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Abstract: Biomass is becoming one of the most popular renewable energy sources, especially from agricultural wastes. These wastes can be gasified and utilized in various industries. This experimental study investigated producer gas generation from densified agricultural fuels such as corncobs, rice husks, wood chips, and oil palm fronds in a 50 kWth throatless downdraft gasifier. This system produced combustible gases such as H2, CO, and CH4, which were utilized as a substitute for diesel fuel in a small diesel engine for power generation. The results showed that the gasifier performs successfully and seems to prefer pellets to briquettes. Producer gas contains 18%–20% carbon monoxide, 1%–6% hydrogen, and 0.9%–1.9% methane. Maximum gasification efficiencies of 53%–71% were achieved with biomass pellets from wood chips, corncobs, oil palm fronds, and rice husks, with producer gas calorific value of 2.94–3.85 MJ/Nm3. The average fuel consumption rate was between 6.72–14.43 kg/h, while the producer gas yield was between 2–3 Nm3/kg. The average gravimetric concentration of biomass tar in the raw product gas was found to be in the range of 23–50 g/Nm3, in which pelletized fuel appeared to show slightly lower tar than briquette fuel. The tar was primarily composed of five compounds: Benzo (a) pyrene, chrysene, pyrene, phenanthrene, 1-methylnaphthalene, and several other polycyclic aromatic compounds. The producer gas from oil palm frond briquettes and biodiesel were tested in a gas engine system in a dual fuel mode. A thermal efficiency of 22.21% was achieved with 2500 W electric load and a 72% biodiesel displacement rate, respectively.
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Nomenclature


	BSFC	Brake specific fuel consumption (kg/kWh)

	BSEC	Brake specific energy consumption (MJ/kWh)

	BTE	Brake thermal efficiency (%)

	Ct	Tar concentration of producer gas (g/Nm3)

	GC-FID	Gas chromatography-flame ionization detector

	GC-TCD	Gas chromatography-thermal conductivity detector

	Hg	Lower heating value of producer gas (kJ/Nm3)

	Hs	Heating value of biomass (kJ/kg)

	LHVρg	Low heating value of producer gas (MJ/Nm3)

	LHVbio	Low heating value of biodiesel (MJ/kg)

	Ms	Biomass consumption (kg/s)

	mf	Mass flow rate of biomass (kg/h)

	N	Engine speed of small diesel engine (rpm)

	P	Brake power (kW)

	PAH	Polycyclic aromatic hydrocarbon

	Qg	Producer gas flow rate (Nm3/h)

	Vg	Volume of sample producer gas (Nm3)

	Vρg	Producer gas flow rate (m3/s)

	Wc	Biomass feed rate (kg/h)

	Wt	Weight of total tar in tar sampling (g)

	Yg	Producer gas yields (Nm3/kg)

	ηth	Cold gas efficiency (%)

	τ	Small engine torque (Nm)



1  Introduction

Energy consumption in Thailand has increased in recent years in relation with economic growth. The Royal Thai Government announced that should increase alternative energy from 12% to 30% by 2036 [1]. Thailand, with its abundant and diverse biomass and agricultural wastes, should have a great opportunity for renewable energy production. Biomass is significant as a sustainable energy source. It can be converted to more valuable sources of energy through a variety of processes, including thermal, biological, mechanical, and physical. On the other hand, biomass sources are limited and rapidly depleted if grossly mistreated. As a result, it is critical to manage these resources effectively and prudently [2]. Densification is a pre-treatment method of the raw biomass for conversion into useful energy via biomass conversion technology [3]. Moreover, the conversion of biomass to high-density solid fuels may solve the problem of agricultural waste and high reliance on wood as a fuel source [4–7].

Densification technology can be carried out at room temperature and biomass preheating before densification enhances physico-mechanical properties such as thermal and combustion properties [8–11]. The solid fuel treatment by using thermal is recommended to improve combustion qualities, especially when the fuel is used for industrial purposes [12]. Moreover, optimal fuel durability requires a densification pressure greater than 38 MPa and moisture content of around 8%–10% [13].

