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Abstract

:

The alarming rate at which infectious waste is growing was an unsolved problem worldwide before the pandemic, and it has only gotten worse. It is especially prominent in the medical services, owing to the improper use or the lack of high-efficiency waste management systems. To address this issue, this paper presents a modification to the conventional rotary kiln incineration method using add-on ozone (O3) at a concentration of 100–160 g/h in order to enhance its efficiency when treating emitted air pollutants. These pollutants of Hg, HF, TSP, SO2, NO2, CO, and HCl were measured, and their percent opacity concentrations were 0.006 mg/m3, 0.680 mg/m3, 21.900 mg/m3, 5.600 mg/m3, 16.300 mg/m3, 13.700 mg/m3, 0.022 mg/m3, and 6%, respectively. The amounts of these air pollutants were considerably lower than those released from a rotary kiln incinerator without the add-on ozone. Additionally, all the measurements were lower than the emission thresholds established in the US Environmental Protection Agency Emission Standards Reference Guide. Therefore, using the proposed rotary kiln incineration method modified with add-on ozone is suitable for use in the elimination of infectious waste in that it drastically reduces air pollution and improves air quality, resulting in environmental improvements aimed at mitigating the devastating impacts pollution has on human health.
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1. Introduction


Increasing amounts of waste are considered a major global problem that tremendously impacts the environment and human life. For example, air pollution is an inevitable consequence of waste incineration, and water pollution is caused by the disposal of waste, harmful substances, and the release of industrial sewage into rivers, resulting in severe environmental degradation. This problem is further complicated by an ever-increasing amount of infectious waste resulting from the COVID-19 pandemic, which the world has been facing for almost 2 years. The pollution of infectious waste, especially from hospitals and industries, also posed serious risks to humans, animals, and plants. The volume of waste produced per day by the human population of Thailand increased during 2014–2018; the amount of waste generated during each consecutive year in this period was 71,779, 73,560, 74,130, and 76,529 tons/day [1]. This increase in the amount of waste was partly caused by the increase in the amount of infectious wastes. According to the Pollution Control Department’s report from 2013–2017, the annual amounts of infectious waste were 50,481, 52,147, 53,868, 55,646, and 57,954 tons, respectively. The current disposal technique for infectious waste is incineration, which utilizes various approaches such as the pyrolysis method, the high-temperature steam sterilization method, the chemical disinfection method, the microwave disinfection method, and rotary kilns [2]. According to the standards set by the Department of Health’s Ministry of Public Health, small kilns can eliminate infectious waste at rates of 25, 50, and 100–150 kg/h. A rotary kiln with a 3-burner system installed has a combustion temperature of approximately 700–1000 °C, and the high temperature results in the suppression of dioxins and furans [3] and allows for the decomposition of other dioxins’ synthesis [4,5]. Proper incineration of contaminated material is currently the best available method for preventing and controlling exposure to dioxins and requires high temperatures of over 850 °C. For the destruction of large amounts of pollutants contaminated by exhaust gas, even higher temperatures are required. One further enhancement is when an O3 system [6] and chiller have been installed in order to control the temperature of cold water in the wet scrubber room for treatment, as it is the most efficient method for ozone gas oxidation. Ozone is a strong gas phase oxidant that can achieve pre-oxidation at low temperatures of 15–20 °C, which is significant for this investigation [7,8]. Additionally, and of great concern, is the fact that the kilns are not designed to eliminate dust and smoke. The Public Health Ministry Report of 1999 showed that only 41% of hospital infectious waste incinerators around the world are functioning properly, whereas the rest do not [1]. Regarding the provincial infection waste management in Thailand, there is a total of 820 public hospitals under the governance of the Ministry of Public Health. Among these, only 723 hospitals are equipped with incinerators for the disposal of infectious waste. This would imply that 97 hospitals do not have the facilities required for the disposal of infectious waste. Provincial administrative offices are responsible for managing the infectious waste generated in these hospitals. The waste is collected and combined with other solid waste from locations with a similar lack of disposal capabilities. After collection, they are processed together at disposal facilities provided by the local government administrative organizations. However, the disposal of infectious waste by incineration releases emissions such as particulate matters (PM), opacity, carbon monoxide (CO), dioxins and furans, hydrochloric acid (HCl), sulfur dioxide (SO2), nitric oxide (NOx), lead (Pb), cadmium (Cd), and mercury (Hg) into the atmosphere [9,10,11]. The inadequacies in current hospital waste management practices are mainly related to ineffective segregation at the source, inappropriate collection methods, unsafe storage of waste, insufficient financial and human resources for proper management, and poor control of waste disposal [12]. Infectious waste can act as a major breeding ground for germs that can adversely affect human beings. The removal of such pathogens growing on infectious waste can be achieved using methods such as steam sterilization, thermal inactivation, sterilization by irradiation, use of chemical disinfectants (e.g., sodium hypochlorite), microwave treatment, and vapor sterilization (e.g., ethylene oxide, formaldehyde, and ozone (O3)) [13]. Corona discharge in a dry process gas containing oxygen is presently the most widely used method of ozone generation for water treatment. A typical production line is composed of the following units: a gas source (compressors or liquefied gas), dust filters, gas dryers, ozone generators, contacting units, and off-gas destruction [14]. Currently, the use of a rotary kiln and O3 for disinfection and the burning of waste is becoming increasingly popular, as evidenced by previous studies showing the growth in employing O3 to disinfect bacteria, viruses, fungi, vegetative bacteria, mycobacteria, and bacterial spores [15,16]. In addition, O3 has been used to treat wastewater more effectively than previous methods [17,18,19]. Infectious waste management presents a significant challenge to human health, especially with the improvement in and development of new technologies, achieving sustainable reduction of emissions to zero waste can be a reality. A low-temperature oxidation process using ozonated water has been developed for the chemical conversion of organic wastes to CO2 and H2O. Experiments were conducted to evaluate the rate and effectiveness with which ozone oxidized several different types of waste [20]. A greater flow of ozone and agitation of the ozonated water system also increased the processing rates. This research studies the efficiency of a rotary kiln utilizing a three-burner system combined with the processes of ozonation for the treatment of pollutant substances emitted by infectious waste incineration [21].



