the heating
value and cold gas efficiency are not decreased and even reach 7.88 MJ/Nm? and 89.7% [12, 13, 14]

This paper reports the results of experiments that have been carried out using a multi-stage downdraft gasifier to
determine the effect of operating conditions (air ratio, equivalent ratio) to the gas composition, heating value,
gasifier efficiency, and tar produced is also calculated. The aim of this study was to obtain optimum operating
conditions that can have a significant influence to the performance of the gasifier.

MATERIAL AND METHOD

1. Biomass Characterization

Biomass used in this study is Pellet of Municipal Solid Waste Pellet with diameter of 7 mm and an average
length of 10-15 mm. The advantage of using pellet when compared with briquettes and pieces are more uniform
shape, its density is higher, and its LHV is greater. Moreover, it can eliminate the gaps between the layers of the
fuel, thus simplifying the movement of fuel and gas flow through the layer. Analysis of ash content, volatile and
fixed carbon content using elemental analysis (Carbon, Hydrogen, Nitrogen, Sulfur, Oxygen) and determination of
the Lower Heating Value of biomass conducted at the Laboratory Institut Teknologi Sepuluh November LPPM.
Result of fuel characterization shown at table 1.

2. Gasification System

Multi-stage gasifier has a length of 1.26 meters with an effective internal diameter of 0.5 meters. The inner
insulation layer of the gasifier uses a refractory cement to minimize heat transfer. Grate is made using stainless steel
plate with a thickness of 10 mm. Important parts of this system are gasifier, fuel system, ash disposal, cooling
system (water scrubber) and cleaning (cyclone, dry filter), blower, and induced draft fan. Initially this gasifier
operated with a batch system, but in this study, was modified into a continuous system by adding a hopper and
screw feeding. To maintain contact between fuel, air and gas are used continuously stirrers. Fuel consumption is
measured on a scale of decline in fuel level sticks. The gasifier is divided into 3 parts, 600 mm for the hopper, 600
mm for the drying zone and pyrolysis, 300 mm for partial oxidation and 200 mm for the reduction zone and syngas
space. The air input is at two points, first in the pyrolysis zone and second in the partial oxidation zone with four
variation of Air Ratio (AR) (0, 70, 80, 90) and three condition of Equivalent Ratio (ER) (0.3, 0.4, 0.5). Air out



through the nozzle as much as 4 pieces for each level with a slope of 75°. The air supply is obtained from the blower
and heated first using an induction heater to a temperature of 200°C. The ash disposal mechanism uses a sweeper
that rotates over the grate and ash is accommodated using an ash box. To draw air from gasifier to flare point in use
Induced Draft Fan.

As fuel enters the gasifier through the screw feeder, the first zone through which drying is fueled still has
moisture content undergoes a drying process and produces dry biomass and water vapor. Furthermore, drying
products will experience a thermal decomposition process that occurs in the environment without oxygen and
produce char products, volatile gas, and water vapor until the temperature reaches 500°C. The product of the process
then enters an oxidative pyrolysis zone where a small amount of air enters causing partial combustion of the
charcoal and generates a certain amount of heat. The heat produced will cause the temperature rise to reach 700°C
and decompose the tar formed in the pyrolysis zone of the primary tar into secondary tar. The amount of pyrolysis
product increases because charcoal burning produces a certain amount of gas and inherent moisture biomass
completely. Upon entering the oxidation zone there is a partial charcoal combustion process from the previous
process, the heat generated from this zone is released to all the layers which require heat input (drying, pyrolysis,
and reduction). Because the oxidative pyrolysis process also releases heat, the amount of heat released by the
oxidation zone decreases so that the resulting reaction temperature increases. This increase in temperature is very
good for thermal cracking process of tar content. The detail of schematic of gasification system are shown in Fig. 1
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FIGURE 1. Schematic of Gasification System
1. Hopper; 2. Electric motor driving the screw feeder; 3. Speed reducers; 4. Fuel level Stick; 5. Arm stirrer;
6. Screw Feeder; 7. Refractory cement wall insulation; 8. Arm stirrer; 9. Sampling Port of pyrolysis zone;
10. Air Heater; 11. Sampling Port partial oxidation zone; 12. Blower; 13. Sampling Port reduction zone;
14. Grate sweep mechanism; 15. ash box; 16. Cyclone; 17. Water Scrubber; 18. Dry Filter
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TABLE 1. Result of Fuel Characterization

