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Abstract

:

This study investigates the impact of industrial complexes on the air quality in the Ulsan Metropolitan City, Korea, by analyzing the concentration of trace substances. Importantly, this study performs segmentation and analysis of the components of particulate matter for tracking emission sources. Concentrations of particulate matter with aerodynamic diameters ≤10 and ≤2.5 µm (PM10 and PM2.5, respectively) and 19 substances comprising PM2.5 (such as ions, carbon, and nine elements) were measured hourly during the year 2017 in the southeastern intensive air quality monitoring station of the National Institute of Environmental Research, Korea. This study identified and investigated the time periods during which the vanadium content in PM2.5 was higher than the annual mean (1.026 ng/µg) through selection cases (SCs). The annual mean concentrations of PM2.5 and PM10 were 18.50 and 32.35 µg/m3, respectively, and were higher (i.e., 26.54 and 45.84 µg/m3, respectively) in SCs. Notably, the concentrations were high even when the main wind direction of SCs was southeasterly, which was mainly the case in summer. Furthermore, the emission sources contributing to PM2.5 were estimated using the correlations of organic carbon, elemental carbon, zinc, iron, manganese, and titanium concentrations in the SCs. This study demonstrated that a detailed tracking of the emission sources at a local scale is possible by analyzing the composition of the components of PM2.5.
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1. Introduction


The World Health Organization (WHO) estimates that approximately 4.2 million people died from air pollution in 2016 [1]. Particulate matter (PM) has been reported to aggravate respiratory diseases such as asthma and decrease lung capacity [2,3]. It can also increase the risk of premature death from cardiovascular diseases [4,5,6,7,8,9,10,11]. Per capita mortality attributable to PM2.5 are 25–63 deaths per 105 populations [12], and each 10 µg/m3 rise in PM2.5 concentrations increases daily mortality rates by approximately 1–5% [13,14,15,16,17]. In addition, it has been reported that PM2.5 has a more significant impact on infants and children than adults [18,19].



PM2.5 is not only emitted naturally as solids and particle mixtures in a droplet state but also originates from fixed emission sources such as factories and mobile emission sources such as vehicles [9,20]. PM2.5 can be classified into primary products that are directly discharged from emission sources and secondary products that are generated by gaseous substances, such as sulfur dioxide (SO2) and nitrogen oxides (NOx). Studies have shown that the concentrations of ions and secondary carbons increase in high-concentration PM2.5 [21,22]. PM2.5 in the air is mainly composed of water-soluble ion components, oxidized metal elements, organic carbon (OC), elemental carbon (EC), and water [23]; however, the composition varies depending on the source [24]. For instance, PM2.5 in large cities is generally composed of mineral dust (mainly from road erosion, construction, and demolition) and carbon materials generated from transportation, and other urban sources [25]. In contrast, particulate matter in industrial complexes is mainly composed of secondary inorganic components from industrial sources [26].



Among water-soluble ions, ammonium (NH4+), sulfate (SO42−), and nitrate (NO3−) constitute a high proportion of PM2.5 [27,28]. SO42− and NO3− are produced from SO2 and NOx gases, respectively, both of which are generated during the combustion of fossil fuels. The carbon component is either directly discharged into the atmosphere in a particulate form or is condensed into a particulate phase by the conversion of anthropogenic or biogenic volatile precursors from the gas phase to the particulate phase [29].



PM2.5 composition also differs between regions [30,31], and it is important to understand the characteristics of the chemical composition of PM2.5 for different regions [32]. Furthermore, investigating the characteristics of these chemical components could be immensely beneficial for quantitatively evaluating the risks to human health.



PM2.5 in cities with higher contributions from vehicles and industries is more toxic [33]. However, the differences exist in toxicity even in similar levels of PM2.5 absorbed by respirators due to the difference in toxicity of the components in PM2.5 [34]. The composition of PM2.5 in industrial complexes is different from that observed in residential areas; therefore, further studies on the effects of PM2.5 on air quality in industrial complexes as well as residential areas are required [35,36].