In developing infectious waste incineration technology, it is crucially important to enhance the combustion efficiency of the pollution treatment. Currently, rotary kilns are a well-known approach used for the incineration of infectious waste. These kilns are designed for incineration in compliance with the U.S. EPA principle of using a temperature exceeding 700 °C. The procedure is specifically designed to involve two rounds of combustion. In order to achieve complete combustion, these kilns are also equipped with an exhaust emission elimination system that employs a wet scrubber so that incinerating infectious waste by using this method can reduce the amount of pollution released into the atmosphere [22]. Innovation in waste treatment and the techniques discussed in this paper will offer considerable help in tackling the issue of pollutants being released into the environment [23]. The purpose of this manuscript is both interdisciplinary and mixed. It focuses on a comparative analysis before and after installation of the three-burner rotary kiln with an O3 system [24]. It was revealed that the process of combining oxidation O3 and low temperatures of around 15–20 °C by the chiller machine led to the exhaust gas being significantly diluted in the concentration of the pollutants. When compared with previous research [25], the results suggested that the rotary kiln with a three-burner system installed along with the O3 application was more efficient. Furthermore, the level of pollutant gas emissions decreased significantly when measured by using the U.S. EPA and Thai standards. The treatment method resulted in nearly zero pollutants being released. Therefore, the application of the O3 treatment method in infectious waste incinerators needs further study to be made practical for industries.




