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Abstract

:

The petroleum refining industry emits various volatile organic compounds (VOCs), including high-volatility benzene, which can have a significant impact on the local community. To address this issue, the US Environmental Protection Agency (EPA) has implemented a fenceline monitoring system to ensure that benzene concentrations at the fenceline do not exceed 9 μg/m3. However, there are various types of VOCs, and some with high potential atmospheric oxidation (POCP) values, that may cause secondary air pollution. This study found that both study sites exceeded the action level of benzene (9 μg/m3), and the locations where the level was exceeded were close to the crude distillation unit (CDU) (max concentration 34.07 μg/m3). Additionally, a significant amount of xylene with a high POCP was also released. The xylene emission rate of study site A was 27.71%, and the xylene emission rate of study site B was 46.75%. Therefore, it is necessary to reduce both high-volatility benzene and high-POCP xylene. In various industries that use organic solvents, it is important to prioritize VOCs for continuous measurement and analysis and to establish reduction strategies.
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1. Introduction


Effective management of VOCs in the air requires the establishment of an emission source inventory and the development of corresponding emission factors or periodic measurements. However, the development of emission factors is still underway, and measurements are rarely performed.



Studies are being conducted globally, including by the US Environmental Protection Agency and the EU’s CORINAIR (Coordination of Information on the Environment), but ensuring the accuracy and reliability of the results remains challenging [1].



VOCs (volatile organic compounds) is a collective term for numerous compounds with very diverse sources. VOCs refer to carbon compounds, excluding carbon monoxide, nitrogen oxides, carbonyls, metal carbonyls, and carbamates, which are involved in photochemical reactions in the air [2].



Many policies are being implemented globally to reduce VOCs. In the US, the Clean Air Act (CAA) was revised in 1977, and it began to limit the emissions of large-scale sources that emit over 100 tons of VOCs annually. In 1990, the CAA was revised to further regulate and strengthen the regulation of mobile sources of pollution and to categorize regions into five levels to reduce ozone nonattainment regions [3]. In addition, the state government requires the submission of a ‘State Implementation Plan’ based on VOC reduction measures to ensure compliance with federal air quality standards for at least 10 years [4].



As a result, states and local governments are establishing state and local regulations based on federal laws, considering local pollution characteristics. In conclusion, the United States is gradually strengthening VOC regulations and expanding their scope, with both federal and state governments setting consistent VOC reduction targets.



In the EU, efforts have been made to reduce the overall VOC emissions throughout Europe by passing the EU law on VOC emission control from storage, shipment, and sales facilities in 1994. Furthermore, separate VOC management plans are being operated at the national level to reduce VOC emissions from each facility [5].



In the Republic of Korea, the Chemical Substance Management Act currently requires the establishment of emission reduction plans. There are 415 target substances for emission reduction, divided into groups 1, 2, and 3, and most of the substances under investigation for emission are VOCs [6].



However, VOCs emitted from the workplace are not measured and analyzed and are regulated as total VOCs under the domestic air environment preservation law. At the same time, in the emission reduction plan of the Chemical Substance Management Law, they are submitted as individual chemical substances, causing disparity between the two regulations.



VOCs and NOx in the air act as precursors to the formation of ozone, oxidants (aldehydes, ketones), etc., due to ultraviolet and photochemical reactions.



Therefore, NOx is mainly reduced through acid deposition policies in most countries, and the reduction plan for photochemical products such as ozone is focused on reducing VOCs. However, it is known that the choice of pollution to reduce depends on the objective, and reducing VOCs should be promoted concurrently with policies for reducing NOx [7].



There are various types of VOCs. The extent to which they participate in photochemical reactions in the air and cause ozone pollution is referred to as photochemical ozone creation potential (POCP). The extent of photochemical reactivity in the air is generally expressed as POCP using ethylene as a reference material (POCP = 100). 1,2,4-Trimethylbenzene and acrolein have the highest POCP values of 120, and, generally, alkenes and aromatic hydrocarbons have high POCP values [8].



On the other hand, hydrocarbon gases such as methane and chlorofluorocarbons have low POCP values, meaning they cause less photochemical smog than alkenes and aromatic hydrocarbons. Unlike other VOCs, benzaldehyde reduces nitrogen oxides in the air by participating in reactions that generate peroxybenzoyl nitrate, thus inhibiting ozone formation and having a POCP value of −35. Methane and hydrocarbon gases such as chlorofluorocarbons also have low POCP values [9].



