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Abstract

:

Alternative chemical and fuel oil produced from plastic waste may play a key role in national sustainable development. The Korean government has promoted several waste recycling policies including waste to energy. Here, we focus on the investigation of the oil and facility characteristics of plastic waste pyrolysis. Four pyrolysis facilities, which had different pyrolysis processes and produced various oil properties, were chosen in order to develop an advanced waste recycling policy. Pyrolysis oil recovery efficiency and chemical characteristics were influenced by feedstock and pyrolysis conditions. In terms of pyrolysis gases, the gas quantity was different due to the pyrolyzer operation conditions, but the characteristics of gas composition were not especially distinguished. In addition, air pollutants, such as carbon monoxide (CO), nitrogen oxides (NOx), sulfur oxides (SOx), and hydrogen sulfide (H2S) from the pyrolysis process were analyzed to evaluate the environmental effects on the surrounding area. The air pollutant concentration varied, but those from the process were adequately controlled. From the aforementioned results, several improvements have been deduced to manage the pyrolysis oil facility and product in advanced policy decisions.
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1. Introduction


Most countries have paid attention to the rapid waste generation derived from polymer material, which is directly proportional to an increase in plastic production [1]. A total of 6300 million tonnes of plastic waste was generated between 1950 and 2015 and was then treated by recycling (9%), incineration (12%), and landfill and natural environment depositing (79%) [2]. In particular, the COVID-19 pandemic facilitated more concern about how to efficiently control its generation and treatment. The recycling rate of plastic waste varies by nation. European countries significantly focus on material and energy recovery by using plastic waste [3]. In the case of South Korea, around 22.7% of plastic waste was recycled as material and 39.3% as energy in 2017. The rest was either simply incinerated or thrown into landfills [4]. Incineration is a better solution than using landfills. In the case of landfilling, it leads to several problems associated with environmental impacts such as soil and aquifer contamination [5]. Currently, the recycling of plastic waste is an important issue in South Korea because the lifetime of landfill sites in metropolitan areas will be terminated shortly, and alternative sites for landfills are insufficient. The Korean government has tried to develop environmental policies in order to foster the recycling rate of plastic waste. The residential sector should classify and discharge plastic waste by type. In addition, an extended producer responsibility (EPR) system has been carried out to enhance the recycling rate of waste. Additionally, policies regarding plastic consumption have attempted to restrain the demand for disposable products that are derived from plastics.



Many kinds of plastics are produced, but several plastic types such as high-density polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP) and polystyrene (PS) form the majority of waste generation [6]. Unfortunately, material recycling mainly focuses on solid refused fuel (SRF) production and faces difficulty in the diversification of reuse. Energy recovery via thermo-chemical conversion techniques is an alternative method for recycling diversification. Among the thermo-chemical conversion techniques (e.g., pyrolysis, gasification, and combustion), large amounts of liquid oil can be easily and quickly obtained by pyrolysis via thermal degradation and depolymerization of long-chain polymer molecules in an oxygen-free atmosphere [7]. Therefore, pyrolysis can be a promising option for energy recovery from combustible wastes, especially plastic wastes, to liquid fuel and chemicals [8]. In general, the pyrolysis reaction can produce three different kinds of products such as oil, gas, and solids. The pyrolysis heating condition is adjusted to the final target products, which can be classified as slow, fast, and flash pyrolysis [9]. Slow pyrolysis means that the reaction occurs at a low (for solids) or high (for gas) temperature, a long residence time, and a slow heating rate. The main products are pyrolysis gas and solids (i.e., char and torrefied fuel). Fast and flash pyrolysis are favorable for oil production at low and moderate temperatures, a high heating rate, and with a short residence time. However, for flash pyrolysis, the size of feedstocks is restricted, which requires pretreatment such as shredding and cutting. Therefore, fast pyrolysis is a better option for oil production using waste lumps on a commercial scale. Occasionally, a catalytic cracking system is installed and used in the pyrolysis oil production facility in order to enhance the oil quality because it controls the range of hydrocarbon polymer molecules. On the other hand, it lowers the economic facility (i.e., increases the oil production cost).



Several pyrolysis facilities have been installed and operated to produce pyrolysis oil using plastic waste in South Korea. In general, pyrolysis oil produced by those facilities is utilized in boiler systems as a fuel. However, the characteristics of oil quality and yield are various due to the function of feedstock, pyrolysis process, and operation conditions. Therefore, guidelines and standards related to facility installation, management, and safety for plastic waste pyrolysis are required to achieve an advanced waste recycling policy and sustainable development.