2. Materials and Methods


2.1. Rotary Kiln Infectious Waste Incinerator


The design of this rotary kiln incinerator also takes into consideration the inefficiencies and reduces exposure to service personnel by employing a front load infeed system. An automatic belt feeds the solid waste into the incinerator, with the infectious waste moved into the channel where a hydraulic press pushes the waste into the rotary combustion chamber, which functions without the need for operator contact. As a further safety precaution, there is also a double door system with a cover to prevent smoke and heat from escaping. It also includes a system to extract the smoke from the incinerator room for re-burning. In the next step of the incineration process [26], the operation of this infectious waste feed system can be operated either autonomously or semi-autonomously. The rotary kiln incinerator used in this experiment was developed from combustion furnace technology in Japan and was designed to achieve the highest possible efficiency for incineration systems used to dispose of infectious waste. The several recent improvements to the incinerator system in this study are described below and shown in Figure 1.



For the front gate of the primary chamber, the combustion temperature is 700–1000 °C. Air-filling waste is heated and volatilized in the primary chamber. The disposal of infectious waste to be burnt enters through a system on the left and right sides of this chamber, which facilitates the pumping of air into the chamber.




	(1)

	
An aeration fan is used to inject and move air into the combustion chamber, which is designed to have air flow through the front and back pipes to equalize the air flow from both sides.




	(2)

	
The secondary chamber is used for the second round of exhaust gas combustion for eliminating gas pollution (e.g., dioxins and furans). The chamber maintains the desired combustion temperatures above 850–1000 °C to enhance the efficiency of gas pollutant suppression.




	(3)

	
The third chamber is used for the final round of exhaust gas combustion to eliminate gas pollution (e.g., dioxins and furans). This chamber also maintains the desired combustion temperatures above 850–1200 °C. Subsequently, the remaining gases flow to a cyclone separator, where dust and small particles are trapped.




	(4)

	
The cyclone separator functions as a dust collector; it typically employs centrifugal force, a form of inertia, to force the air containing dirt and dust through a vertical cylinder with a cone-shaped bottom. As the air continues to spin, the heavier particles of dirt and dust begin to separate from the other debris and move outward toward the walls of the chamber. Thereafter, they slide to the bottom of the container and into the dust bin. Alternatively, the pollutant gases flow upward to the top of the cyclone pipe, and the air pressure is increased using an aeration fan.




	(5)

	
The aeration fan uses a high-pressure 0.5 horsepower pump to increase the pressure of the remaining gases after combustion and move them from the cyclone separator toward the wet scrapper.




	(6)

	
Gas scrubbing collects the dust and small particles that pass through the cyclone separator. The gas then flows through from the side of the tank above water onto the cooling pad in the opposite direction. Water at a temperature of 15–20 °C is sprayed from the top toward the steering wheel that directs the flow to the activated charcoal, which absorbs toxic gases and odors such as methyl sulfide.




	(7)

	
In a gas treatment chamber with high oxidation reaction, most types of microbes are killed, in particular the most dangerous bacteria which pose the greatest threat to human health. Odors, chemical compounds, and toxic gases are also eliminated using the treatment in this chamber before the remaining gases are released into the atmosphere.




	(8)

	
The combustion gas vent has a measurement point set at a height of 10 times that of the diameter of the vent. The measurement point is installed to check the quantity and quality of the treated gases before they are released out into the environment. As the system is heated via combustion, cold water is used to treat the polluting gases.




	(9)

	
The cool water tank stores the cool water required for injection from a nozzle during gas scrubbing. The water gate adjusts and mixes the water containing heat and toxic gas before this water enters the cool water pump. A small portion of the warm water is subsequently released into the warm water tank.




	(10)

	
The warm water tank stores warm water that is heated by the absorbed pollutants from the exhaust gases produced via combustion. The debris is dropped to the bottom of the tank and subsequently disposed of. Thereafter, clean water is fed to a chilling machine.




	(11)

	
The chilling machine produces cold water that is to be stored in the coolant tank before being sprayed into the scrubbing tank. Once the water absorbs the heat, leading to an increase in its temperature, it is circulated back to the chiller to be cooled again as shown in Figure 1.










2.2. Energy Consumption and Operating Cost Analysis


The cost should be calculated by all organizations, as it is a useful metric for assessing the overall cost of technology and investment. To properly assess the cost, the energy consumption in all systems and for all functions must be taken into consideration along with the cost of the system downtime as shown in Table 1 [28].