Gasification of biomass has also proven to be a highly efficient method of utilizing biomass for a variety of different uses in processes that produce one or more valuable outputs and therefore is applicable to small and medium systems. Recent years have seen an increase in interest in the gasification technology platform because to its combination of flexibility and efficiency in biomass conversion. Many researchers’ studies on the gasification of agricultural residue briquettes in down-draft gasifiers are now being conducted. A gasification study was conducted on briquettes with a diameter of 25, 35, and 55 mm, derived from sugarcane bagasse, cotton stalk, and ground nutshell. It was found the average fuel consumption rate for various trials utilizing crop residue briquettes varied from 147.6–157.4 kg/h, with gasifier efficiency varying from 61%–69% [14]. The gasification of oil palm and tung tree briquettes was investigated using a downdraft gasifier and various fuel equivalence ratios ranging from 0.29 to 0.38. Maximum gasification efficiency was reported to be 76.24% and 70.15%, with producer gas yields of 4.46 and 3.72 Nm3/kg, respectively, and lower heating values of 3.20–3.23 MJ/Nm3 for oil palm wastes and tung tree briquettes [15]. Additionally, in a fixed bed tubular reactor, gasification of empty fruit branches from oil palm briquettes was examined. Increasing gasification temperature raised the heating value of the producer gas from 6.18–7.64 MJ/Nm3 and the cold gas efficiency from 35.19%–43.50% [16]. In practice, most of the biomass fuel will be utilized in industrial processes with direct combustion and gasification processes. The gasification process will be utilized to generate producer gas for electricity production, and the cold gas efficiency was around 60%–70%, and the calorific value of producer gas about 4–6 MJ/Nm3 [17]. Moreover, the performance of gas engines used to generate power was evaluated by using producer gas from gasification. The cold gas efficiency obtained from the gasification of municipal solid waste briquette fuel was around 65% with an engine load of 45 kW and the maximum thermal efficiency of a small diesel engine was 16% [18].

So far, there are a relatively small number of reports on gasification of agricultural residues. Works on comparison between pelletized and briquetted forms of agricultural residues, especially oil palm fronds, remain rare. Pellets have a very high density, which simplifies feeding and reduces the need for maintenance during operation [19]. In this study, comparison of different types of agro-densified biomass in the same gasifier in terms of typical gasification data for various fuel shapes, sizes, and densities; and different chemical compositions of pelletized and briquetted was of interest. The semi-continuous downdraft gasifier was applied to produce producer gas from densified agricultural biomass, including corncob, oil palm fronds, rice husk, and wood chip. The gasifier performance was evaluated in terms of the composition of the producer gas, the producer gas yield, cold gas efficiency, lower heating value, and tar content. Additionally, the performance of a small diesel gas engine system that generates electricity using oil palm frond briquette fuel was investigated. The engine performance was evaluated in terms of the biodiesel consumption rate, brake power, brake thermal efficiency and biodiesel displacement rate.

2  Materials and Methods

2.1 Biomass Characterization

Biomass materials utilized in this investigation were corncobs, oil palm fronds, wood chips, and rice husks. They were chopped to an average thickness of 2–5 mm with a chopper machine and dried in the sun for about a week until their water content reached about 10%–12%. After that, they were densified using briquetting (20–35 mm long, diameter of 50–55 mm) and pelleting (20–30 mm long, diameter of 5–6 mm) machinery. The results of the proximate analysis and the calorific values of the densified biomass from this research are summarized in Tables 1 and 2.
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2.2 Experimental Apparatus and Setup

2.2.1 Densification Process of Biomass

The pelleting machine was powered by a 5 hp, single-phase electric motor. The motor speed was reduced to about 30 rpm using a 1:60 speed reducer. Its overall dimensions are 700 mm in length, 400 mm in width, and 800 mm in height. Two roller dies, one grooved and one flat, allow the mixing and pressing of the pellet mixture in the pelleting chamber. The chamber frictional forces and temperature rise because of the increasing internal pressure. After that, pellets were sent to a 30° angled output duct after extrusion. The biomass pellets were 5–6 mm in diameter and 20–30 mm in length. In the case of the briquetting machine, it was a low-pressure briquetting machine of the screw-press type. The most significant components of an extruder were the barrel (which contains one or more screws) and the die. An extruder was a thermomechanical device that consists of many components, the most important of which were the barrel and the die. The temperature of these two sections was often controlled by a heating and cooling system. The biomass briquettes were then delivered to the exit pipe. Its dimensions were 50–55 mm in diameter and 20–35 mm in length, as shown in Tables 5 and 6.