Parameter Value
Proximate Analysis (wt. %)

Ash 14.71
Volatile Matter 65.78
Fixed Carbon 9.69
Ultimate Analysis (wt. %)

Carbon 39.83
Hydrogen 6.7
Nitrogen 0.35
Sulfur 0.14

Oxygen 38.11




RESULT AND DISCUSSION

1. Temperature Profile

Based on Table 2 it can be observed that the use of multi-stage air inlet in the gasifier can increase the
temperature in the pyrolysis zone to near partial oxidation temperatures. The mean temperatures in the pyrolysis
zone are respectively between 569°C and 633°C for the 0% and 90% Air Ratios. While the temperature of the partial
oxidation zone reaches 858°C. This temperature rise shows the behavior of decreasing the amount of tar formed
during the pyrolysis process and allows for the occurrence of thermal cracking processes in the partial oxidation
process.
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FIGURE 2. Temperature Distribution Along Gasifier (Total air 6.3 Nm3/Kg)

As shown in Fig. 2, the pyrolysis zone and partial oxidation indicate an increase in mean temperature when the
gasifier is operated under multi-stage conditions when compared to the temperature at a single stage (AR 0%)
condition. This temperature rise is due to the increase temperatures in the pyrolysis zone. When the gasifier is
operated in a single stage, heat energy for the process is only produced from an exothermic partial combustion
reaction. So, the heat energy for the drying zone, pyrolysis and reduction depends on the heat of the partial oxidation
zone. When it operated in multi-stage conditions, in the pyrolysis zone changes the nature of the endothermal
become exothermal. This means the zone no longer needs heat but releases heat. So, the amount of heat energy
released by the partial oxidation zone becomes reduced and drives the temperature rise in the zone.

TABLE 2. Average Gasification Zone Temperature Distribution

Total Air Injection 6,3 Nm®/jam 8,4 Nm®/jam 10,5 Nm?/jam

AR (%) 0 70 80 90 0 70 80 90 0 70 80 90
Drying 100 108 137 1585 110 122 157 177 143 169 195 219
Pyrolysis 390 397 434 452 416 430 466 509 432 439 495 513
Oxidation 805 818 878 887 820 823 892 893 833 839 904 913
Reduction 505 521 556 583 515 525 590 608 532 538 590 596

In Figure 2 it can be observed that the air at the pyrolysis zone causing the temperature increase in the drying
zone up to 143°C that happened an initial early phase pyrolysis [15] and the pyrolysis temperature increase up to
500°C. This temperature increase because oxygen into the pyrolysis zone and pyrolysis process occurs in an
oxidative environment or also called oxidative pyrolysis. The entry of oxygen changes the pyrolysis properties of the
endothermal into exothermic because at a temperature of 500°C the heat energy required for the pyrolysis process
reaches the zero point (energy neutral point) and the pyrolysis process no longer needs heat but releases heat [16,
17].
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FIGURE 3. Effect of ER value to the Gasifier Temperature at Different Zone (Air Ratio 80%)

When compared with an inert air (Air Ratio 0%) pyrolysis reaction occurs in two stages, namely drying and
volatile removal whereas oxidative conditions occuring in three stages, namely drying, volatile removal and char
oxidation. In this condition, the amount of ash particles resulting lower when compared with inert condition [18].
Increasing temperatures in the drying zone affected the time to startup and evaporate the water content in the fuel
becomes shorter. In Figure 3 it can be seen that the temperature increase occurs proportionally in each gasification
zone (drying, pyrolysis, oxidation, reduction) along with the increase in AR and this condition can improve the
process of tar cracking [11] especially at AR 90% with oxidation temperature of 913°C.