In the present study, the changes in the components of PM2.5 due to the influence of industrial complexes in the Ulsan Metropolitan City were analyzed. Many cities in Korea have several industrial complexes; among them, the Ulsan Metropolitan City has a geographical advantage for monitoring as the air pollutants that are generated from industrial complexes and pass through the downtown area can be observed from an intensive monitoring site set up in the city. Using the trace elements in PM2.5 as tracers, the effect of air pollutants emitted from industrial complexes near the Ulsan Metropolitan City on the urban air quality according to the air flow was analyzed.




2. Materials and Methods


2.1. Description of Study Area and Determination of the Air Flow Affecting the Air Quality in the Industrial Complex Area


The monitoring site in the study area is located near industrial complexes (Figure 1). The Ulsan Metropolitan City is an industrial city located in southeastern Korea, and covers an area of 1062 km2 with a population of 1,175,000 people. The Ulsan Metropolitan City contains four large industrial complexes, including the Ulsan Mipo National Industrial Complex and the Onsan National Industrial Complex. The Mipo National Industrial Complex is the largest heavy chemical industrial complex in Korea, and encompasses shipbuilding, heavy industry (A in Figure 1), automobile and steel industry (B in Figure 1), and petrochemical plants (C in Figure 1). Onsan National Industrial Complex is a nonferrous metal industrial complex (D in Figure 1). Vanadium (V), titanium (Ti), and Zinc (Zn), and nonferrous metal-smelting plants operate in these complexes (C and D in Figure 1). These industrial complexes are expected to have direct effects on the air quality of residential areas due to their proximity to the downtown area of Ulsan. The particulate matter in the air in Ulsan contains trace materials discharged from these industrial complexes, which may have harmful effects on human health, and therefore need to be continuously tracked and monitored [37].



In this context, an intensive air quality monitoring station was installed in the southeastern region in 2013 (Figure 1) to examine the effects of local industries on the air quality in Ulsan. This station determines the concentration of PM10 and PM2.5 and the composition of PM2.5 by measuring the component data (such as ions, carbon, and heavy metals) in real time using automatic monitoring equipment. Because the downtown city area is located between the monitoring station and the industrial complexes, the station is expected to be able to analyze the effects of the pollutants discharged from the industrial complexes on the downtown area (for southeastern winds) as well as the effects of the pollutants discharged from the downtown area.



Because the monitoring station is located away from the industrial complexes, a case that was expected to affect the air quality of the station by particles generated from the industrial complexes was selected to analyze the components of PM2.5, and an additional analysis of this case was performed. For this air flow condition, the concentrations of the components of PM2.5 were compared with those from the weather data, and the case of air flow into the urban area of Ulsan was selected by identifying a tracer from the PM2.5 components.




2.2. Data


The data used in this study included the concentrations of PM2.5 and PM10 over time that were measured by the intensive air quality monitoring station in the Ulsan Metropolitan City. Furthermore, it also included the concentrations of eight ions that constitute PM2.5 (SO42−, NO3−, Cl−, Na+, NH4+, K+, Mg2+, and Ca2+), which were automatically sampled over time and analyzed using an Ambient Ion Monitor (URG-9000D, URG, Chapel Hill, NC, USA). The data from Ambient Ion Monitor agreed with those obtained using a filter at low levels of sulphate (<20 µg/m3) and SO2 (<30 ppbv) [38]. Concentrations of OC and EC were measured using the nondispersive infrared (NDIR) method (Model-4, Sunset Laboratory Inc., Tigard, OR, USA). The relative standard deviation (RSD) for OC and EC have been reported as 5.3–5.6% and 9.6%, respectively [39]. The concentrations of 9 elements (K, Ti, V, Mn, Fe, Ni, Zn, As, and Pb) were measured over time using X-ray fluorescence spectrometry (Xact625, Cooper environmental, Beaverton, OR, USA). The RSD of Xact625 has been reported less than 2.04% [40], and this instrument can measure additional metals; however, owing to a matter of permission, this study could not report data for toxic elements. These data were confirmed following testing and calibration of the data that were analyzed every 3 days using a Zefluor (for ions), Quartz (for carbon), and Teflon (for heavy metal) filter.