2.2.2 Downdraft Gasification

Fig. 1 presents the downdraft gasifier system used for the experiments. The gasifier used in this experiment was a 50 kWth fixed bed downdraft gasifier. The total height of reactor chamber of gasifier was about 1130 mm, with the throated diameter of 150 mm. For the biomass being supported on a grate at the bottom of the gasifier, water sealing was adopted to avoid product gas leakage. The gasifier operates via suction from a centrifugal blower (maximum 400 watts), which allows air to enter the reactor via five air nozzles monitored by an air flow meter. The characteristics of the biomass gasifier for this study shows in Table 3. In this study, an equal position of the six air nozzles was used in the experiments. The combustion zone is placed directly by the air intake. The gases are forced through a constriction to the reduction zone, where the gasification reactions take place.
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Figure 1: Schematic diagram of the downdraft biomass gasifier
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Producer gas cleaning methods can be divided into three stages before being flared: cyclone, venturi wet scrubber, and filters. After cleaning, the gas is cooled to avoid overheating the blower and small diesel engine. Data analysis for the evaluation of downdraft gasification were calculated by Eqs. (1)–(3):

Producer gas yields (Yg)

Yg=QgWc(1)

where Qg is producer gas flow rate (Nm3/h), Wc is biomass feed rate (kg/h) [15–20].

Cold gas efficiency (ηth)

ηth=[HgQgHsMs]×100(2)

where Hg is lower heating value of producer gas (kJ/Nm3), Qg is producer gas flow rate (Nm3/s), Ms is biomass consumption (kg/s), Hs is heating value of biomass (kJ/kg) [15,18].

Lower heating value (Hg)

Hg=∑HiXi(3)

where Hg is lower heating value of producer gas (MJ/m3), Hi is lower heating value of producer gas consist of CO = 12.63 MJ/Nm3, H2 = 10.78 MJ/Nm3 and CH4 = 35.88 MJ/Nm3 and Xi is mole fraction of producer gas by volume [21].

2.2.3 Tar Sampling

Downstream from the downdraft gasifier is the concentration measurement system. The schematic of the product gas sampling train depicting its various component parts is shown in Fig. 2. Collection of moisture and tar is performed in a series of six impinger bottles according to the tar protocol. The tar sampling unit was developed under isokinetic conditions using standard protocol-BSI DD CEB/TS 15439:2006 [22]. It was designed for the measurement of organic contaminants (tars). In the series of impinger bottles, the first impinger bottle consists of the blend of moisture and lighter tar that is collected from the product gas by absorption in isopropanol. The heat released by gas cooling and condensation is removed either in an external water bath or by an additional heat exchanger before the condenser. The heat exchanger may be necessary for high moisture producer gases and should be designed to meet the demands of the gasifier. The condenser is a standard impinger bottle with an internal liquid quench system for isopropanol, which is especially suitable for producer gases containing higher tar levels. After the moisture collector, the gas is passed through a series of 5 impingers with solvent and 1 final impinger which is empty. Gas samples are pumped through the sampling unit using a pump connected to a variable flow regulator that provides the possibility to adjust the gas flow rate in the range of 55–60 l/min. Once the tar collection is complete, the contents of all the bottles are collected, the tubing and glass parts are washed with isopropanol solution. The concentration of tar in producer gas produced from downdraft gasification was calculated by Eq. (4).