In this study, we have analyzed the characteristics of pyrolysis oil products and facilities in order to promote energy recovery rate and facilitate industry related to plastic waste through advanced policy decisions. Four different types of pyrolysis facilities were chosen to investigate the characteristics of each facility. First, we carried out sampling of waste feedstock, pyrolysis residue, oil, and gas from the facilities. In addition, the concentration of air pollutants such as carbon monoxide (CO), nitrogen oxides (NOx), sulfur oxides (SOx), and hydrogen sulfide (H2S) was analyzed during pyrolysis operation. Second, each pyrolysis process and its operating conditions were investigated to ensure standards for pyrolysis facilities using plastic waste.




2. Experimental Section


2.1. Pyrolysis Facilities Using Plastic Waste


Three commercial pyrolysis facilities (A, B, and C) and one research pyrolysis facility (D) were chosen to investigate the characteristics of pyrolysis products and processes. The detailed pyrolysis process of each of them is illustrated in Figure 1. All pyrolysis processes include a pyrolyzer and a condenser for gathering the oil product. However, details of equipment shape and process systems were varied. The pyrolyzer of facility A was a screw reactor. In order to maintain the pyrolysis temperature, pyrolysis gas was used as the heating fuel for the pyrolyzer. The pyrolyzer of facility B and C was a rotary drum reactor. Pyrolysis gas was also used as the pyrolyzer-heating fuel. In the case of facility D, the pyrolyzer was a fixed-bed reactor. For the pyrolyzer heating, electricity and UV were used. In addition, facility D included a distillation system for light oil production.




2.2. Sample Preparation and Analysis


In order to analyze the characteristics of feedstock, pyrolysis residue, oil, and gas, we took a certain number of samples in the facilities. In addition, air pollutant concentration was analyzed during pyrolysis facility operation.



2.2.1. Feedstock and Pyrolysis Residue


A sample of feedstock was sorted by hand into subfractions such as PP, PS, HDPE, LDPE, and other materials (i.e., multi-resin and synthetic plastic items) to determine the constituent, as listed in Table 1. Physical and chemical properties of pyrolysis feedstock and residue were investigated using three components, proximate analysis, ultimate analysis, metal concentration, calorific value, and ignition temperature, as listed in Table 2. Moisture, combustible, and ash fraction were analyzed using an oven and a muffle furnace. The moisture was determined at 105 °C for 24 h. In the case of ash, the sample was heated from room temperature to 600 °C (with an addition of 25 wt% ammonium nitrate solution) at a heating rate of 10 °C/min. The ashing time was set to 3 h. The combustible fraction was calculated by subtraction of the moisture and ash from the initial sample weight. In the proximate analysis, the volatile matter was determined at 950 °C (a heating rate of 30 °C/min) for 7 min without oxygen, and the ashing treatment was carried out at 875 °C for 3 h. Fixed carbon was deduced by a calculation of subtraction from the moisture, volatile matter, and ash of the initial sample weight. The ultimate analyzer (vario MACRO cube, Hanau, Germany) determined the carbon (C), hydrogen (H), nitrogen (N) and sulfur (S) contents. The metal concentration was analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES; Optima 8300, Waltham, MA, USA). In the case of calorific value, a calorimeter (AC 500, ABB, Västerås, Sweden) was adopted. For the determination of ignition temperature, a thermogravimetric analyzer (TGA; STA 2500 Regulus, Berlin, Germany) was used. The sample was heated to 700 °C at a heating rate of 10 °C/min.




2.2.2. Pyrolysis Oil


The characteristics of oil products, such as ash, moisture, sediment, sulfur, residual carbon, and metal concentration, from the pyrolysis facility were investigated, as listed in Table 3. First, in order to identify the amount of ash, the oil sample was heated up to 600 °C at a heating rate of 10 °C/min. The ashing time was set to 3 h. The moisture and sediment were analyzed using a centrifuge (Sorvall Legend XTR, Thermo Fisher Scientific, Waltham, MA, USA) with 3000 rpm for 30 min. Before the treatment, toluene and hexylamine solution were added to the oil sample. In the case of sulfur analysis, energy-dispersive X-ray fluorescence (EDXRF; Epsilon 3XLE, Malvern Panalytical, Malvern, UK) was used. Residual carbon from the oil was identified using a tube-type furnace. A certain amount of oil sample from a crucible was injected into the furnace, and then the reactor temperature was raised up to 500 °C at a heating rate of 10 °C/min with N2 gas purge (15 min holding). For the metal concentration analysis in the pyrolysis oil, ICP-OES (Optima 8300, PerkinElmer, Waltham, MA, USA) analysis was carried out.