VOCs have various characteristics, and there is a large difference in their ability to cause secondary pollution. Therefore, it is important to analyze the VOCs emitted from each facility by analyzing which substances are present [10].



This is because not all VOCs can be reduced, so prioritizing is important. Therefore, it is necessary to identify the chemicals with high emission rates and those that affect ozone generation by industry and to establish reduction measures [11].



The petroleum refining industry generates many VOCs. Substances such as benzene are highly toxic and carcinogenic. There is also a study that shows that residents living near industrial complexes where many petroleum refineries are located have a high cancer rate [12].



Therefore, in this study, we chose the oil refining industry, which is expected to emit a large amount of VOCs due to the use of large amounts of organic solvents and the large-scale facilities involved, and measured VOCs at the fenceline. Through this, we aim to identify the VOCs that need to be reduced first and to study their importance.




2. Materials and Methods


2.1. Understanding the Petroleum Refining Process


The petroleum refining process involves separating crude oil into intermediate products based on boiling point differences and then using further separation processes or catalysts to convert the intermediate products into petroleum chemical products, which can be easily used in transportation fuels and general consumer goods. Typically, petroleum refining and petroleum chemical processes are operated together. This is because crude oil is used as a raw material to produce high-processing products, such as synthetic fibers and synthetic resins, and also because it produces light and heavy hydrocarbon products, which can be used as basic fuels [13].



The oil refining process is divided into the CDU (atmospheric distillation unit), HDS (hydrodesulfurization unit), SRU (sulfur recovery), RFCC (residue fluid catalytic cracking unit), VDU (vacuum distillation unit), and HCR (hydrocracking unit) processes. Each process produces various products, from LPG to gasoline, naphtha, kerosene, and heavy oil.



The oil chemical process is divided into the BTX process, which produces benzene, toluene, and xylene; the olefin process, which produces olefin hydrocarbons; and the polymer production process, which produces polymers such as polypropylene (Figure 1) [14].




2.2. Sample Collection Method


In this study, we applied an active technique from 1 of the 6 techniques utilized in the EPA’s fenceline monitoring guidelines.



The monitoring method for the target facility was sampled using the passive method according to EPA Method 325A (Volatile organic compounds from fugitive and area sources—Sampler deployment and VOC sample collection). The EPA presents 6 methods for sample collection (Table 1).



The sample collection sorbent trap was loaded with Carbopack C + Carbopack B + Carbosieve SIII in accordance with the EPA Method TO-17 guidelines for sorbent selection, using Carbotrap 300 (1/4 in. × 3 1/2 in., Sigma). The monitoring height was fixed so that the diffusive sampling cap (diffusive sampling cap) of the manual expansion tube could be located 1.5~3 m from the ground by using a pillar or a secure structure (Figure 2) [15].




2.3. Analyzing Target Chemicals


In the direct measurement, a sample suction pump was used to collect 6 L of sample for 60 min with a flow rate of 100 mL/min, twice in the morning and three times in the afternoon for a total of five samplings. The analysis material was the research target, including 57 ozone precursors and 88 HAPs (hazardous air pollutants) that can be analyzed using EPA Methods TO-14 and TO-17 and GC analysis. m-Xylene and p-Xylene, two substances that cannot be separated from each other in GC analysis, were considered one item. The composition and concentration of 87 substances were evaluated at the worksite. The 87 substances are as follows (Table 2 and Table 3):




2.4. Analysis Method


The collected sample from the solid sorbent trap was analyzed using a gas chromatography/mass spectrometer (GC/MS) (Table 4). This method involves charging a certain amount of sorbent material into the trap, thermal desorption of the sample, cryogenic trapping of the desorbed sample, and thermal desorption once again. The separated sample was then analyzed using a high-resolution column for gas chromatography (GC) and measured with a mass spectrometer (MS) (Table 5).




2.5. Sampling Installation Location


The 12 measurement points were selected based on the EPA fenceline monitoring guidelines, following the worksite size. According to the guidelines, there should be 12 points if the total area of the worksite is between 1 and 750 acres, 18 points for 750 to 1500 acres, and 24 points for over 1500 acres (Figure 3) [16].



Additionally, the nearby processes were divided by each measurement point, and the expected materials to be emitted were differentiated as follows (Table 6 and Table 7).