Ct=WtVg(4)

where Ct is tar concentration of producer gas (g/Nm3), Wt is weight of total tar in tar sampling (g), and Vg is volume of sample producer gas (Nm3) [15,20].
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Figure 2: Schematic of biomass tar sampling

2.2.4 Small Diesel Engine Testing

The small diesel engine is evaluated with a dual fuel system consisting of biodiesel and producer gas. A dynamometer set was used to measure the engine torque, which was then presented on a display panel. There were 100 W lamps and 500 W heaters for performance tests. The consumption of biodiesel was determined using a specific gravity fuel flowrate on a weighing scale. The gasification of briquetted biomass derived from wood and oil palm fronds was examined in this study. The detailed specifications of the small diesel engine may be seen in Table 4, as well as the experimental setup, which is shown in Fig. 3.
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Figure 3: Schematic diagram of the small diesel engine setup

2.3 Test Procedure

The experiments were conducted in the downdraft gasifier using densified agricultural residues in the form of briquettes (50–55 mm in diameter, 20–35 mm thick) and pellets (5–6 mm in diameter, 20–30 mm long) of corncobs, rice husks, wood chips, and oil palm frond. Biomass fuel was loaded into the reactor of 30–40 kg and the starting blower. The fuel bed was ignited by holding a flame, then the gas flowing through the starting burner began burning. The air was supplied into the combustion zone of the reactor by a 185 W vortex blower, which was controlled by a ball valve and monitored using an anemometer (Lutron: YK-80AM, Australia). The inlet air flow rate into the reactor was between 16–20 m3/h. Producer gas was collected after the gas cleaning process through a dry cyclone for dust removal, a cool water basin with a heat exchanger, a venturi scrubber system, and a filter tank. The product gas volume was measured using a gas flow meter. The producer gas composition was analyzed by a gas chromatograph (Model: GC-8A, Shimadzu, Japan) with a thermal conductivity detector (TCD), with helium as the carrier gas, in terms of H2, CO, CH4, N2, O2 and CO2. Tar content is measured at downstream from the gasifier according to the tar protocol method. Moreover, this experiment to evaluate a small diesel engine by using dual fuel from producer gas and biodiesel was carried out at different electric loads varying from 1000, 1500, 2000, 2500, and 3000 W with constant engine speed of 1500 rpm. The performance evaluation of the small diesel engine was calculated by Eqs. (5)–(10).

Brake power (BP) [23]:

P=2πNτ(5)

Brake specific fuel consumption (BSFC) [23]:

BSFC=mf⋅P(6)

where mf⋅ is the mass flow rate of biomass (kg/h) and biodiesel (kg/h), τ is the small engine torque (Nm) and N is the engine speed of small diesel engine (s−1).

Brake thermal efficiency (BTE) [18,23]:

BTE=PVρgLHVρg(7)

BTE=Pmf,bioLHVbio(8)

Brake specific energy consumption (BSEC) [23]:

BSEC=BSFC×LHVρg(9)

BSEC=BSFC×LHVbio(10)

where Vρg is the producer gas flow rate (m3/s), LHVρg is low heating value of producer gas (MJ/Nm3), LHVbio is low heating value of biodiesel (MJ/kg), and mf,bio is the biodiesel fuel mass flow rate (kg/s).

3  Results and Discussion

The biomass gasifier system was evaluated in terms of its producer gas composition, calorific value, producer gas yield, producer gas component, and cold gas efficiency in this study. Additionally, the performance of a small diesel internal combustion on dual fuel (biodiesel and producing gas) was evaluated.

3.1 Biomass Consumption

The purpose of this study was to investigate densified biomass for producer gas production. The mass flow rate of air used in the gasification reaction was 18.35 ± 2.68 kg/h. The biomass was fed semi-continuously for about 5–6 h, depending on the type of biomass. An average fuel consumption rate of biomass briquettes was found to be between 6.72–14.43 kg/h, while biomass pellets consumed between 9.73–13.86 kg/h, as shown in Tables 5 and 6. The results indicated that the fuel consumption rates for densified biomass from corncob, rice husk, and wood chip were slightly different. In addition, pellet fuel made from densified oil palm fronds was consumed more than briquetted fuel. According to Dzombo et al. [17], the size of the feedstock was discovered to influence the combustion reaction inside the reactor. It was discovered that densified briquette biomass deforms during the reaction, restricting airflow and thereby limiting gasification. Moreover, the pellet fuel demonstrated good combustion responses due to the homogeneous size of the feedstock and can be continuously fed biomass, as shown in Fig. 4.
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Figure 4: Fuel consumption rate in gasification with briquettes and pellet