A performance measure of rotary kilns with three burners but without the use of O3 showed it is capable of combusting 100 kg/h of infectious waste and maintaining a constant temperature of 700–1000 °C in the first chamber of the incinerator and >850–1200 °C in the second and third chambers [3]. These temperatures bring the pollutant levels lower than the emission standards defined in the Emission Standard Reference Guide recommended by the U.S. EPA. The concentrations of the air pollutants released were also lower than the emission standard (especially in the group of heavy metal gases such as Ni, which had values half of the defined standard (i.e., it measured 0.5 mg/Nm3 when the standard value was 1 mg/Nm3) [24].



The rotary kiln incineration system used in this experiment was developed and designed to achieve the highest possible efficiency for treatment systems used to dispose of infectious waste. The several recent improvements to the treatment system in this study are described below in (Table 2).




2.3. O3 Add-On into the Infectious Waste Incineration System


This study focuses on the process of incorporating the O3 add-on into the infectious waste rotary kiln system as illustrated in Figure 2. As shown in this diagram, the O3 gas has a 100–160 g/h capacity (or 100–160 g/Nm3). The O3 cell cooling process used water, with 220 V and 50 Hz produced by the ozone generator (model: OZ-100G/H; serial number: OZ 160726616). This generated O3 with an oxygen concentration of 90 ± 3% and with a maximum power consumption of 550 W. The oxygen flow rate was 10 LPM. The oil-free air then flowed to the “mixing unit” to be mixed with the O3-filled water that was chilled to maintain its temperature at 15–20 °C and the flow rate at 65 L/min. as shown in Table 3. This mixing process yielded “mixed ozone water” stored in the storage tank for further use. In this study, we used O3 for air pollution treatment in two parts. The first part was spraying the “mixed ozone water” into the polluting gases at the point where the gases entered the wet scrubber tank. This is referred to as a “wet ozone treatment”. The second part of using O3 for air pollution treatment took place in the treatment chamber, which was initially designed and built by us to incorporate suppression with pure O3 gas oxidation before the exhaust gases are released into the atmosphere. As the process at the newly built chamber used pure O3 gas alone without mixing it with water, we usually refer to this process as a “dry ozone treatment”. The efficiency measurements of the exhaust gases’ combustion from the system were processed, and the results (i.e., information related to the concentrations of the pollution gases released from the vent) were compared using the U.S. EPA standard [27].



The combination of adsorption followed by ozone oxidation with the rotary kiln using a three-burner system seems to be the better technology for the removal of pollution substances emitted from the contaminated materials [21]. The overall pattern of the ozone decomposition mechanism and reaction will be helpful for the implementation of its application on a large scale. We found that the concentration of the released air pollution was much lower than the standard high threshold presented. Ozone can be produced by phosphorus contact, silent discharge, photochemical reactions, or electrochemical reactions, principally proceeded by the reaction of oxygen atoms with oxygen molecules. There are side reactions to the generation of ozone, however, which are responsible for ozone depletion, including thermal decomposition and quenching reactions by reactive species. The solubility of ozone in water is much higher than that of oxygen, suggesting that it may be reliably applied in the air pollution treatment and water and wastewater treatment [8]. Based on the resonance structures of ozone, one oxygen atom in an ozone molecule is electron-deficient, displaying electrophilic properties, whereas one oxygen atom is electron-rich, holding nucleophilic properties. The superior chemical reactivity of ozone can also be indirectly revealed by radical-mediated reactions initiated from the homogeneous and heterogeneous catalytic decomposition of ozone before being used to treat pollution in the treatment system [29].