3. Results


3.1. Results of VOC Measurements by Measurement Point


3.1.1. Research Target Site A


	(1)

	
CDS/HDS Process:







The measurement point is point 12. It was expected that a large amount of C5~C9+ by-products would occur. The analysis showed that isopentane accounted for 17%, n-butane accounted for 12%, and propane accounted for 10%.




	(2)

	
PP (Polypropylene) Process:









The measurement point is point 11. This is a process of producing polypropylene by introducing ethylene propylene as a raw material. It was expected that ethylene and propylene would occur in large quantities, but the actual analysis results showed that paraxylene accounted for 53%. A remarkable finding is that this point is adjacent to the xylene storage tank of research target facility B. This appears to be due to the influence of wind causing an interference phenomenon in the xylene storage tank area.




	(3)

	
RFCC (Residue Fluidized Catalytic Cracking) Process:









The measurement point is similar to point 9 but was excluded from the analysis as it was not an adjacent point. However, this measurement was compared with the characteristics of point 9. Paraxylene accounted for 47% and was followed by toluene at 11% and benzene at 10%. Relatively, the detection results showed that the ARO process’s linear hydrocarbons were detected in large quantities, compared to the RFCC process’s waste materials of C5~C9+.




	(4)

	
ARO (Aromatic Hydrocarbon) Process:









The measurement points were points 7 and 9, using naphtha as a raw material to produce benzene, paraxylene, propane, butane, and linear products (benzene, toluene, paraxylene, ethylbenzene, etc.). The results showed that paraxylene accounted for 35%, benzene accounted for 14%, and toluene accounted for 11%, as expected, and a large amount of linear hydrocarbons were generated. In particular, point 9 showed an average benzene concentration of 34.07 μg/m3, which was more than three times higher than that of the adjacent points (the concentration of adjacent points was between 1 and 10 μg/m3).




	(5)

	
Waste Treatment Process:









It was expected that VOCs from other nearby processes, rather than VOCs from the waste treatment facility, would be detected. The analysis results showed that isopentane accounted for 29%, n-butane accounted for 22%, and propane accounted for 18%. The actual points are at locations 1 and 2, which are adjacent to the CDS/HDS process.




	(6)

	
Crude Oil Storage Tank:









This is a tank for storing crude oil. The overall results were similar to those of the CDS/HDS process, with the analysis results showing that isopentane accounted for 45%, n-butane accounted for 16%, and propane accounted for 14%.




	(7)

	
Product Storage Tank:









This is a storage tank for storing products, including gasoline and diesel, as well as oil derivatives and aliphatic compounds such as toluene, benzene, and xylene. Similar to the crude oil storage tank, isopentane accounted for 31% and n-butane accounted for 16%, with the difference being that xylene accounted for 14% in third place. Additionally, benzene and toluene had higher ratios, with 10% and 7%, respectively, compared to the crude oil storage tank region.




	(8)

	
Utility Area:









The utility area is where various utilities are gathered, corresponding to measurement point 10. A notable point is that styrene accounted for 40% of the ratio. This appears to result from the influence of the styrene manufacturing process located in nearby operations. Afterward, propene accounted for 25% of the ratio, with isopentane accounting for 9%.




3.1.2. Research Target Site B


	(1)

	
VGOFCC (Vacuum Gas Oil Fluidized Catalytic Cracking Unit) Process:







The VGOFCC process produces high-value-added products such as gasoline and asphalt from cheap raw materials, corresponding to measurement points 9 to 11. It is expected to generate C5~C9+ by-products. The actual analysis results showed that propene accounted for 23%, benzene accounted for 15%, paraxylene accounted for 12%, and toluene accounted for 8% of the ratio.




	(2)

	
VRHCR (Vacuum Residue Hydrocracker), SRU (Sulfur Recovery Unit) Process:









The measurement point is point 1. This is an area where the SRU stripping process has been added to a process similar to VGOFCC. In particular, paraxylene showed the highest ratio and concentration, with 57%. It was followed by ethylbenzene with a ratio of 21% and toluene with a ratio of 14%.




	(3)

	
HCR, VDU Process:









This is a continuous refining process, corresponding to points 2 and 3. Paraxylene was also detected at a rate of 24% at the relevant points. Propanol and 1-butene followed with rates of 19% and 9%, respectively.




	(4)

	
MFC (Mixed Feed Cracker) Process:









The MFC process produces compounds with benzene rings using naphtha. It produces various chemicals such as olefin, paraffin, and BTX. Propane showed a rate of 29%, benzene showed a rate of 13%, and toluene showed a rate of 8%.