3.2 Temperature Profile of the Gasification Process

The temperature profile of the gasification process was obtained from three thermocouples of type K inside the gasifier and 1 thermocouple of type R in the combustion zone. Temperature parameters were measured at 5-min intervals to record the stages of thermochemical conversion: the drying zone, pyrolysis zone, combustion zone, and reduction zone, as shown in Fig. 5. First, charcoal was used to ignite the gasifier, and then densified fuel were loaded in the reactor. This process took around 20–25 min. Results are plotted, showing average of 3 experimental observations. In these tests, wood pellets were utilized. It was found that the temperature varied between 30°C–50°C at the drying zone, 89°C–500°C at the pyrolysis zone, 100°C–1100°C at the combustion zone, and 100°C–780°C at the reduction zone for wood pellets. After 40 min of gasification, the combustion zone temperature exceeded 800°C. Thus, the findings of this study showed the thermal behavior of the gasifier in accordance with the temperature profile of the gasification reaction. The literature shows that the temperature of the combustion zone varies between 800°C–1100°C; the reduction zone was around 400°C–500°C for wood chip fuel in downdraft gasifier [24], which confirms the establishment of gasification.
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Figure 5: Temperature profile inside the gasifier by using wood pelletized as fuel

3.3 Yields and Lower Heating Value of Producer Gas

Fig. 6 shows the low heating value of producer gas was calculated using the composition of the producer gas. Carbon monoxide, hydrogen and methane were the main components of the producer gas, resulting in the lower heating value in a narrow range of 2.94–3.85 MJ/m3, reaching a maximum of 3.85 MJ/m3 from wood chip pellet. The increasing and decreasing trends in producer gas heating value variation corresponded to changes in carbon monoxide and hydrogen content variation by volume [25]. The production of producer gas from agricultural densification in this study was determined to be within a narrow range of 2.05–3.00 Nm3/kg. The wood chip pellet with the highest heating value of product gas and producer gas yields was used as a fuel in gasification. According to literature, biomass gasification using oil palm waste was 2.51 Nm3/kg [20], as illustrated in Fig. 7.
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Figure 6: Low heating value from biomass gasification with briquettes and pellet
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Figure 7: Producer gas yield from gasification with briquette and pellet biomass

3.4 Cold Gas Efficiency

Fig. 8 shows the cold gas efficiency were in the range of 53.51%–64.18% and 58.20%–71.37% for the briquetted and pelletized fuels. The maximum cold gas efficiency was 71.37% for pelletized wood chip fuel. However, a clear difference can be observed in the gas composition of wood pellets. The gas composition from wood pellets is richer in H2 and CO than for other fuels. It shows the maximum producer gas yield was 3.01 Nm3/kg and a low tar content from gasification. According to the report, the cold gas efficiency was in a comparable range of 72%–76% for oil palm frond wastes and 66%–70% for tung tree wastes [15]. Further, it was also comparable to the downdraft gasifier efficiency of 62% using charcoal in the gasification for ceramic firing process [26], the range of 62%–69% using agricultural waste [27], and an average of 65% using briquette fuel from municipal solid waste [18].
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Figure 8: Cold gas efficiency from gasification with briquette and pellet biomass

