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			Abstract | The use of agricultural based biomass through combustion is playing an important role in the production of heat and electricity worldwide. The emission of particulate matter pollution from biomass combustion has drawn significant attention because of its harmful effects on human health and environment. Consequently, it becomes important to have a simple and cost effective solution to avoid the problems of air pollution due to the combustion of biomass. Using an Electrostatic Precipitator (ESP) is an effective method for the removal of particulate matter from industrial processes and boilers. This research proposes the development of a cost effective, simple and compact ESP, through practical installation and efficiency analysis. Experimental evaluation of the proposed ESP design is carried out for the removal of particulate matter from a biomass combustor. The results shown in this paper are promising and exhibit that a simple solution can achieve above 90% efficiency. The average particulate collection efficiency of our proposed ESP reached its peak stable value of 99.1% when tested with applied voltage of 25kV at an air velocity of 0.5 m/s. Moreover, it was observed and shown in this paper that when the voltage was increased beyond 25kV, the efficiency of the design lost its stability due to back corona effect. The filtration system proposed in this paper shows the ability of an efficient tool for controlling the flow of particulate pollutant matter from biomass combustion under particular conditions.
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			Introduction

			Climate change has brought added pressure for using renewable energy resources for producing heat and electricity. Worldwide, the use of biomass is considered to be a sustainable source of energy. However devices that use wood as a fuel are a leading cause of air pollution. Therefore, awareness is required for the protection of the environment without causing any hindrance to the development of the society by making an effort for a considerable reduction of pollution from industrial applications. That is why it is now very important to acquaint mandatory scientific knowledge for the advancement of this sustainable development (Atika et al., 2019; Faisal et al., 2019; Bologa et al., 2009; Nussbaumer, 2003; Reynolds et al., 1976). 

			The emission of particulate matter in the outer atmosphere is a matter of great concern. Human health is negatively affected by these fine particles and these particles are especially dangerous for children. The emissions of small particles to the outer atmosphere are directly responsible for different types of diseases such as bronchitis and asthma. In some areas these fine particles are also responsible for the decrease in life expectancy. Therefore, controlling the emission of such fine particles in the atmosphere is essential. The construction of a simple, reliable, cost effective and efficient ESP is a feasible solution to this problem. It offers a number of advantages, including its high efficiency even for submicron particles, low operating and maintenance cost and its ability to operate in extreme conditions makes its use ideal for controlling air pollution in many industries (Atika et al., 2019; Bologa et al., 2009; Kocik et al., 2005). 

			In the past different bodies responsible for the control of air pollution in the atmosphere authorized the operation of ESPs at comparatively low collection efficiencies. However, after changes in the procedure, it is now essential for ESPs to have efficiencies greater than 90% for controlling certain particulate matter. ESPs can be designed to meet the new regulations. However, innovative solutions are required for reduction of the size and cost of the precipitators (Bologa et al., 2009; Kocik et al., 2005). 

			For the designing of an efficient collection system for biomass combustion, the important factors to be considered are the maintenance, cost of the design material, high operating temperature and the dimensions of the system. ESPs operate on the principle of electrostatic forces. The size of small particles emitted during the combustion of biomass ranges from 0.1 µm - 100 µm (µ - micro) in diameter. ESPs are very effective for the removal of fine particles having a diameter less than 10 µm that is why it is one of the most efficient devices for the collection of fine particles in appliances that use wood as a fuel (Chenghang et al., 2017; Ruttanachot et al., 2011; Lin and Tsai, 2010; Intra et al., 2010; Falaguasta et al., 2008).

			Materials and Methods

			 

			Design of ESP

			The main performance requirements of the ESP are defined by the concentration of the mass of fine particles and their size range. Generally, an ESP must have very low maintenance requirements and should be safe to operate (Thomas et al., 2014; Lin et al., 2012; Hoenig, 1981). Figure 1 shows the practical schematic sketch of the ESP used in this research. It has four major parts as:

			
					The particulate collection tube.