	(5)

	
Water Treatment Process:









This process corresponds to point 12 and is a process for waste treatment. Hydrogen sulfide, carbon dioxide, etc., may occur. Paraxylene was detected at 37%, propane at 32%, and ethylbenzene at 10%.




	(6)

	
Crude Oil and Product Storage Tank:









This tank functions as a storage tank zone for storing crude oil and various products, such as naphtha, gasoline, diesel, kerosene, and BTX products. It corresponds to measurement points 4 to 6. Propane was detected in the highest amount at 16%, followed by 1-butene at 11% and toluene at 8%. Benzene and styrene were also detected in small amounts at 6%.





3.2. Emission Status of Materials with High POCP


3.2.1. Research Target Site A


The results from identifying 10 VOCs with high ozone generation capacity were also analyzed [17]. As a result, the most frequently occurring materials at research target facility A were xylene, n-butane, and propane. In particular, the proportion of isopentane occurring in the overall facility was high (Table 8).




3.2.2. Research Target Site B


In research target site B, xylene accounted for almost half of the ratio at 46%. Propane at 19% and ethylbenzene at 15% accounted for the majority of the remaining ratio (Table 9).



The main objective of fenceline monitoring in the manufacturing of basic chemical materials in the petroleum industry is to monitor the emission concentration of benzene. In the United States, the monitoring of benzene and other flammable substances is conducted to reduce and regulate emissions if they exceed the regulatory concentration. This is particularly because a large amount of benzene, a flammable substance, is generated during the BTX process.



EPA Methods 325A and 325B, guidelines for fenceline monitoring measurement and analysis, specify benzene as the target chemical. Fenceline monitoring must ensure that the average annual sampling results of benzene are below the action level of 9 μg/m3. If the action level is exceeded, the business operator must analyze the cause and take appropriate corrective actions [18].



The second objective of monitoring is to identify the composition of high-POCP materials. Of the 10 highly reactive materials with a high POCP, the regulated materials in fenceline monitoring vary by each state. However, it is necessary to confirm whether the materials exceed the substance-specific REL (Reference Exposure Level) standard set by the California EPA and to announce the results publicly [19].



The REL value is a number published to indicate that it will not have an impact after considering the health effects that appear in people in the local community and the level of air quality, and is updated by the California Environmental Protection Agency. Above all, the California Office of Environmental Health Hazard Assessment (OEHHA) manages the REL concentration divided into three stages (acute 1-h exposure, 8-h exposure, chronic exposure) and manages fenceline monitoring based on the acute 1-h standard [20].



Especially in the case of real-time monitoring, it provides an instant visual of whether the material-specific REL value meets the standard concentration. If it is below the standard REL concentration, it is designated as MDL (Minimum Detection Level). If it is above the standard REL concentration, it is indicated as ‘At or Above REL’ as a warning level. If a substance exceeds the REL concentration, measurements are increased and reported every two months, 24 times a year. If the substance is discharged above the benchmark concentration of benzene, additional measurements are mandated [21].



In addition, reduction plans must be established. The REL concentrations of ozone-generating VOCs with high reactivity are as follows. In the absence of REL, TLV or PEL values may also be applied (Table 10).



The two target sites were analyzed to determine if emissions were maintained below the action level and REL of benzene regulated by fenceline monitoring of POCP materials.



The mean value of each measurement taken at five points through active sampling was applied. The EPA provides real-time analysis of the site and the results. As a result, both target sites A and B exceeded the action level of benzene, and the affected areas are all located near the CDU manufacturing process (Figure 4).






4. Discussion


In this study, VOCs emitted from the fenceline of an oil refining site were collected using active sampling, and 88 types of VOCs were studied to determine which types were heavily emitted. In the United States, the emission of benzene from oil refineries led to the introduction of the fenceline monitoring system in 2018, with the law regulating the concentration at the fenceline to be maintained at less than 9 μg/m3 [22].



Many countries, including the Republic of Korea, are aware that VOCs must be reduced, and as a result, global regulation of VOCs is becoming increasingly stringent.



However, there are many types of VOCs, some with high ignitability, such as benzene, and others that cause secondary pollution in the air, such as ethylene and propylene, which can create photochemical smog. Regulating total VOCs without considering these characteristics of VOCs can pose problems.