2.2.3. Pyrolysis Gas and Air Pollutants


The components and concentration of pyrolysis gas and air pollutants during facility operation were identified. For the investigation of pyrolysis gas, gas sampling was carried out using a Tedlar bag (1 L) at a certain time interval during the operation. The gas composition and concentration of hydrogen (H2), methane (CH4), ethene (C2H4), ethane (C2H6), and propene (C3H6) were analyzed using gas chromatography (GC; GC 2010, Shimadzu, Kyoto, Japan). In the case of air pollutant emissions, a portable gas analyzer (MK 6000, Iserlohn, Germany), which was installed at an air pollutant outlet, was used in order to identify the concentration of CO, NOx, SOx, and H2S during the pyrolysis facility operation.






3. Results


3.1. Characteristics of Feedstock and Pyrolysis Products


The feedstock in the pyrolyzer was mainly composed of plastic waste, as listed in Table 1. Polyethylene (PE) was the majority of the plastic waste. In particular, most of the plastic composition was LDPE in facility D. The plastic waste of facility A, B and C was derived from the residential sector. Hence, diverse plastic types were brought into the pyrolysis facilities. On the other hand, the plastic waste of facility D was derived from the agricultural sector, which might result in a majority of LDPE. The detailed characteristics of pyrolysis feedstock and residue are listed in Table 2. The combustible fraction of feedstock was higher than 85 wt%. During the pyrolysis reaction, it was converted to oil, gas, and residue in the pyrolyzer. The combustible fraction of residue ranged between 40.7 and 55.8 wt% after the pyrolysis reaction. In the proximate analysis, volatile matter in the combustible material was the majority, which was higher than 90 wt% in the feedstock. In general, high volatile matter leads to an increasing oil yield [10]. However, operational conditions also influence the oil yield [11]. The feedstock of facility B and D included a high amount of volatile matter. In particular, in the ultimate analysis, C and H were higher in the feedstocks of facility B and D compared to those of facility A and C. These characteristics might influence pyrolysis product yields such as oil and gas. In the case of metals, Cd, Pb, As, and Cu are not significantly involved in the feedstock and residue. However, the concentration of metals relatively increases after the pyrolysis reaction. In general, metal concentration can be changed by high-temperature thermal treatment. In previous research [12], metal concentration during the waste pyrolysis reaction increased in the char residue under low-temperature pyrolysis conditions, but it decreased in the char residue under high-temperature pyrolysis conditions. Low-temperature (below 400 °C) pyrolysis was carried out for oil production in this study. This might have resulted in an increase in metal concentration in the pyrolysis residue. In comparison with the calorific value of feedstock and residue, the calorific value substantially decreased after the pyrolysis reaction. The decreasing calorific value of feedstock was converted to energy products such as pyrolysis oil and gas. In addition, the ignition temperature was changed after the pyrolysis reaction because of devolatilization behavior of the feedstock. Resultingly, after the pyrolysis reaction, constituents related to energy production were substantially reduced, but metal concentration increased in the solid sample.



The characteristics of pyrolysis oil and gas products were investigated. Table 3 indicates the analysis results of various pyrolysis oil products from each facility. Depending on the facility process, pyrolysis oil characteristics such as ash, moisture, sediment, sulfur, residual carbon, and metal were varied. However, these satisfy the regulations of the Wastes Control Act of Korea. The ash content was below 0.03 wt% in all oil products. In particular, moisture and sediment were rarely detected in the oil samples. Sulfur content ranged between 0.05 and 0.09 wt%. Residual carbon was less than 0.03 wt% in all oil products. In the case of metals, Cd, Pb, Cr, and As contents were rarely involved in all oil products. Hence, pyrolysis oils not only apply to boiler fuel but can also be used as raw materials (i.e., chemical substitution) in chemical and refinery industries.