2.4. Measuring the Concentrations of Pollutants Released into the Atmosphere


Sampling of the released exhaust gases at the end of the incinerator vent was performed 2.2 m above the top end of the chimney. This process was based on the standard gas emission sampling procedure which recommends the collection of samples at a height equal to 10 times the diameter of the chimney (0.22 m). The principle of emission suction from stationary sources was used to collect and analyze the particulate air quality samples. For the sample collection in this study, the isokinetic (dry basis) sampling method was adopted. This method employs a filter cured at 105 °C at the same wind velocity during measuring to prevent the refraction of moving particles and maintain an acceptable isometric kinetic range of ±10%. The methods used for air sampling and analyses are listed. The study utilized a total of 178 kg of infectious waste, which came from hospitals, clinics, and medical establishments and was produced by medical services from a variety of treatments, including dentistry, pharmaceuticals, laboratory diagnosis, and immunization, as well as research studies conducted on humans in which there was contamination through contact with pathogens from patients or patient products. There was a clear collection process with general waste in which physical and chemical property data were analyzed before waste was put into the incinerator. The samples of infectious waste analyzed in this research were of considerable importance, because each kind of waste affected the burn and emitted different pollutants. The composition of the waste needed to be analyzed physically and chemically. Data such as weight, moisture, and density were collected. After that, each kind of waste was packed into 25 × 30 × 60 cm3 containers, and the weight of each type of waste was recorded. The bags were completely sealed when burned, and all that remained was ash after the combustion process was completed.





3. Results and Discussion


3.1. Treatment of Pollution Gases and the Efficiency of a Rotary Kiln Using a Three-Burner System and O3


This section describes the results of the rotary kiln r using a three-burner system set at a high temperature to suppress dioxins and furans [3]. The temperature was set at 850–1200 °C, which is essential for the decomposition of PCDD/Fs [5] and should be considered in calculating the consumption rate of LP-Gas costs as shown in Table 1. The process released lower concentrations of pollution than the incineration processes that did not add O3 into the system [30]. In comparison with the U.S. EPA standard, as shown in Table 4. the ozone oxidation process at 15–20 °C is significantly more effective [8] when used in conjunction with an oxidation process on the pollution substances [7]. Adsorption was followed by the ozone oxidation process. The adsorption was efficient in the treatment of VOCs and molecular and organic pollutants [8] Applying O3 to the rotary kilns of three-burner systems reduced air pollution substantially. The removal efficiency of the pollutants included PCDD/Fs, Hg, Pb, Cd, HF, TSP, SO2, NO2, CO. Especially when the rotary kiln used a three-burner system and the secondary and third chamber were used for the final round of exhaust gas combustion, a temperature setting of 850–1200 °C was necessary for this investigation to facilitate the decomposition of PCDD/Fs [5]. The high temperature allows for the suppression of dioxins and furans, and this method also leads to a reduction in the pollution levels when compared with the standards of the U.S. EPA [3,24]. Therefore, this process complies with national sustainable development goals within the framework of global development, for which the United Nations (UN) has determined that member countries must take action in reducing air pollution by 2030 to improve the quality of life for their populations. In addition to eliminating air pollution, this treatment also reduces the water pollution that could be released from waste elimination systems.



Applying O3 to the rotary kilns of the three-burner systems reduced air pollution substantially. The removal efficiencies of the pollutants included PCDD/Fs, Hg, Pb, Cd, HF, TSP, SO2, NO2, CO. Especially when the rotary kiln used a three-burner system and the secondary and third chamber were used for the final round of exhaust gas combustion, a temperature setting of 850–1200 °C was necessary for this investigation to facilitate the decomposition of PCDD/Fs [5]. The high temperature allows for the suppression of dioxins and furans, and this method also leads to a reduction in the pollution levels when compared with the standards of the U.S. EPA, as shown in Table 5 [3,24].




3.2. Efficiency Comparison of a Rotary Kiln Using a Three-Burner System with and without an O3 System and the Standards of the U.S. EPA