Synoptic weather observation data (temperature, wind direction, wind speed, relative humidity, and air pressure) from the Ulsan Weather Station from 00:00 on 1 January 2017 to 23:00 on 31 December 2017 were used for the air flow analysis.




2.3. Statistical Analysis Method


Several statistical procedures were followed to remove the effects of external sources of pollution and to understand the emission characteristics of the industrial complex in Ulsan. First, (a) the average annual, seasonal, and diurnal and wind-specific average of PM2.5, PM10, and components of PM2.5 in the atmosphere observed every hour (ionic, carbon, and heavy metal components), (b) standard deviations, and (c) comparison using linear relationships were analyzed. Linux-based Fortran was used for data statistics, and SigmaPlot 12.5 (Systat Software Inc., San Jose, CA, USA) was used for visualization.



As the diurnal changes of the particulate matter concentration are affected by commuting [41], we analyzed the hourly changes of OC and EC over time. Additionally, linear regressions using the r2 values of hourly concentrations of Zn, Pb, As, Fe, and Mn were performed to analyze the effects of emissions from the industrial complex on the air quality monitoring station.





3. Results and Discussion


The annual mean of the PM2.5 and PM10 concentrations (obtained from hourly data of Ulsan in 2017) was analyzed to be 18.50 µg/m3 (18.22–18.78 µg/m3, 95% CI) and 32.35 µg/m3 (31.91–32.78 µg/m3, 95% CI), respectively. PM2.5 concentrations decreased with the improvement in air quality of Ulsan from 40.8 µg/m3 in 2003 [27] to 30.2 µg/m3 in 2008–2009 [37]. However, the PM2.5 and PM10 concentrations from 2017 were still higher than the WHO guidelines on annual mean (5 and 15 µg/m3, respectively) [42]. Hence, additional analysis of PM2.5 and PM10 concentrations are necessary to reduce their concentrations in the Ulsan Metropolitan City.



The dominant wind direction was from the north, and the PM2.5 and PM10 concentrations tended to be high in the southeasterly direction and low in the northeasterly direction (Figure 2). This can be assumed to be the effect of industrial complexes when considering their locations (Figure 1).



3.1. Air Analysis


Figure 3 and Table S2 presents the statistics of the data obtained in 2017 at the intensive air quality monitoring station. The results of the analysis of the ion components of PM2.5 showed generally high concentrations of SO42− and NH4+ in summer. Although the SO42− and NH4+ concentrations increased in summer, the PM2.5 concentration decreased. Moreover, the mean ratio of SO42− and NH4+ in PM2.5 was 23.98 and 11.83% in summer, respectively. The SO42− concentration in summer increased because of the photochemical activity that can increase the fraction of sulfate in total sulfur ([SO42−]/[SO2] + [SO42−]), which is consistent with the results of previous studies [43,44,45] that reported the concentration to be greater in summer (18%) than in winter (11%). In contrast, the NO3− concentration was the largest in winter (13.13%) for all the cases, followed by that in spring, fall, and summer. These results are consistent with those from a previous study [43].



EC is a primary pollutant generated only by the combustion process [46], whereas OC is generated primarily or secondarily in the form of aerosols [47]. In the present study, the annual mean concentrations of OC and EC were 2.91 and 0.62 µg/m3, respectively, in 2017. Regarding seasonality, OC concentrations were high in spring, whereas EC concentrations were high in winter. The annual mean OC/EC ratio was 5.62 (5.52–5.73, 95% CI), which was low in winter (4.98 (4.89–5.07, 95% CI)) and high in spring (6.78 (6.46–7.10, 95% CI)).