3.5 Tar Concentration in Product Gas

Fig. 9 shows the tar concentration in densified agricultural wastes fuel. The biomass tar generated during gasification included a diverse range of hydrocarbon compounds, acids, alcohols, aldehydes, ketones, esters, heterocyclic derivatives, and phenolic compounds [28]. The results of this investigation observed that the mean concentration of tar in briquettes was between 33–45 g/Nm3, while that in pellets was between 17–28 g/Nm3. These values were greater than those reported in the literature for a lower tar content (less than 100 mg/Nm3) from a downdraft gasification system [29]. From the results, it was found that the tar content from gasification showed high content because of the low reaction temperature inside the gasifier and the low retention time for tar cracking. However, this experiment used an induced-draft force fan for air inlet into the reactor, which resulted in a low air flow rate into the combustion zone and a low temperature in this zone. However, the forced-draft fans show higher reaction temperatures than the induced-draft force fans when gasification is done with the fan. According to the result, the average temperatures in the combustion and reduction zones were lower at 1000°C and 800°C when compared to the typical combustion zone temperature of 1100°C–1500°C and the reduction zone temperature of 500°C–900°C of gasification.
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Figure 9: Gravimetric tar content from biomass gasification

Thus, the producer gas from downdraft gasifiers still requires cleaning to remove biomass tar before being used in internal combustion engines to generate electricity. Gas chromatography (GC-FID) analysis indicated that the chemical compounds in the tar from gasification were comparable with the EPA8310 PAH standard (PAH Mixture-18 components, RESTEK, USA). It was found that five polycyclic aromatic compounds consist of Benzo(a) pyrene (C20H12), Chrysene (C18H12), Pyrene (C16H10), Phenanthrene (C14H10), 1-Methylnaphthalene (C11H10) and several other polycyclic aromatic compound, as shown in Fig. 10. Results of this study according to the tar compound in gasification using empty fruit bunch showed six polycyclic aromatic compounds consist of naphthalene, acenaphthylene, phenanthrene, anthracene, fluoranthene, and pyrene [30].
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Figure 10: PAHs compound in biomass tar content from biomass gasification

3.6 Evaluating Engine Performances in a Dual Fuel

The purpose of this study was to determine the performance of a small diesel engine using dual fuel (biodiesel and producer gas). The specific fuel consumption rate, brake power, brake thermal efficiency, and biodiesel displacement rate of the engine were all determined experimentally. Oil palm fronds were used for producer gas production in the gasification system of this study.

3.6.1 Specific Fuel Consumption Rate of Biodiesel and Densified Fuel

Fig. 11 shows the effect of an electric load in the range of 1000–3000 W, the specific biodiesel consumption for dual fuel in engine. The specific fuel consumption tended to decrease with increasing electric load because of the effect of increasing brake power of engine. Additionally, biodiesel has a higher specific fuel consumption rate than the dual fuel of biodiesel and oil palm frond densified fuel. For dual fuel (biodiesel and producer gas), the minimum specific fuel consumption was 0.262 and 0.125 kg/kWh. Fig. 12 shows the specific biomass consumption rate by varying electric load. It was found that biomass fuel consumption tended to decrease with increasing electric load. The minimum biomass consumption was 0.734 kg/kWh with an electric load of 3000 W.
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Figure 11: Specific biodiesel consumption of small diesel engine
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Figure 12: Specific biomass consumption of small diesel engine

3.6.2 Brake Power and Biodiesel Displacement Rate

Fig. 13 shows the effect of electric load on the brake power of the engine. Both fuels were found to increase with electric load, which influenced the engine brake power utilization. It was found that the brake power of engine by using biodiesel show better than dual fuel because of the better engine speed stability. Fig. 14 shows the effect of electric load on biodiesel displacement rate in a dual-fuel engine. It was found that the maximum biodiesel displacement rate about 72% with an engine speed of 1500 rpm with and electric load of 2000 W.
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Figure 13: Brake power of small diesel engine
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Figure 14: Biodiesel displacement rate of small diesel engine

3.6.3 Brake Thermal Efficiency

Fig. 15 shows the brake thermal efficiency of the engine operated on oil palm frond briquetted. The thermal efficiency is the amount of energy converted from biodiesel fuel combustion to electricity production. It was found that the brake thermal efficiency increased with an electric load increase because of the decreased average brake pressure in the engine. However, biodiesel had a higher thermal efficiency than dual fuel. The maximum thermal efficiency was determined to be 32.78% for biodiesel and 22.21% for dual fuel, respectively. However, in comparison with longan charcoal for producer gas production by downdraft gasification, it shows thermal efficiency in the producer gas engine at 23.50% and 26.90% for diesel engines at 1700 rpm [23].
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Figure 15: Brake thermal efficiency of small diesel engine