The results for incinerating infectious waste as shown in Table 6. The amount of pollutants released without the O3 system were evaluated for the levels of TSP, CO, NO2, HCl, Hg, SO2, HF, and percentage of opacity, with the findings showing concentrations of 21.9 ± 0.86 mg/m3, 13.7 ± 0.29 mg/m3, 16.3 ± 0.57 mg/m3, 0.022 ± 0.012 mg/m3, 0.0069 ± 0.0014 mg/m3, 5.6 ± 1.65 mg/m3, 0.68 ± 0.17 mg/m3, and 6.0 ± 0.96%, respectively. The amount of released pollutants of the O3 system was evaluated for the levels of TSP, CO, NO2, HCl, Hg, SO2, HF, and percentage of opacity, with concentrations of 3.4 ± 0.13 mg/m3, 1.7 ± 0.28 mg/m3, 2.0 ± 0.39 mg/m3, 0.015 ± 0.003 mg/m3, 0.001 ± 0.0004 mg/m3, 3.4 ± 0.2 mg/m3, 0.013 ± 0.01 mg/m3, and 5.0 ± 0.53%, respectively. It was found that, when compared with the U.S. EPA standards [32] for TSP, CO, NO2, HCl, Hg, SO2, HF, and percentage of opacity, the recommended safety thresholds were met or exceeded the expectations in reductions, with concentrations of 120 mg/m3, 45.80 mg/m3, 470 mg/m3, 119 mg/m3, 0.05 mg/m3, 79 mg/m3, 16.40 mg/m3, and 10%, respectively.




3.3. Efficiency Comparison of Wastewater with and without an O3 System and the Standards of the U.S. EPA (1986)


The effluent samples released from the infectious waste incinerator in this study were collected at a sample volume equal to 5 L. The appearance of the effluent was light yellow. Laboratory tests were carried out against the Notification of the Ministry of Industry for the industrial effluent standard. The results of the analysis of the wastewater quality from the incineration of infectious waste were not found to exceed the standard. Ozone has been widely used for a long time, and now it is mixed with water in the tank before being injected into flue gas in the wet scrubber room. A chiller was installed in order to control the temperature of the cold water in the wet scrubber room during treatment, as it was found to be most efficient in the process of ozone gas oxidation. Ozone is a strong gas phase oxidant that can achieve pre-oxidation at low temperatures of 15–20 °C, which was a significant factor for this investigation [7,8]. This was followed by post-absorption to completely remove the oxidized products. Ozone has long been suggested as an alternative to improve air pollution and water quality [31]. A spray wet scrubber was installed to absorb SO2 and other acidic pollutants effectively. To satisfy the increasingly stringent emission standards, some adjustments to the treatment methods must be made regularly, including mechanical add-ons, activated carbon injection to adsorb heavy metals and organic pollutants, a wet scrubbing tower, and ultra-fine atomization through venturi pump technology to further eliminate SO2 and PM2.5 [33]. Finally, an end-of-pipe treatment device will again be added to further remove mercury, SO3, sulfuric acid, aerosols, and PM2.5 among other pollutants to satisfy the expected arrival of even stricter emission standards [8,34,35]. The catalytic mechanism of ozone deep oxidation into gaseous pollutants was also proposed. In short, the reaction rate of gaseous pollutants to ozone, the key rate-determined step, will be accelerated by more active oxygen radicals with the help of ozone decomposition acceleration by metal ion valance cycles. The reactants’ adsorption is the initial steps. It has been confirmed that the presence of ozone enhances the catalyst adsorption capacity [8], the dominant adsorbed form of nitrogen oxides on the catalyst surface. With the increasing valance of nitrogen oxides, the adsorption capacity was improved, and it significantly increased [8]. The concentration and emission of CO decreases with the increasing ratio of the ozone concentration in air, and the process is enhanced when the thermal power of the third combustion chamber is enlarged [36,37]. To ensure safe and robust treatment, it is vital to define the ozone demand and ozone kinetics to avoid as much variety in the outcomes as possible. The residual ozone will be separated into 2 parts. The first part will be fed to a dry ozone chamber which is located beyond a wet scrubber room. The second part will be mixed with water in a tank then the mixed ozone will be fed to a wet scrubber room in order to treat exhaust gas in a wet scrubber room. After the treatment, the mixed ozone will flow out to a pond and it will be used in the treatment system repeatedly. This is called a recirculation system. Experiments were performed to investigate the ozone kinetics and demand and to evaluate the effects on the air and water quality of the treatment systems [38]. In particular, the water quality parameters were measured, and the organic compound concentration changes during ozonation in the wet scrubber room were monitored and recorded [39]. The ozone reactions were described through kinetics, as they provided a better understanding of the ozone decay mechanisms, particularly the speciation forms of Cd, Pb, and Hg in the exhaust gas, that could be used to define further safe ozone treatment margins in the next steps [25,40]. It has also been found that the fluorescence of ozone could be used as a monitoring tool to control ozone [41]. These results were consistent with those of a previous study of combined adsorption via the O3 oxidation process, so this appears to be superior technology for removing pollution from the contaminant air stream [7]. Thus, waste management with a rotary kiln system will enable meaningful improvement in the vital process of pollution elimination. However, further review of [8] has found that there was no refrigeration system in the controlling flue gas treatment room because it would cause the ozone to be insufficient for oxidation to treat the polluted gases, as the temperature was higher than 25 °C and would cause the ozone to decompose [7]. There was also no dry ozone system to treat it again before it was released into the atmosphere. Finally, this method may cause a cost increase with the installation of a treatment system.