In industries such as oil refining, high-emitting VOCs such as benzene, toluene, and xylene, as well as ethylene and propylene, are produced, leading to a high concentration of POCP or high-ignitability VOCs. Furthermore, the industry is not represented by small-scale factories, leading to a large amount of emissions.



Therefore, it is important to prioritize and observe VOCs based on the characteristics of the industry among various VOCs.



According to the research results, points exceeding the action level of benzene (9 μg/m3) were found in both research target sites. It can be understood that measures for reduction must be established in the CDU process, which is the main process in the petroleum refining industry. Because benzene is highly carcinogenic, some studies have shown that residents living near petroleum refineries have a high cancer rate. EPA requires that reduction plans and countermeasures be submitted if the benzene concentration exceeds the action level of 9 μg/m3.



Additionally, through selecting ten substances with high-ozone-generating performance among various VOCs and coordinating with fine dust measures (ethylene, ethene, xylene, ethylbenzene, toluene, butane, propene, isobutene, isopentene, ethane), the emission rates were compared. Xylene, a directional hydrocarbon, was found to be released in large amounts. At research target site A, xylene, n-butane, and propene were detected in that order, and at research target site B, xylene, propene, and ethylbenzene were detected in that order. Considering the POCP, the POCP of xylene is 95, while the POCP of propene and others is 40, so there is a need to reduce emissions by tracking the process of producing xylene.



As for the case of the Republic of Korea, the proximity to adjacent businesses cannot be ignored as the distance from surrounding businesses is approximately 5 m, separated by just one road.



In the case of research target site A, measurement point 11, despite operating the polypropylene production process, a high xylene ratio was detected due to the influence of adjacent facilities’ xylene. This may be due to the influence of nearby facilities or because the actual produced polypropylene and ethylene have short reaction times and low molecular weights, causing them not to be detected.



The limitation of this study lies in the one-time measurement. In the US fenceline system, passive sampling improves accuracy by measuring once every two weeks. This also allows for analyzing the impact of interference or direction from nearby businesses. This must be complemented by ongoing research and measurement.



One thing for certain is that VOCs have a wide range of dispersion and are highly volatile, spreading to nearby businesses due to wind direction, seasonal effects, and other factors. This shows the necessity of regulating industrial areas on a region-by-region basis through cooperation between industries in the area rather than simply regulating the petroleum refining industry like in the US.



Ultimately, continuous research, measurement, and analysis of VOCs emitted by industry need to be carried out. This will enable us to identify VOCs that require priority management in each industry, leading to necessary regulations involving continuous management of VOCs.




5. Conclusions


This research study investigated the different types of VOCs emitted and the emission rates in the petroleum refining industry. With the information presented in this study, companies can prioritize and understand the need for continuous monitoring.



All the studied research target facilities exceeded the benzene action level of 9 μg/m3, presenting rates that could be potentially hazardous and carcinogenic to the local community. This excess was observed in areas near the CDU process (target site A: 34.07 μg/m3; target site B: 11.42 μg/m3). Furthermore, when comparing the 10 substances that can cause secondary pollution in the air with a high POCP, research site A showed a high rate in the order of xylene (27.71%), isopentane (26.7%), n-butane (19.23%), and propene (12.33%). Research site B showed a high rate in the order of xylene (46.75%), propene (19.77%), ethylbenzene (15.06%), and toluene (11.95%). This shows that xylene is commonly emitted in large quantity. Although xylene is less toxic than benzene, it has a higher POCP than benzene.



This highlights the need for petroleum refining companies to concentrate on reducing overall benzene concentrations and specifically manage processes, such as the BTX process, where xylene is produced.



Along with the worldwide reduction in total VOCs, it is necessary to identify and prioritize the VOCs that need to be reduced through specific industry analysis and measurement.
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Figure 1. Petroleum refining and petrochemical processes: (a) petroleum refining process; (b) petrochemical process. 
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Figure 2. Fenceline monitoring: (a) adsorbent tube configuration; (b) example of sampler installation. 
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Figure 3. Location information of research target worksites A and B: (a) research target worksite A; (b) research target worksite B. 
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Figure 4. Exceedance of REL and action level for research target sites A and B: (a) research target site A; (b) research target site B. 
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Table 1. Six EPA fenceline monitoring methods.
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	Monitoring Method
	Contents
	Pros and Cons





	Passive Diffusive Tube Monitoring Network
	Direct measurement method that absorbs the target pollutants into the tube monitor
	(Advantages) Optimal in terms of low setup and maintenance costs

(Disadvantages) Time resolution is low during sample movement, and there is a possibility of sample contamination



	Active Monitoring Station Networks
	Direct measurement method similar to manual diffusion tubes, using air intake through a pump
	(Advantages) Faster collection speed due to pump use, improved time resolution.