					The gas inlet tube.

					The gas outlet tube.

					A high voltage power supply. 

			

			Collector

			A schematic diagram of particulate collector is shown in Figure 1. The dimension of this particulate collector shows that the diameter of the discharge electrode is 5mm and the height of the discharge electrode is 200mm. Stainless steel rods were used for the making of discharge electrodes .The collection plate is also made of steel and the height of the collection plate is 300mm with a width of 288mm as shown in Table 1. 
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			Figure 1: Schematic of ESP.

			Table 1: Dimensions of ESP.

			
				
					
					
				
				
					
							
							Dimensions

						
							
							Values

						
					

					
							
							Number of electrodes

						
							
							2

						
					

					
							
							Height of discharge electrode

						
							
							200mm

						
					

					
							
							Diameter of discharge electrode

						
							
							5mm

						
					

					
							
							Height of collection plate

						
							
							300mm

						
					

					
							
							Width of collection plate

						
							
							288mm

						
					

					
							
							Distance b/w discharge electrode and collection plate

						
							
							150mm

						
					

					
							
							Applied voltage on discharge electrode

						
							
							10kv-25kv

						
					

				
			

			Negative high voltage is supplied to the corona discharge electrode and the collection plate is grounded. A corona discharge field is created between the discharge electrode and the collection plate due to the high voltage power supply. A small fan is used to propel the air inside the collector. The flow of the exhaust gas laden by the particulate matter moves across the discharge field. A negatively charged deflector is installed in the collector and is used to repel the charged particles in an outward direction towards the collection plate. The collisions of ions with the particles produced the charge on the particles inside the ESP. The transportation of ions takes place due to the electric field. The sampling flow is controlled by a flow controller. The size of the particulate matter is in the range of 0.1µm to 10µm. All the tests in the lab were conducted under stable ambient conditions. 

			The charged particles were then moved in an outward direction and the fine particles were collected in the wall of the collection plate. The collection efficiency of the ESP, as shown through Equation 1 is obtained as the ratio of the difference between the concentration of the particles at the outlet and inlet to the concentration of the particles at the inlet (Kocik et al., 2005). It is assumed that the particles were distributed uniformly throughout the particulate collector.
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			Where; Cmoutlet and Cminlet are the concentration of the mass of the particles at the outlet and inlet respectively.

			Electric field intensity

			The strength of the electric field is a critical factor in the performance of the ESP as it generates corona for charging of the particles. The electric field is formed by the high potential applied to the discharge electrodes. The electric field E (Theraja, 2007) can be calculated using the relation given as:

			[image: ]

			Where; V represents the applied potential and D represents the separating distance between the discharge electrode and the collection electrode (Thomas et al., 2014; Lin et al., 2012).

			Table 2 shows that with an increase of the applied potential, the strength of the electric field in the ESP increased. Consequently, the particle collection efficiency, increased with the increase in the electric field strength due to high charging of the particles. 

			Power supply

			The DC power supply for the generation of electric field strength inside the ESP is of our particular interest as it can generate not only the field strength but also ion concentration which increases the charging of the particles due to the ions greater electrical mobility (Thomas et al., 2014; Lin et al., 2012; Hoenig, 1981). This improves the collection efficiency of fine particles. For the generation of a very strong electric field between the discharge electrodes and collecting plates a high voltage power supply is used. In this implementation, a high voltage static generator is used for the supply of high voltage output. The high voltage supply is adjustable up to 50kV and the constant current is adjustable between 0µA and 260µA. A digital 7-segment display is used to show the selected output voltage or current. 

			Table 2: Calculation of the electric field strength.