4. Conclusions


This study found that significant levels of pollutant gases released from rotary kiln incinerators were lowered when they were fitted with a three-burner system. The design and installation methods also play a considerable role when it comes to efficiency in the combustion of infectious waste and reductions in toxic exhaust gases. Most notably, our research found that an add-on O3 generator utilizing ozone oxidation technology was extremely efficient and effective in flue gas pollutant treatment, including at low temperatures of 15–20 °C in the scrubbing room, and led to emission readings much lower than the defined emission standards. Therefore, it was concluded that the use of an O3 generator in a rotary kiln incinerator with a three-burner system considerably reduces combustion pollutants and also improves air quality, ultimately resulting in environmental improvements by mitigating the implications arising from the disposal of infectious waste. Finally, the overall conclusion is that employing multiple simultaneous removal techniques targeting a wide variety of multi-pollutants delivered the best results. Further studies are necessary to analyze the quality of the water for use in circulating systems for wastewater treatment or for the monitoring of further use in agriculture.
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Figure 1. Rotary kiln incineration and O3 system diagram [8,24,27]. 
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Figure 2. Schematic diagram of the rotary kiln incinerator equipped with an ozone system [8,24,27]. 
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Table 1. Energy consumption and operating cost analysis.
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	Parameters
	Value (USD)





	Energy Cost of Electricity (Unit)
	0.12



	Energy Cost of Water (Unit)
	0.48



	Energy Cost of Fuel (Lite/Unit)
	0.36



	Operation Cost for 4-Person Staff (Month/20,000) = (80,000) (THB)
	2447



	Cost of the Technology/(THB)
	



	 Ozone Technology Cost (Size 100–160 g/Nm3) (Sets) = (2,000,000)
	61,180



	 Rotary Kiln Technology Cost (Size 100 kg/h) (Sets) = (10,000,000)
	305,903



	 Total Cost of the Technology (Sets) = (12,000,000)
	369,084



	 Availability (Hours)
	24







Note: Data analysis in Thai baht (1 USD = 32.69 THB).
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Table 2. Infectious waste rotary kiln incineration.
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	Parameters
	Value





	Combustion Chamber 1
	700–1000 °C



	Combustion Chamber 2
	850–1000 °C



	Combustion Chamber 3
	850–1200 °C



	Wet Scrubber
	15–20 °C



	Fuel Consumption Rate (LPG)
	18–25 L/h



	Waste Throughput Rate
	100 kg/h



	Combustion Duration
	1.0 h



	Airflow Throughput Rate
	0.1–0.2 m3/s



	Speeds of the Rotary Kilns
	0.6–1 rpm/min
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Table 3. Infectious waste treatment system by ozone generator [27].
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	Parameters
	Value





	Temperature in the Wet Scrubber
	15–20 °C



	Oxygen Consumption Rate
	10 L/min



	Ozone Concentration
	100–160 g/Nm3



	Effect of Residence Time
	3–8 s



	Flow Rate Mixing
	65 L/min



	AC Voltage
	5–10 kV



	Oxidation Duration Time
	0.5–5 min
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Table 4. Methods of air sampling and analysis.
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	No.
	Parameters
	Analysis Method
	Standard Value [31]