(Disadvantages) Can be used in various environments but generates high costs



	Ultraviolet Differential Optical Absorption Spectroscopy (UV-DOAS)
	Open-path technology that detects pollutants in an open path using continuous light beams
	(Advantages) Can obtain real-time data with a low detection threshold

(Disadvantages) Susceptible to interference from visible emissions, such as dust or smoke



	Open-Path Fourier Transform Infrared Spectroscopy (OP-FTIR)
	Similar to UV-DOAS but uses infrared instead of UV, which is subject to spectral interference from carbon monoxide (CO), carbon dioxide (CO2), and water vapor
	(Advantages) Can simultaneously monitor all of the compounds of interest

(Disadvantages) Benzene has a high detection threshold, making FTIR not suitable for detecting benzene compared to other substances



	Differential Absorption Lidar Monitoring (DIAL)
	Uses two light wavelengths that are strongly absorbed by one target pollutant and weakly absorbed by the same pollutant, which are emitted as pulses along the path
	(Advantages) Used for specific short-term studies and to measure the emissions of oil and other petroleum chemicals

(Disadvantages) Requires highly skilled personnel



	Solar Occultation Flux (SOF) Monitoring
	Open-path technique that uses the sun as a light source, as well as UV or FTIR detectors
	(Advantages) Provides better spatial resolution than other open-path methods and is less expensive than DIAL systems.

(Disadvantages) Can be more susceptible to weather because the sun is used as a light source
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Table 2. PAM-57 components.
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	NO
	Chemical
	Cas NO
	NO
	Chemical
	Cas NO





	1
	Ethylene
	74-85-1
	30
	3-Methylhexane
	589-34-4



	2
	Acetylene
	74-86-2
	31
	2,2,4-Trimethylpentane
	50-84-1



	3
	Ethane
	74-84-0
	32
	n-Heptane
	142-82-5



	4
	Propylene
	115-07-1
	33
	Methylcyclohexane
	108-87-2



	5
	Propane
	74-98-6
	34
	2,3,4-Trimethylpentane
	565-75-3



	6
	Isobutane
	75-28-5
	35
	Toluene
	108-88-3



	7
	1-Butene
	106-98-9
	36
	2-Methylheptane
	592-27-8



	8
	n-Butane
	106-97-8
	37
	3-Methylheptane
	589-81-1



	9
	trans-2-Butene
	624-64-6
	38
	n-Octane
	111-65-9



	10
	cis-2-Butene
	590-18-1
	39
	Ethylbenzene
	100-41-4



	11
	Isopentane
	78-78-4
	40
	m-Xylene
	108-38-3



	12
	1-Pentene
	109-67-1
	41
	p-Xylene
	106-42-3



	13
	n-Pentane
	109-66-0
	42
	Styrene
	100-42-5



	14
	Isoprene
	78-79-50
	43
	o-Xylene
	95-47-6



	15
	trans-2-Pentene
	646-04-8
	44
	n-Nonane
	111-84-2



	16
	cis-2-Pentene
	627-20-3
	45
	Isopropylbenzene
	98-82-8



	17
	2,2-Dimethylbutane
	75-83-2
	46
	n-Propylbenzene
	103-65-1



	18
	Cyclopentane
	287-92-3
	47
	m-Ethyltoluene
	620-14-4



	19
	2,3-Dimethylbutane
	79-29-8
	48
	p-Ethyltoluene
	622-96-8



	20
	2-Methylpentane
	107-83-5
	49
	1,3,5-Trimethylbenzene
	108-67-8



	21
	3-Methylpentane
	96-14-0
	50
	o-Ethyltoluene
	611-14-3



	22
	1-Hexene
	592-41-6
	51
	1,2,4-Trimethylbenzene
	95-63-6



	23
	n-Hexane
	110-54-3
	52
	n-Decane
	124-18-5



	24
	Methylcyclopentane
	96-37-7
	53
	1,2,3-Trimethylbenzene
	526-73-8



	25
	2,4-Dimethylpentane
	108-08-7
	54
	m-Diethylbenzene
	141-93-5



	26
	Benzene
	71-43-2
	55
	p-Diethylbenzene
	105-05-5



	27
	Cyclohexane
	110-82-7
	56
	n-Undecane
	1120-21-4



	28
	2-Methylhexane
	591-76-4
	57
	n-Dodecane
	112-40-3



	29
	2,3-Dimethylpentane
	565-59-3
	-
	-
	-
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Table 3. TO-14 43 components.
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	NO
	Chemical
	Cas NO
	NO
	Chemical
	Cas NO