Compared to the results of previous research, the OC and EC concentrations measured in Cheongju (44.2 µg/m3 PM2.5) between October 1995 and August 1996 were 4.99 and 4.44 µg/m3, respectively [43]. The OC and EC concentrations in Sihwa (35.4 µg/m3 PM2.5) were 9.8 and 1.8 µg/m3, respectively [48]. The OC and EC concentrations in Seoul (72.5 µg/m3 PM2.5) in October and November 2011 were 18.0 and 8.13 µg/m3, respectively [21]. The OC and EC concentrations in Incheon between 2009 and 2010 (42.56 µg/m3 PM2.5) were 8.04 and 1.79 µg/m3, respectively [49]. These concentrations (reported by previous studies) are higher than those presented in this study, and the difference can be attributed to the lower PM2.5 concentration compared with that of previous studies, which led to the lower concentrations of its components. In this study, the OC and EC contents in PM2.5 were 16.4 and 3.3%, respectively. In previous studies, OC contents ranged from 11.3 [43] to 27.7% [48], and EC contents ranged from 4.2 [49] to 11.2% [21]. Hence, the annual mean of the OC and EC proportions in PM2.5 is considerably similar to that presented in this study.



Heavy metal concentrations in all cases were similar to those measured in Milan in 2002 (119–342 ng/m3 K, 6–14 ng/m3 Ti, 3–7 ng/m3 V, 5–18 ng/m3 Mn, 120–309 ng/m3 Fe, 2–9 ng/m3 Ni, 1–3 ng/m3 As, and 13–55 ng/m3 Pb) [50], and in four cities in Spain (6.32–53.81 ng/m3 Ti, 5.54–95.29 ng/m3 V, 3.20–13.77 ng/m3 Mn, 3.09–17.20 ng/m3 Ni, 26.40–48.80 ng/m3 Zn, 0.39–1.03 ng/m3 As, and 6.32–23.91 ng/m3 Pb) [51]. However, the heavy metal concentrations measured in this study in Ulsan in 2017 were lower than those reported in downtown Incheon from June 2009 to May 2010 and in Gwangju from February to March 2010 [49,52]. As was the case for the ion and carbon analysis results discussed above, the PM2.5 concentrations in this study were 2–4 times lower than those in previous studies, and the concentrations of the PM2.5 components were also comparatively low. This deduction can be verified by calculating the component proportions in PM2.5. In this study, the proportions of Ti (0.50‰), Fe (10.05‰), V (0.40‰), Mn (0.90‰), Ni (0.15‰), and As (0.26‰) were higher than those reported in Gwangju. Zn (3.24‰) proportions were similar to those reported in Gwangju, and the proportions of K (9.20‰) and Pb (0.89‰) were lower (Ti (0.19‰), Fe (5.23–6.92‰), V (0.09–0.10‰), Mn (0.44–0. 72‰), Ni (0.07–0.10‰), As (0.19–0.21‰), Zn (1.48–3.85‰), K (11.54–22.73‰), Pb (1.48–1.67‰); [52]).




3.2. Analysis of the Impacts of the Heavy Metal Content in the Industrial Complex Emissions on Air Quality


3.2.1. Case Selection Using Vanadium (V) Concentration


Figure 4 shows the V concentrations in PM2.5 depending on the wind direction, and the proportion of V in PM2.5 to remove the dependence of PM2.5 concentration change. The mass concentration of PM2.5 does not significantly depend on the wind direction (Figure 2). However, the proportion of V in PM2.5 was higher than the mean when the wind direction ranged between 90° and 180°.



V is a naturally occurring transition element. Previous studies have shown that humans are exposed to V by breathing in the atmosphere, and that most of it is emitted together with Ni from the combustion of fossil fuels in diesel vehicles, ships, and industrial complexes [53,54,55]. Moreover, the locations of industrial complexes and monitoring stations are insufficient evidence to estimate the effects of PM2.5 and PM10 from the industrial complex. Thus, V, a rare metal component of PM2.5, was used as an airflow tracer in this study, according to the wind direction. The V concentrations changed depending on the wind direction. In particular, the concentration of V in the southeasterly wind direction, where the industrial complex is located (Figure 1), was significantly higher than that in other directions. Therefore, it can be inferred that the concentration of V is affected by the industrial complex.