	1
	Mercury (Hg)
	Isokinetic, Cold Vapor—ASS
	0.05 mg/m3



	2
	Lead (Pb)
	Isokinetic, ICP-AES
	1.5 mg/m3



	3
	Cadmium (Cd)
	Isokinetic, ICP-AES
	0.5 mg/m3



	4
	Hydrogen Fluoride (HF)
	Ion Chromatography
	16.4 mg/m3



	5
	Particulate (TSP)
	Isokinetic, Gravimetric
	320 mg/m3



	6
	Sulfur Dioxide (SO2)
	Barium Thorin Titrimetric
	79 mg/m3



	7
	Oxides of Nitrogen (NOx as NO2)
	Chemical Absorption, Colorimetric
	470 mg/m3



	8
	Carbon Monoxide (CO)
	Bag, Non-Dispersive Infrared
	45.8 mg/m3



	9
	Hydrogen Chlorine (HCl)
	Ion Chromatography
	119 mg/m3







Note: Method Detection Limits (MDLs) of lead and cadmium are 0.19 mg/m3 and 0.02 mg/m3.
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Table 5. Comparison of air pollution compounds measured at the end of the infectious waste combustion air vent (mg/m3).
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	Parameters
	Rotary Kiln

(3-Burner)
	15% O2
	7.0% O2
	U.S. EPA (1)

[31]





	Mercury (Hg)
	0.006
	<0.001
	<0.001
	0.05



	Lead (Pb)
	ND (2)
	ND (2)
	<0.19
	1.5



	Cadmium (Cd)
	ND (2)
	ND (2)
	<0.02
	0.5



	Hydrogen Fluoride (HF)
	0.680
	0.013
	0.034
	16.4



	Particulate (TSP)
	21.900
	3.4
	7.4
	320



	Sulfur Dioxide (SO2)
	5.600
	<3.4
	<3.4
	79



	Oxides of Nitrogen (NOx as NO2)
	16.300
	<2.0
	<2.0
	470



	Carbon Monoxide (CO)
	13.700
	1.7
	3.7
	45.8



	Hydrogen Chlorine (HCl)
	0.022
	<0.015
	<0.015
	119



	Opacity
	6%
	5%
	5%
	10%







Note: (1) The standards for controlling the emissions of pollutants released from an infectious waste incinerator in accordance with the methods prescribed by the United States Environmental Protection Agency (U.S. EPA), burning less than 50 tons/day. ND = not detected. (2) Results of actual percentage of O2.
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Table 6. A comparison with the standard value of the pollution concentration released after combustion in a rotary kiln incinerator with and without an add-on O3 generator (mg/m3) and the standards of the U.S. EPA [31].
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	Parameters
	Non-Ozone
	Ozone
	U.S. EPA (1) STD [31]





	TSP (mg/m3)
	21.9 ± 0.86
	3.4 ± 0.13
	120



	CO (mg/m3)
	13.7 ± 0.29
	1.7 ± 0.28
	45.80



	NO2 (mg/m3)
	16.3 ± 0.57
	2.0 ± 0.39
	470



	HCl (mg/m3)
	0.022 ± 0.012
	0.015 ± 0.003
	119



	Hg (mg/m3)
	0.0069 ± 0.0014
	0.001 ± 0.0004
	0.05



	SO2 (mg/m3)
	5.6 ± 1.65
	3.4 ± 0.2
	79



	HF (mg/m3)
	0.68 ± 0.17
	0.013 ± 0.01
	16.40



	Opacity (%)
	6.0 ± 0.96
	5.0 ± 0.53
	10







Note: (1) The standards for controlling the emissions of pollutants released from an infectious waste incinerator in accordance with the methods prescribed by the United States Environmental Protection Agency (U.S. EPA), burning less than 50 tons/day. Remark: 15% oxygen content.
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