Pyrolysis gas is produced during process operation because all thermally treated and depolymerized molecules are not condensed. Figure 2 illustrates the concentration of H2, CH4, C2H4, C2H6, and C3H6 in the pyrolysis gas. The pyrolysis gas concentration of facility B, C and D was similar, but that of facility A showed a different tendency; CH4 concentration was high. This behavior might be related to different operation conditions (i.e., residence time). The concentration of hydrocarbon gas components such as C2H6 and C3H6 was lower due to a thermal-cracking reaction. This led to facilitating pyrolysis gas generation in facility A. Previous research [13] revealed that a longer residence time is an important factor in reducing liquid oil yield due to the formation of secondary reactions such as thermal cracking and the rearrangement of chemical compounds. This explains why the total gas production of facility A was high compared to that of the other facilities, as listed in Table 4.




3.2. Material Balance from Pyrolysis Process


In this section, we identified the material balance of pyrolysis residue, oil, and gas during the facility operation. Several factors such as operational conditions (e.g., temperature, residence time, and catalyst), feedstock, and pyrolysis process are related to pyrolysis oil and gas yield. Here, we attempt to find the relationship between feedstock type and oil yield. Facility D was not investigated in this section because the feedstock of facility D was mainly composed of LDPE, as listed in Table 1. In addition, the pyrolysis condition (i.e., heating method) and distillation process of facility D differ, as shown in Figure 1. This would influence oil production characteristics [14].



Table 4 indicates the material balance of pyrolysis residue, oil, and gas from each facility. The pyrolysis residue was in a range between 11.38 and 21.88 wt%. This resulted in a high pyrolysis reaction performance. Sometimes, pyrolysis residue remained more than 30 wt% [15]. In the case of oil and gas fraction, long residence time and high temperature led to increasing high fraction of gas during the pyrolysis reaction [16]. Here, the reaction temperatures of all the facilities were similar, but the residence time differed. This resulted in a high gas yield of facility A compared to that of facility B and C. The other factor is type of plastic waste feedstock. Several previous studies [17,18,19] have been conducted using different types of plastic waste for pyrolysis oil production, which have revealed various oil yields. Figure 3 and Figure 4 show the relationship between plastic waste and oil yield for facility A, B and C. Figure 3 indicates a ternary plot of PP, PE (HDPE + LDPE), and PS related to oil yield. In Figure 3, the presented number signifies the order of the pyrolysis oil yield of each facility. Low oil yield was presented, which was proportional to high PP content in the feedstock (Figure 3a). Therefore, the relationship between PS, LDPE, and HDPE and oil yield was compared, as shown in Figure 3b. The relationship between them was not clearly identified. In previous research [20], the inclusion of PP influenced low oil yield. PS and PE mixture showed better oil yield than PP, PS, and PE mixture [21]. This phenomenon is clarified in Figure 4. The high fraction of PS and PE mixture from the facilities showed an obvious correlation with high oil yield. On the other hand, the high fraction of PP led to decreasing oil yield. The pyrolysis oil yield significantly influences the minimum selling price (MSP) of oil. The oil yield is varied depending on the type of plastic waste. As oil yield increased, the MSP decreased sharply [22]. Among facility A, B, and C, the highest pyrolysis oil yield was approximately 41 wt% in facility B. Therefore, high oil yield should be required for economic gain in the commercial pyrolysis oil production facility.




3.3. Air Pollutant Emissions from Pyrolysis Process


Facility A, B, and C had combustion systems that used pyrolysis gas for pyrolyzer heating. Many previous studies have not focused on the air pollutant emissions from the pyrolysis process, which included a combustion system of pyrolysis gas. Hence, we investigated the air pollutant concentration from the gas outlet. Facility A showed low CO, SOx, and H2S concentrations. In particular, SOx and H2S were not detected by the gas analyzer during the pyrolysis facility operation. In the case of CO, it was controlled by thermal treatment. In facility A, a multi-stage combustion device was installed in the gas outlet in order to reduce unfavorable gas emissions. This might control the incomplete combustion behavior, which could lower the CO emissions. However, the NOx concentration of facility A was higher than that of facility B and C. During the combustion reaction of waste, NOx can be mainly generated by two different factors such as fuel NOx and thermal NOx [23]. According to the ultimate analysis, the feedstock in facility A, B and C contained similar nitrogen (N) content (ranging between 0.16 and 0.21 wt%) for the pyrolysis, which did not critically influence NOx formation. On the other hand, the multi-stage combustion device in facility A affected NOx generation because of high thermal treatment temperature. This would lead to increasing NOx concentration. In the case of facility B and C, a similar air pollutant control device (i.e., a wet scrubber) was installed. This might result in similar air pollutant concentration in facility B and C. Resultingly, the concentrations of CO, NOx, SOx, and H2S were not high (as listed in Table 5) because the facility controlled the air pollutant emissions using a thermal-cracking system in facility A and a wet scrubber in facility B and C.