Many studies have used V in PM2.5 as a tracer of a combustion source [56,57,58,59]. It is expected that applying this method to study the air quality of an industrial city will enable us to analyze the air quality characteristics of the air inflow [60]. Because temporary wind direction changes are considered in the analytical data, this method is predicted to improve the accuracy of the analysis of air pollutants emitted from industrial complexes and can be advantageous for tracing pollutants at the city level compared to the positive matrix factorization (PMF), inverse trajectory analysis method, or airflow analysis method based on changes in the wind direction, which are used for analyzing long-distance movements of air pollutants.



Here, ‘ALL’ refers to the cases that include all data, whereas ‘SCs’ refers to the cases in which PM2.5 concentrations > 11 µg/m3 and at the same time, V in PM2.5 exceeds the annual mean of 1.026 ng/µg. This was implemented to reduce the error due to the measurement limitation of PM2.5 components that occurs when PM2.5 concentration is low, and to remove the cases in which the concentration of V rises owing to high PM2.5 concentration.



When SCs were excluded, the PM2.5 concentration decreased to 17.6 µg/m3 (annual mean: 18.5 µg/m3), and the V concentration decreased to 3.95 ng/m3 (annual mean: 7.39 ng/m3). These values are similar to the PM2.5 and V concentrations reported in Milan, Italy (18.7 ± 6.5 µg/m3 and 3 ± 2 ng/m3, respectively) [50]. Furthermore, these values are lower than those reported in Beijing, where the reported PM2.5 mean concentration was 55.4 µg/m3 and the V concentration was 15.3 ng/m3; however, the proportion of V in PM2.5 in these two studies was similar [61].



Following the SC selection, it was assumed that there would be changes in the correlations between heavy metals in PM2.5 due to the presence of a V smelting plant in Mipo National Industrial Complexes (C in Figure 1); thus, the correlations between heavy metals were analyzed to examine the representativeness of the effect of SC on the air quality of the industrial complexes. First, we examined the correlations between the proportions of V and Ni in PM2.5 between SCs and the cases excluding SCs (ALL-SC) (Figure 5). We found that in the ALL-SC, the correlation coefficient (r) of the ratio between Ni and V was 0.933, which is higher than the correlation (0.762–0.790) reported in a previous study [62]. When only SCs were examined, r was very high at 0.980. This correlation suggests that the heavy metals were emitted from the same source where the proportions of V and Ni remained constant based on previous studies, showing that the V/Ni ratio in PM2.5 varies by the fuel type and combustion facility [54,63], as well as by city [51].



The correlations between different combinations of Zn, Fe, Mn, and Ti were higher in SCs than those in ALL, except the correlation between Ti and Fe (Figure 6). However, the concentrations distributed around the 11:1 line between Ti and Fe were eliminated in SCs. Moreover, both extreme observations of the correlation between Zn and Ti as well as Zn and Fe were eliminated in SCs.



Furthermore, the Mn and Fe concentrations (Figure 7) were distributed between Fe = 3.8 × Mn and Fe = 43 × Mn and bisected near the two lines, with an r of 0.74; however, in SCs, r was 0.92 and the Mn and Fe ratio converged to 1:3.8. Especially, when the airflow affected by the industrial complex was extracted using V, the Mn/Fe ratio converged on 1:3.8, and those concentrations were distributed adjacent to the 1:3.8 line, and data near the 1:43 line had been removed.



The linear regression analysis of the concentrations of the four heavy metals between ALL and SCs showed that the p-values were <0.05, thereby implying that they were statistically significant. Considering these variations in the heavy metal concentrations, we conclude that the air inflow to the air quality monitoring station of the SC is affected by the specific emission sources.