4  Conclusions

In this work, utilization of biomass via densification into briquettes and pellets was carried out. They were found to be good raw materials for gasification. The maximum cold gas efficiency of the downdraft gasifier was calculated to be 71.37% using wood pellets, the producer gas yield of 3.01 Nm3/kg and the low heating value of 3.85 MJ/Nm3. The yield of tar collected in the raw producer gas was quite high from gasifying the briquetted biomass fuel. Benzo(a)pyrene (C20H12), Chrysene (C18H12), Pyrene (C16H10), Phenanthrene (C14H10), 1-Methylnaphthalene (C11H10) were the main compounds in raw producer gas. Moreover, the study of small engines using biodiesel and dual fuel (biodiesel + producer gas from oil palm briquette) was also investigated. The maximum thermal efficiency of the engine was found to be 32.78% for biodiesel and 22.21% for dual fuel. It has the potential to reduce biodiesel consumption about 72%.
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Table 3: Specification of downdraft gasifier system

Details Specification
Type of reactor : Downdraft gasifier
Fuel : Briquetted and pelleted biomass

: Briquetted biomass (Diameter 50—-55 mm, length 20-35 mm)
: Pelleted biomass (Diameter 5-6 mm, length 20—30 mm)

Fuel consumption rate : Briquette 6-14 kg/h, pellet 10-14 kg/h
System output 150 kW,
Gas discharge : Centrifugal blower (Max. 80 m’/h)-400 W

Number of nozzles : 5 nozzles (diameter of 15 mm)
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Table 4: Specifications of small diesel engine

Details Small diesel engine

Fuel : Biodiesel/producer gas (Dual fuel mode)
Type : 4-stroke, naturally aspirated

Number of cylinders : Single cylinder (volume of 598 cc)

Rated output : 8.20kW/2400 rpm

Ignition system : Compression ignited

Type of cooling : Water

Loading device : 1000-3000 W electricity/50 Hz

Engine speed : 1500 rpm
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Table 1: Characteristics of briquetted agricultural biomass

Properties Briquetted biomass
Corncob Oil palm frond Wood chip Rice husk

Moisture content (%owt.) 12.53 £ 0.59 11.61 +1.53 6.68 £+ 0.47 7.04 £ 0.64
Volatile matter (%owt.) 82.66 £ 1.10 83.02 £ 0.73 85.24 £ 1.14 75.62 £5.21
Fixed carbon (%owt.) 2.57+£0.44 2.344+0.29 5.81 £ 1.00 6.41 £ 1.00
Ash (%Yowt.) 224 4+0.71 3.03 £ 1.52 2.09 +0.28 10.93 +6.25
LHV (MJ/kg) 13.76 £ 0.33 13.62 +0.53 15.43 £ 0.54 13.48 +0.72
Bulk density (kg/m?) 662 £+ 6.03 670 £ 5.51 719 £+ 32.53 610 £+ 7.02
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Table 6: Performance of agricultural waste pellet in a downdraft gasifier

Parameter Rice husk Wood chip Oil palm frond Corncob
Characteristics of fuel

Diameter (mm) 5-6 5-6 5-6 5-6

Length (mm) 20-30 20-30 20-30 20-30

Fuel consumption rate 13.92 +1.12 9.73£0.17 11.76 + 0.30 10.14 + 0.57
(kg/h)

Moisture content of fuel 11.24 +1.15 11.88 +0.22 12.98 + 0.51 13.27 £ 0.67
(Yowt.)