			
				
					
					
					
					
					
					
					
					
				
				
					
							
							D(m)

						
							
							0.0725

						
					

					
							
							Voltage (kv)

						
							
							10

						
							
							15

						
							
							20

						
							
							25

						
					

					
							
							Electric field intensity (kv/m)

						
							
							138

						
							
							207

						
							
							271

						
							
							345

						
					

					
							
							
							Efficiency (%)

						
					

					
							
							V= 0.5 m/s

						
							
							95.5

						
							
							96.2

						
							
							98.4

						
							
							99.1

						
					

				
			

			Results and Discussion

			The variation of the collection efficiency with different corona voltages at a given air velocity is shown in Table 3. The calculated data are collected for particle the size of 0.1µm. The concentration of the mass of the particles at the ESP upstream is 12 - 40 mg/Nm3 and in clean air is 0.6 - 20 mg/Nm3.

			Table 3: Collection efficiency with different Voltages.

			
				
					
					
					
				
				
					
							
							Voltage (kV)

						
							
							Air velocity (m/s)

						
							
							Avg efficiency (%)

						
					

					
							
							10

						
							
							0.5

						
							
							95.7

						
					

					
							
							15

						
							
							0.5

						
							
							96.4

						
					

					
							
							20

						
							
							0.5

						
							
							98.4

						
					

					
							
							25

						
							
							0.5

						
							
							99.1

						
					

					
							
							10

						
							
							0.8

						
							
							95.4

						
					

					
							
							15

						
							
							0.8

						
							
							96.2

						
					

					
							
							20

						
							
							0.8

						
							
							98.3

						
					

					
							
							25

						
							
							0.8

						
							
							99

						
					

					
							
							10

						
							
							1.5

						
							
							95

						
					

					
							
							15

						
							
							1.5

						
							
							95.9

						
					

					
							
							20

						
							
							1.5

						
							
							98.1

						
					

					
							
							25

						
							
							1.5

						
							
							98.9

						
					

					
							
							10

						
							
							1.8

						
							
							94.75

						
					

					
							
							15

						
							
							1.8

						
							
							95.8

						
					

					
							
							20

						
							
							1.8

						
							
							97.5

						
					

					
							
							25

						
							
							1.8

						
							
							98.8

						
					

				
			

			Comparison of the collection efficiencies of our proposed ESP is shown in Figure 2. The efficiency is plotted against varying applied voltage and air velocity. The voltage is changed from 10kV to 25kV while the air velocity varies between 0.5m/s and 1.8m/s.
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			Figure 2: R-Squared graph of collection efficiency with voltage for a given air velocity.

			Table 4: Collection efficiency with different air velocities.

			
				
					
					
					
				
				
					
							
							Voltage (kV)

						
							
							Air velocity (m/s)

						
							
							Avg efficiency (%)

						
					

					
							
							10

						
							
							0.5

						
							
							95.7

						
					

					
							
							10

						
							
							0.8

						
							
							95.4

						
					

					
							
							10

						
							
							1.5

						
							
							95

						
					

					
							
							10

						
							
							1.8

						
							
							94.75

						
					

					
							
							15

						
							
							0.5

						
							
							96.4

						
					

					
							
							15

						
							
							0.8

						
							
							96.2

						
					

					
							
							15

						
							
							1.5

						
							
							95.9

						
					

					
							
							15

						
							
							1.8

						
							
							95.8

						
					

					
							
							20

						
							
							0.5

						
							
							98.4

						
					

					
							
							20

						
							
							0.8

						
							
							98.3

						
					

					
							
							20

						
							
							1.5

						
							
							98.1

						
					

					
							
							20

						
							
							1.8

						
							
							97.5

						
					

					
							
							25

						
							
							0.5

						
							
							99.1

						
					

					
							
							25

						
							
							0.8

						
							
							99

						
					

					
							
							25

						
							
							1.5

						
							
							98.9

						
					

					
							
							25

						
							
							1.8

						
							
							98.8

						
					

				
			