3.2.2. Air Quality Analysis for Selection Cases (SCs)


Figure 8 shows the monthly wind direction frequencies in 16 directions for SCs. The southerly direction was dominant in April, May, June, and July; however, the main wind direction did not appear in other periods. This is because the Northeast Asia region, including South Korea, is an Asian monsoon region with clear seasonal changes in wind direction, and southeasterly winds occur in summer under the influence of high pressure in the North Pacific [64].



In SCs, PM2.5 and PM10 were 26.54 µg/m3 (25.78–27.31 µg/m3, 95% CI) and 45.84 µg/m3 (44.26–47.43 µg/m3, 95% CI), respectively, which were higher than the annual means (Figure 9 and Table S5). In particular, in SC, the concentrations of the metal components were higher than the total mean concentrations.



By component, the concentrations of SO42− and NH3+ were the highest in summer (6.41 µg/m3 (23.98%), and 3.31 µg/m3 (11.83%), respectively), whereas NO3− concentrations were the highest in spring (3.52 µg/m3 (11.64 %)). When analyzed by their proportions in PM2.5, the summer concentrations of SO42− and NO3− were similar to those reported in a previous study of Ulsan industrial complexes in 2003 (7 µg/m3 (27.2%) and 3–11.1 µg/m3 (17.4–25.4%), respectively), and NH4+ concentrations were higher (1.6 µg/m3 (6.2%)) [27]. However, our findings are similar to the results in the Ulsan downtown area in 2008–2009 reported in another study: 30.2 µg/m3 for PM2.5, 7.1 µg/m3 (23.5%) for SO42−, 2.6 µg/m3 (8.6%) for NH4+, and 3.0 µg/m3 (9.9%) for NO3− [36].



The OC concentration was 4.09 µg/m3 (all cases: 2.91 µg/m3), and the EC concentration was 0.99 µg/m3 (all cases: 0.62 µg/m3). Both OC and EC concentrations were higher than the annual means. Both OC and EC showed high concentrations in winter. The OC/EC ratio was 4.04 in winter and 4.41 in spring, indicating small changes.




3.2.3. Analysis of the Effects of Emission Sources for Selection Cases (SCs)







	
Estimation of the effect of carbon emissions from transportation.








EC is mainly generated by the combustion of fossil fuels. It has been used as a tracer of anthropogenic pollutants that are stable to chemical reaction. The OC/EC ratio is used to estimate the amount of secondary organic carbons (SOC) [47,65,66,67], and is an important factor for investigating the emission sources [68,69]. In this study, the correlations between OC and EC concentrations were analyzed, first for all cases, and then for SCs, as shown in Figure 10.



The OC/EC ratio of all cases was 4.87 (r = 0.77); for SCs, it was 4.34 (r = 0.81). The correlation between OC and EC increased compared with all cases, but was still lower than that reported in previous studies (r = 0.79–0.99) [70,71,72]. This is because the diversity of cases increased as the study was conducted for an entire year.



Figure 11 shows that the PM2.5 concentration for all cases tended to decrease during the day, when the atmospheric boundary layer is higher, and increase during the night. However, the PM2.5 concentration of SCs did not show this circadian tendency. In ALL, the OC and EC concentrations showed the peak values (OC: 20 KST 3.29 µg/m3, EC: 09 KST 0.76 µg/m3) and tended to become low during the daytime when the atmospheric boundary layer is high (OC: 14–17 KST 2.63 µg/m3, EC: 14 KST 0.55 µg/m3). In SCs, the OC concentrations did not show circadian changes; however, in ALL, not only PM2.5 concentration but also OC and EC concentrations were higher, and the OC/EC ratio was lower than that in SCs. The EC concentrations showed circadian changes for both all cases and SCs; in other words, EC concentrations increased at rush hour, which is presumed to be due to the effect of vehicular emissions in traffic during the commuting time [73]. Furthermore, in SCs, the EC concentrations were higher and the OC/EC ratio was lower than those in ALL. However, the proportion of the sum of OC and EC in PM2.5 did not show a large difference for SCs (16.39–22.61%), and the trend of the sum of OC and EC in PM2.5 did not follow the diurnal changes of EC (Figures S1 and S2), such as during the rush hour. Thus, we can conclude that traffic does not increase the PM2.5 concentration in SCs, and does not appear to be a major contributor to PM2.5 emissions.