	1
	Ethylene
	74-85-1
	30
	3-Methylhexane
	589-34-4



	1
	Dichlorodifluoromethane
	75-71-8
	12
	cis-1,2-Dichloroethylene
	156-59-2



	2
	Chloromethane
	74-87-3
	13
	Chloroform
	67-66-3



	3
	Vinyl chloride
	75-01-4
	14
	1,2-Dichloroethane
	107-06-2



	4
	1,3-Butadiene
	106-99-0
	15
	1,1,1-Trichloroethane
	71-55-6



	5
	Bromomethane
	74-83-9
	16
	Carbon tetrachloride
	56-23-5



	6
	Chloroethane
	75-00-3
	17
	1,2-Dichloropropane
	78-87-5



	7
	Acrylonitrile
	107-13-1
	18
	Trichloroethylene
	79-01-6



	8
	1,1-Dichloroethene
	75-35-4
	19
	cis-1,3-Dichloropropene
	10061-01-5



	9
	Methylene chloride
	75-09-2
	20
	trans-1,3-Dichloropropene
	10061-02-6



	10
	3-Chloropropene
	107-05-1
	21
	1,1,2-Trichloroethane
	79-00-5



	11
	1,1-Dichloroethane
	75-34-3
	22
	1,2-Dibromoethane
	106-93-4
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Table 4. Sample analysis conditions (GC/MSD).
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	Category
	Conditions





	Analysis equipment
	QP-2020 plus (Shimadzu)



	Column
	DB-1 (60 m × 250 μm 0.25 μm)

HP-PLOT (50 m × 320 μm, 0.32 μm)



	Carrier gas
	He, 1.0 mL/min, constant flow



	Split/splitless
	Splitless, split on after 1 min (30:1)



	Oven temperature
	40 °C, hold 2 min

5.0 ℃/min to 150 °C, hold 5 min

5.0 ℃/min to 250 °C, hold 10 min

Transfer line 230 °C



	MS source temperature
	230 °C



	Ionization mode
	EI mode (70 eV)



	Scan mass range
	20 ~ 350 amu
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Table 5. Sample analysis conditions (TD).
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	Category
	Conditions





	Analysis equipment
	TD-20 (Shimadzu)



	Primary desorption temp.
	300 °C



	Desorb time
	10 min



	Desorb flow
	50 mL/min



	Cold trap holding time
	5 min



	Cold trap low temp.
	−20 °C



	Cold trap packing
	Carbopack + CS



	Valve and line temp.
	180 °C
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Table 6. Nearby processes and expected VOC emissions at measurement points in research target facility A.
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Process

	
Raw Materials

	
Intermediate Products

	
Final Products

	
Measurement Points






	
CDU, HDS Process

	
Crude oil

	
By-products of C5~C9+

	
LPG, gasoline, diesel, kerosene, etc.

	
12




	
PP (1) Process

	
Ethylene, propylene

	
Ethylene, propylene

	
Ethylene, polypropylene, polyethylene, etc.

	
11




	
RFCC Process

	
Crude oil

	
By-products of C5~C9+

	
LPG, gasoline, diesel, kerosene, etc.

	
9




	
ARO (2) Process

	
Naphtha

	
Benzenoid compounds with benzene rings

	
Benzene, paraxylene, propane, butane, linear products (benzene, toluene, paraxylene, ethylbenzene, etc.)

	
7, 9




	
Waste Treatment Process

	
Hydrogen sulfide, carbon dioxide, etc.

	
1, 2




	
Crude Oil Storage Tank

	
Crude oil (methane, ethane, propane, butane, naphtha, diesel, kerosene, Bunker C oil, and various mixtures)

	
3, 8




	
Product Storage Tank

	
Naphtha, gasoline, diesel, kerosene, linear hydrocarbons, etc.