Producer gas flow rate 28.26 £ 2.65 29.32+£0.24 30.14 £ 0.51 27.71 £1.97
(Nm’/h)

Gas composition (Yovlv)

H, 1.88 £0.12 421 £+0.08 6.41 £0.32 3.68 + 0.28
CO 20.16 +0.78 21.86 +0.52 19.39 4+ 1.00 21.21 +£0.02
CH, 1.46 £+ 0.40 1.76 £ 0.18 1.52 4+ 0.25 1.37 £ 0.50
CO, 24.13 £4.50 21.67 £ 0.53 22.86 +0.28 18.86 + 3.21
0, 6.66 £ 0.28 7.56 £ 0.58 8.14 + 0.58 8.36 + 0.58
N, 45.71 £ 4.06 42,95+ 0.31 41.68 £+ 0.69 46.52 + 3.46
Producer gas yields 2.05+0.28 3.01 £0.03 2.56 +0.03 2.73+£0.04
(Nm’/kg)

LHYV of producer gas 3.68 £ 0.12 3.85+0.04 3.68 £ 0.12 3.58 + 0.21
(MJ/Nm’)

Cold gas efficiency (%) 58.20 £ 8.46 71.37 £ 0.66 67.27 £2.44 68.75 £ 4.46
Gravimetric tar (g/Nm?) 33.00 £ 4.86 22.46 +5.33 26.78 + 6.68 26.78 +4.96
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Table 2:

Characteristics of pelletized agricultural biomass

Properties

Pelletized biomass

Corncob Oil palm frond Wood chip Rice husk
Moisture content (Yowt.) 10.93 £ 0.88 10.09 £ 0.49 6.06 + 0.43 6.08 £ 0.05
Volatile matter (Yowt.) 83.38 +0.74 82.18 £0.23 83.60 + 0.30 70.84 +1.79
Fixed carbon (%owt.) 3.39 £0.20 3.81 £0.27 8.61 +0.33 7.48 £ 0.91
Ash (Yowt.) 230 £0.36 0.36 +£3.91 1.73 £0.08 15.60 £ 2.21
LHV (MJ/kg) 14.28 + 0.44 14.19 + 0.40 16.64 £ 0.47 13.43 £0.44
Bulk density (kg/m’) 1,153 £ 8.08 1,360 £ 5.00 1,201 £ 7.50 1,162 £ 3.46
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Table 5: Performance of agricultural waste briquettes in a downdraft gasifier

Parameter Rice husk Wood chip Oil palm frond Corncob
Characteristics of fuel

Diameter (mm) 50-55 50-55 50-55 50-55
Length (mm) 20-35 20-35 20-35 20-35

Fuel consumption rate 14.43 4+ 0.83 12.45 4+ 0.58 6.72 + 1.45 10.08 = 0.50
(kg/h)

Moisture content of fuel 11.89 + 1.67 13.03 +1.22 1345+ 1.15 13.40 + 1.10
(Yowt.)

Producer gas flow rate 30.23 £ 0.61 36.87 £ 0.91 19.39 £0.23 26.11 £0.54
(Nm’/h)

Gas composition (Yovlv)

H, 1.43+0.22 3.41+£0.40 5.43+0.29 4.73 £ 0.40
CO 20.74 + 0.46 20.93 £ 0.62 14.66 + 0.47 15.92 +0.45
CH, 1.26 +0.12 1.01 £0.11 1.39 £ 0.07 1.61 £0.14
CO, 21.88 +£0.83 23.554+0.39 23.234+0.30 23.30 £ 0.32
0, 5.30 £ 0.25 8.55+0.38 7.59 £ 0.28 6.32 £ 0.29
N, 49.40 +0.99 42.56 +0.46 47.69 £+ 0.55 48.12 +1.00
Producer gas yields 2.10+0.12 293+0.16 298 +0.27 2.59 +0.16
(Nm’/kg)

LHYV of producer gas 3.23+£0.12 3.37+0.13 2.94 4+ 0.09 3.10+ 0.14
(MJ/Nm?)

Cold gas efficiency (%) 53.51 £2.66 63.96 £ 5.59 64.18 £ 5.51 58.67 £5.42
Gravimetric tar (g/Nm?) 42.38 + 8.54 49.67 + 5.00 48.85 + 5.00 40.24 +3.10
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