The r2 of OC and EC became lower prior to the morning rush hour and following the afternoon rush hour in ALL; however, in SCs, it became lower outside of rush hours. The high correlation between OC and EC in SCs, excluding the daytime, indicates the consistency of the OC/EC ratio during the corresponding hours and appears to be an effect of specific carbon emission sources such as mobile sources. In contrast, during the daytime (11:00–16:00), the correlation between OC and EC decreased as the carbons emitted from various sources mixed with the SOCs. The temporal variations of the carbon component present important findings compared with the results of previous studies, which did not show temporal changes in OC and EC [74].



Above all, the increasing ratio of carbon components (OC and EC) in PM2.5 at around 09:00 (i.e., the morning rush hour) indicates that there is an impact on air quality in the short time between emissions and measurements.




	
Impacts of emissions from small businesses.








The results of the time-series analysis of the concentrations of heavy metals in PM2.5, including Pb, As, and Zn (Figure 12), show that distinct temporal changes did not occur in ALL; however, in SCs, they simultaneously increased at 08:00–09:00 when the daily work commenced, reaching the peak at 09:00. These temporal changes did not appear during holidays (including weekends). Thus, they are presumed to have occurred during the weekday operation of production facilities in the industrial complexes. However, considering that working hours are 09:00–18:00, the emission source for the peak concentrations of the three heavy metals appears to be in an area close to the monitoring station. In other words, we assume that the emission sources are small businesses with no emission reduction facilities, rather than the two large industrial complexes.




	
Impacts of emissions from the Onsan Industrial Complex.








The changes in the concentrations of Mn and Fe over time in ALL and SCs were analyzed (Figure 13). The time-series analysis results show that the concentrations begin to increase at 10:00 and peak at 12:00 and 17:00. They tend to decrease at 14:00, which is around lunchtime, and at night. The decrease in Mn/Fe concentration at 14:00 was due to reduced production activities during lunchtime. Considering that lunchtime was usually 12:00, the change was observed two hours after emission. These temporal changes seem to originate in an area that is at least two hours away (12.17–16.4 km) at a wind speed of 1.69–2.28 m/s, with the dominant wind direction of 90–180° in SCs (D in Figure 1, Onsan National Industrial Complex). Based on this estimation, it is presumed that the emissions were generated during work hours, and that heavy metals in PM2.5 were transported by the wind and were observed at the monitoring station. The concentrations increased at 11:00 and decreased at 14:00, which could also be related to the commencement of work and lunch break.



When we compare the Mn and Fe emissions from similar emission sources with the results in Figure 7 and temporal changes, it can be assumed that there is an industrial company in the Onsan Industrial Complex that emits Mn and Fe at a ratio of 3.8.






4. Conclusions


In this study, the concentrations of PM10, PM2.5, and 19 components of PM2.5 (SO42−, NO3−, Cl−, Na+, NH4+, K+, Mg2+, Ca2+, OC, EC, K, Ti, V, Mn, Fe, Ni, Zn, As, and Pb) were analyzed to investigate the effects of industrial complexes nearby the Ulsan Metropolitan City on the air quality. Although the annual PM2.5 concentration in the Ulsan Metropolitan City in 2017 improved over the previous years, it is still higher than the WHO’s recommendation. Results showed that the concentrations of Ti, Mn, Ni, Zn, As, and Pb in PM2.5 increased because of industrial complexes and that OC and EC were affected more by traffic changes than by industrial complexes. To investigate the effects of industrial complexes in the Ulsan Metropolitan City on the air quality, the V component of PM2.5 was used as the tracer given that the change in the V concentration of PM2.5 depends on the wind direction.