4. Conclusions


Plastic waste pyrolysis is essential for the diversification of waste recycling. In particular, oil production derived from plastic waste is necessary in South Korea because conventional oil (i.e., petroleum resource) is not produced and is only imported from foreign countries. In addition, amendments regarding the waste recycling policy should be carried out for efficient utilization of plastic waste. In this work, four different plastic waste pyrolysis facilities (i.e., three commercial and one developing facility) were investigated in order to analyze the characteristics of feedstock, solid residue, gas, oil, air pollutants, process, and their relationships. The feedstock of plastic waste was mainly composed of PP, PS, PE, and others in commercial pyrolysis facilities. In particular, PP, PS, and PE were substantially related to pyrolysis oil yield. The quality of pyrolysis oil product from each facility satisfied the government regulations of Korea. In addition, the concentration of pyrolysis gas such as H2, CH4, C2H4, C2H6, and C3H6 was influenced by the residence time of feedstock in the pyrolyzer. In particular, the quantity of pyrolysis gas from the facilities was high in facility A due to a difference in pyrolysis residence time. In terms of the environmental impact of pyrolysis facilities, solid residue and air pollutant emissions were additionally researched because solid residue is currently landfilled, and air pollutants are emitted to surrounding areas of the facilities. Fortunately, the solid residue and air pollutants were not of significant concern for the environment.



However, detailed guidelines and standards related to facility installation, management, and safety might be required for the advanced recycling policy of plastic waste because they are not prepared entirely. In particular, the standard of oil yield should be recommended to pyrolysis facilities. In this study, the oil yield of the commercial facility was around 40 wt%. This should be enhanced to maximize the potential worth of plastic waste and facility economics. Currently, we are preparing more detailed accounts of facility installation, management, and safety. The enactment of plastic waste pyrolysis might be an essential countermeasure against increasing plastic waste and a way of fostering alternative energy.
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Figure 1. Schematic diagram of pyrolysis facilities using plastic waste. (a) Facility A (pyrolyzer: screw reactor); (b) facility B and C (pyrolyzer: rotary drum reactor); (c) facility D (pyrolyzer: fixed-bed reactor). 
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Figure 2. Pyrolysis gas components and concentration. 
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Figure 3. Ternary plot of plastic waste feedstock with respect to oil yield: (a) PP, HDPE + LDPE and PS; (b) PS, LDPE and HDPE. 
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Figure 4. Relationship between plastic waste and oil yield: (a) relationship between PS + PE and oil yield; (b) relationship between PP and oil yield. 






Figure 4. Relationship between plastic waste and oil yield: (a) relationship between PS + PE and oil yield; (b) relationship between PP and oil yield.



[image: Energies 15 04317 g004]







[image: Table] 





Table 1. Classification of waste feedstock into pyrolyzer (Unit: wt%).
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Facility

	
Plastic Type

	
Other Materials 1




	
PP

	
PS

	
HDPE

	
LDPE

	
OTHER

	
Unknown






	
A

	
3.4

	
11.1

	
14.1

	
14.9

	
8.2

	
24.2

	
24.1




	
B

	
2.8

	
1.3

	
16.9

	
23.8

	
27.0

	
25.2

	
3.0




	
C

	
8.1

	
5.1

	
15.5

	
14.3

	
27.4

	
13.4

	
16.2




	
D

	
-

	
-

	
-

	
99.6

	
-

	
-

	
0.4








1 Solid residue except plastic waste in the feedstock.
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Table 2. Physical and chemical properties of pyrolysis feedstock and residue.
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Facility A

	
Facility B

	
Facility C

	
Facility D




	

	

	
Feedstock

	
Residue

	
Feedstock

	
Residue

	
Feedstock

	
Residue

	
Feedstock

	
Residue






	
Three components

(Air-dry basis, wt%)

	
Moisture

	
6.3

	
0.5

	
1.7

	
9.6 1

	
9.2

	
7.3 2

	
6.0

	
0.6




	
Combustible

	
86.5

	
42.6

	
95.5

	
40.7

	
88.0

	
49.1

	
92.9

	
55.8




	
Ash

	
7.2

	
56.9

	
2.8

	
49.7

	
2.8

	
43.6

	
1.1

	
43.6




	
Proximate analysis

(Dry basis, wt%)