2. Gas Composition and Low Heating Value (LHV)

The gas compositions (CO, H,, CH4, CO,) were evaluated for each variation of air ratio (0%, 70%, 80%, 90%).
Figure 4 and 5 shown the concentration of the gas composition and its LHV. Based on figure 5, for ER 0.3 - 0.5 with
total air between 6.3 Nm3h up to 10.5 Nm%h indicates an increase gas composition and LHV at ER 0.4 and
decrease on ER 0.5. The H2 content rises from 11.57% (ER 0.3) to 14.24% (ER 0.4) because of the occurrence of tar
cracking [11] and signifies the reaction of water-gas shift occurs at high temperatures [14] then the H, content
decreases when ER 0.5 due to an increase in the hydrogen oxidation reaction.
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FIGURE 4. Effect of ER value to the Gasifier Temperature at Different Zone (Air Ratio 80%)

Figure 5 shown the syngas composition based on the AR variation. When the percentage of AR increases the
percentage of gas content and LHV also increased to 4.221 Kj/Kg. The most dominant increase in syngas
composition occurs at the pyrolysis stage where the amount of volatile gas (CO, CHa4, CO,) of oxidative pyrolysis
increases from 0.3 g/g of biomass to 0.7 g/g of biomass. H content also increase at oxidative conditions from 0.08%
g/g biomass to 0.15 g/g biomass because of the amount of inherent moisture in the fuel entirely converted into water
vapor [19].

In addition, the CH. composition decreased with increasing ER because at high temperatures the
hydrogasification reaction occurred more slowly [20]. When the ER rises to 0.5 the CO, content increase followed
by the temperature increase in the oxidation zone, this condition is favorable for the combustion process but CO, H»
LHV composition decreases. The decrease in CO and increase of CO; is due to the increase in the amount of



combustion air approaching the stoichiometric state, while the expected gasification is the combustion reaction
under stoichiometric conditions.
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FIGURE 5. Effect of Air Ratio to the Syngas composition and LHV

3. Tar Content

Figure 7 shown the highest tar content obtained at ER 0.3 (total air 6.3 Nm®%h). This condition associated with
low temperature in the pyrolysis zone below 500°C. As for ER 0.4 and 0.5 pyrolysis temperature above 500°C till
the pyrolysis process completed above this temperature and the primary tar will begin rearrange and formed a non-
condensable gas and lighter molecular called secondary tar. So, when passing through the oxidation zone and
undergo thermal cracking it will be formed lighter namely tertiary tar [15].
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FIGURE 7. Effect of ER and AR to the tar content

Based on the figure 7 tar content decreased with the increase of AR to the greater. Air supplied into the gasifier
reaction effected temperature increases and this condition is good for thermal cracking of tar and improve the
composition of the combustible gas. This temperature increase due to the inclusion of air in the pyrolysis zone and
that zone provide heat to the zone of oxidation and drying. The lowest tar content in gas is achieved when the
gasifier is operated with ER 0.3 (total water 10.5 Nm3/ h) and air ratio (AR) 90%.

CONCLUSION

Multi stage gasifier giving benefit for Utilization of the maximum energy of fuel because all components of the
fuel can decompose perfectly into pyrolysis products namely char, permanent gas (CO,, CH4, CO, H,), water vapor
and tar. Oxidation temperature also increases and it is very good for thermal cracking process pyrolysis products.
Multi stage gasifiers can reduce the tar content in syngas due to temperatures increases in the pyrolysis zone and the
oxidation zone. Temperature increases in the pyrolysis zone change the nature of the endothermal into exothermal
and providing the heat energy for the drying, oxidation and reduction zones. Equivalent ratio is the most dominant



variable affected to gasification operation. For multi-stage gasifiers, the determination of air ratio is based on the
total air of the equivalent ratio. While the air ratio provides significant changes to the nature of the pyrolysis zone.
For a total air flow of 10.5 Nm3/h with a 90% air ratio, the gasifier can produce a low tar content of 32.27 mg/Nm?>
when compared to 0% air ratio of 106.5 mg/Nm?. This result shown that multi-stage gasifier can reduce tar content
by 30%. The results presented in this study can be used as a reference to optimize the operation of multi-stage
downdraft gasifier to produce greater efficiency.
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