	
4, 5, 6




	
Utility Area

	
-

	
10








(1) Polypropylene; (2) aromatic hydrocarbons.
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Table 7. Nearby processes and expected VOC emissions at measurement points in research target facility B.
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Process

	
Raw Materials

	
Intermediate Products

	
Final Products

	
Measurement Points






	
CDU, HDS Process

	
Crude oil

	
By-products of C5~C9+

	
LPG, gasoline, diesel, kerosene, etc.

	
12




	
VGOFCC (1) Process

	
Crude oil

	
By-products of C5~C9+

	
LPG, gasoline, diesel, kerosene, etc.

	
9, 10, 11




	
VRHCR (2), SRU Process

	
Crude oil

	
By-products of C5~C9+

	
LPG, gasoline, diesel, kerosene, etc.

	
1




	
HCR, VDU Process

	
Crude oil

	
By-products of C5~C9+

	
LPG, gasoline, diesel, kerosene, etc.

	
2, 3




	
MFC (3) Process

	
Naphtha

	
Benzenoid compounds with benzene rings

	
Olefin, benzene, toluene, xylene, propane, ethane, etc.

	
7, 8




	
Waste Treatment Process

	
Hydrogen sulfide, carbon dioxide, etc.

	
12




	
Crude Oil Storage Tank

	
Crude oil (methane, ethane, propane, butane, naphtha, diesel, kerosene, Bunker C oil, and various mixtures)

	
4




	
Product Storage Tank

	
Naphtha, gasoline, diesel, kerosene, linear hydrocarbons, etc.

	
5, 6








(1) Vacuum gas oil fluidized catalytic cracking unit; (2) vacuum residue hydrocracker; (3) mixed feed cracker.
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Table 8. Nearby processes and expected VOC emissions from measured points at research target site A.
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Classification

	
Measured Value

(μg/m3)

	
Measured Value Emission Rate (%)




	
Rank

	
Substance

	
POCP Value

	






	
1

	
Propylene

	
105

	
Undetected

	
Undetected




	
2

	
Ethylene

	
100

	
Undetected

	
Undetected




	
3

	
m/p-Xylene

	
95

	
19.43

	
27.71




	
4

	
Ethylbenzene

	
60

	
1.50

	
2.14




	
5

	
Toluene

	
55

	
6.68

	
9.52




	
6

	
n-Butane

	
40

	
13.48

	
19.23




	
7

	
Propane

	
40

	
8.65

	
12.33




	
8

	
Isobutane

	
30

	
1.65

	
2.35




	
9

	
Isopentane

	
30

	
18.72

	
26.70




	
10

	
Ethane

	
10

	
Undetected

	
Undetected
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Table 9. Nearby processes and expected VOC emissions from measured points at research target site B.






Table 9. Nearby processes and expected VOC emissions from measured points at research target site B.





	
Classification

	
Measured Value

(μg/m3)

	
Measured Value Emission Rate (%)




	
Rank

	
Substance

	
POCP Value

	






	
1

	
Propylene

	
105

	
Undetected

	
Undetected




	
2

	
Ethylene

	
100

	
Undetected

	
Undetected




	
3

	
m/p-Xylene

	
95

	
24.65

	
46.75




	
4

	
Ethylbenzene

	
60

	
7.94

	
15.06




	
5

	
Toluene

	
55

	
6.30

	
11.95




	
6

	
n-Butane

	
40

	
1.65

	
3.12




	
7

	
Propane

	
40

	
10.43

	
19.77




	
8

	
Isobutane

	
30

	
0.78

	
1.47




	
9

	
Isopentane

	
30

	
0.99

	
1.87




	
10

	
Ethane

	
10

	
Undetected

	
Undetected
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Table 10. Comparison of REL values for high-reactivity substances.
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	Target Substance
	POCP Value
	REL
	Notes





	Benzene
	15~35, estimate
	27 μg/m3
	Action level 9 μg/m3



	Propylene
	105
	3000 μg/m3
	No data available



	Ethylene
	100
	No data available
	TLV 200 ppm (250 mg/m3)



	Xylene
	95
	22,000 μg/m3
	



	Ethylbenzene
	60
	2000 μg/m3
	



	Toluene
	55
	5000 μg/m3
	



	n-Butane
	40
	REL data unavailable
	



	Propane
	40
	REL data unavailable
	



	Isobutane
	30
	REL data unavailable
	



	Isopentane
	30
	REL data unavailable
	



	Ethane
	10
	REL data unavailable
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