	
Volatile matter

	
90.0

	
35.1

	
96.1

	
24.4

	
94.3

	
35.7

	
97.3

	
30.0




	
Fixed carbon

	
2.9

	
9.1

	
2.4

	
19.1

	
2.5

	
15.7

	
1.5

	
24.1




	
Ash

	
7.1

	
55.8

	
1.5

	
56.5

	
3.2

	
48.6

	
1.2

	
45.9




	
Ultimate analysis

(Dry basis, wt%)

	
C

	
70.92

	
50.82

	
80.55

	
21.54

	
75.85

	
31.14

	
84.93

	
43.84




	
H

	
11.39

	
1.63

	
13.16

	
1.40

	
11.70

	
2.46

	
13.45

	
1.14




	
N

	
0.20

	
0.71

	
0.16

	
0.31

	
0.21

	
0.36

	
0.08

	
0.36




	
S

	
0.26

	
0.29

	
0.05

	
0.14

	
0.04

	
0.14

	
0.08

	
0.45




	
Metal (mg/L)

	
Cd

	
N.D.

	
0.002

	
0.004

	
0.007

	
N.D.

	
0.020

	
N.D.

	
0.001




	
Pb

	
0.011

	
0.186

	
0.009

	
0.042

	
0.076

	
0.288

	
0.083

	
0.215




	
As

	
0.006

	
N.D.

	
0.006

	
N.D.

	
N.D.

	
N.D.

	
0.016

	
N.D.




	
Cu

	
0.163

	
0.527

	
0.135

	
0.261

	
0.141

	
0.275

	
0.196

	
0.736




	
Higher heating value (kcal/kg)

	
8678

	
3454

	
9848

	
1316

	
8956

	
2324

	
10156

	
4018




	
Ignition temperature (°C)

	
422.4

	
421.9

	
395.1

	
397.5

	
467.0

	
543.3

	
398.6

	
470.6








1,2 Water is added into the pyrolyzer for the elimination of flying fine dust after pyrolysis.
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Table 3. Characteristics of pyrolysis oil product.






Table 3. Characteristics of pyrolysis oil product.





	
Facility

	
Oil Type

	
Ash (wt%)

	
Moisture and Sediment

(vol.%)

	
Sulfur (wt%)

	
Residual Carbon (wt%)

	
Metal (mg/L)




	
Cd

	
Pb

	
Cr

	
As






	
A

	
Mixed oil (Light + Heavy)

	
0.03

	
N.D.

	
0.09

	
0.03

	
N.D.

	
0.010

	
0.002

	
0.010




	
B

	
Heavy oil

	
N.D.

	
N.D.

	
0.05

	
N.D.

	
0.001

	
0.003

	
0.001

	
N.D.




	
C

	
Heavy oil

	
N.D.

	
N.D.

	
0.06

	
0.03

	
0.001

	
0.001

	
0.002

	
N.D.




	
D

	
1st light oil

	
N.D.

	
N.D.

	
0.09

	
N.D.

	
0.001

	
0.007

	
0.002

	
N.D.




	
2nd light oil

	
N.D.

	
N.D.

	
0.08

	
N.D.

	
0.001

	
0.003

	
0.001

	
N.D.




	
Heavy oil

	
N.D.

	
0.30

	
0.09

	
0.01

	
N.D.

	
N.D.

	
0.001

	
N.D.
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Table 4. Material balance of pyrolysis residue, oil, and gas (Unit: wt%).






Table 4. Material balance of pyrolysis residue, oil, and gas (Unit: wt%).





	Facility
	Residue
	Oil
	Gas





	A
	11.38
	40.16
	48.46



	B
	17.58
	40.93
	41.49



	C
	21.88
	37.64
	40.48



	D
	14.50
	84.90
	0.60
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Table 5. Air pollutant concentration from each pyrolysis facility (Unit: ppm).






Table 5. Air pollutant concentration from each pyrolysis facility (Unit: ppm).





	Facility
	CO
	NOx
	SOx
	H2S





	A
	2.2
	107.9
	N.D.
	N.D.



	B
	90.2
	68.5
	0.4
	0.3



	C
	99.2
	72.4
	3.8
	0.2



	D 1
	-
	-
	-
	-







1 Facility D did not include an air pollutant emission device in the process.
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