			For a given constant air velocity of 0.5 m/s the voltage is changed from 10kV to 25kV. The increase in the applied voltage showed that the collection efficiency of the ESP increased. The increase in applied voltage resulted in an increase in the electric field strength of the ESP due to which the particle charging increased and hence resulted in an increase in the collection efficiency of the ESP. The highest efficiency is obtained when the applied voltage is set at 25kV and the air velocity is 0.5m/s. During the experiment, it is also found out that when the applied potential is increased to its maximum value, the collection efficiency of the ESP increased proportionally. However, after this point the decrease in collection efficiency is observed due to the onset of back corona. As a result of which, the spark over voltage is reduced. The collection efficiency is also plotted for a constant applied voltage and by varying the air velocity as shown in Table 4.

			Figure 3 shows that the efficiency decreased with the increase in the air velocity. Air velocity is one of the most important of all factors that affected the collection efficiency of the ESP. Inside the ESP the air velocity is used to control the retention time of the particle. Increasing the air velocity decreased the retention time which lead to a decrease in the collection efficiency of the ESP. Cleaning of the plate also affected the collection efficiency, the higher collection efficiency could not be maintained after the deposition of tar on the collection electrode after combustion as it resulted in reduced electric field strength. Therefore, proper cleaning of the system is deemed important for effective removal of the fine particles. 

			[image: ]

			Figure 3: R-squared graph of collection efficiency with different air velocities for a given applied voltage.

			Currently, the proposed prototype is compact; therefore its use is only suggested for domestic purposes and in small scale industries. It should be duly noted that the efficiency of the proposed ESP is not suitably stable for higher voltages therefore it must not be operated with voltages higher than 25kV. The fundamental reason for such instability beyond 25kV in the proposed design is the onset of back corona effect produced by the particulate collection plate (same as in high voltage transmission lines resulting in line-losses) (Faisal et al., 2019; Chenghang et al., 2017; Theraja, 2007). The varying back corona effect causes fluctuation of the spark over voltage (Theraja, 2007) consequently inducing instability in the collection process as shown in Figure 2.

			Conclusions and Recommendations

			Through this research, a simple and small scale ESP for the removal of fine particles from agricultural biomass combustion is designed, installed, operated and investigated. Some of the factors that affected the collection efficiency of the ESP were evaluated. The overall efficiency is demonstrated to be above 90%. It is found that the efficiency is positively affected by the increase in the applied voltage and the strength of the electric field and the collection efficiency is found to be decreasing with the increase in air velocity. The installation and operation of the ESP are seen as compatible to the biomass fired furnace. The design of the proposed ESP is not complex with almost any implementation glitches. The proposed ESP can be operated for several hours continuously for the effective removal of fine particles. Moreover, continued maintenance of the collector is recommended for smooth operation and high collection efficiency.
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Abstract | The use of agricultural based biomass through combustion is playing an important role in the
production of heat and electricity worldwide. The emission of particulate matter pollution from biomass
combustion has drawn significant attention because of its harmful effects on human health and environment.
Consequently, it becomes important to have a simple and cost effective solution to avoid the problems of
air pollution due to the combustion of biomass. Using an Electrostatic Precipitator (ESP) is an effective
method for the removal of particulate matter from industrial processes and boilers. This research proposes the
development of a cost effective, simple and compact ESP, through practical installation and efficiency analysis.
Experimental evaluation of the proposed ESP design is carried out for the removal of particulate matter from
a biomass combustor. The results shown in this paper are promising and exhibit that a simple solution can
achieve above 90% efficiency. The average particulate collection efficiency of our proposed ESP reached its
peak stable value of 99.1% when tested with applied voltage of 25kV at an air velocity of 0.5 m/s. Moreover,
it was observed and shown in this paper that when the voltage was increased beyond 25kV, the efficiency of
the design lost its stability due to back corona effect. The filtration system proposed in this paper shows the
ability of an efficient tool for controlling the flow of particulate pollutant matter from biomass combustion
under particular conditions.
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