The result showed that among the weather variables of the SCs, the southeasterly wind direction (which is the direction of the two industrial complexes) mainly appeared at the monitoring station, and the frequency was high in summer due to the Northeast Asia monsoon. Furthermore, not only the concentrations of PM2.5, NO3− in PM2.5, and most heavy metals excluding K (a soil component) but also the correlations between V and Ni and between Mn and Fe/Zn were higher in SCs than in ALL. These cases can be considered to represent the effects of industrial complexes. When the temporal changes in the OC and EC concentrations were analyzed, the concentrations were higher during commuting hours, and the OC/EC ratio tended to decrease both in ALL and SCs. However, the changes over time and the correlation between OC and EC showed differences between all cases and SCs. The low correlation between OC and EC in SCs during the daytime than nighttime appeared to be due to the formation of SOCs that were not yet stabilized, considering the inverse correlation between OC/EC in SCs and the diurnal wind speed.



Additionally, the concentrations of heavy metals, namely, Zn, Pb, As, Mn, and Fe, in SCs were divided into weekdays and holidays, and the temporal changes were analyzed to infer the cause of each heavy metal. Pb, As, and Zn were inferred to be emissions due to cold start, wherein equipment that obtains energy through fossil fuel combustion, such as engines, generates a large amount of pollutants because of the low efficiency of air pollution reduction or incomplete fuel combustion without rising to the proper temperature, usually observed when the engine starts, because they increased at 9:00, i.e., at the beginning of work hours. Furthermore, based on the changes over time of Mn and Fe, it is presumed that there are emission sources in Ulsan industrial complexes that generate Mn and Fe emissions at the ratio of 1:3.8.



The above results show that the effect of the emissions from Ulsan industrial complexes on the air quality in the downtown area is greater in summer when the main wind direction is southeasterly. The concentrations of PM2.5 were expected to be high due to the presence of various industries in the area, such as oil refineries; however, this was not the case. This may be due to the use of enhanced air pollutant reduction devices. However, because the PM2.5 concentrations of the SCs, which seem to be impacted by Ulsan industrial complexes at the observation site, were higher than the annual mean, strong activities to control air pollutants in Ulsan industrial complexes would be necessary to reduce the PM2.5 concentration in the Ulsan Metropolitan City. At the same time, the concentrations of carbons and heavy metals increased at low levels. The concentrations of carbons and heavy metals in PM2.5 were found to correspond to activity cycles such as commuting hours. This study analyzed the atmospheric environment effects on the composition of PM2.5 generated in industrial complexes by using the proportion of V in PM2.5. In future studies, the components of PM2.5 at various other locations, such as residential areas, rather than cities containing industrial complexes, as in this study, will be analyzed to understand the differences in the effect of emission sources.



Our results demonstrated that detailed tracking of emission sources is possible at the local scale by analyzing the composition of the components of PM2.5. This technique is expected to be useful in determining pollution sources to reduce pollution and improve air quality across a range of urban centers.
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Figure 1. Location of the intensive air quality monitoring station (✩) in the southeastern region of Korea (A, B, C: Ulsan Mipo National Industrial Complex (A: Shipbuilding industries in high proportions, B: automobile manufacturing in high proportions, C: nonferrous industry and petrochemical industry in high proportions), D: Onsan National Industrial Complex (nonferrous industry and petrochemical industry in high proportions), and ○: Ulsan Downtown). 
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Figure 2. Annual average concentrations of particulate matter with an aerodynamic diameter ≤ 2.5 µm (PM2.5) (left) and particulate matter with an aerodynamic diameter ≤ 10 µm (PM10) (right) according to wind direction (see Supplementary Materials Table S1 for more detail). 
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Figure 3. Pie-chart showing the mean concentrations of different components of PM2.5, obtained using hourly data for Ulsan. (a) Annual mean; (b) mean for winter months; (c) mean for spring months; (d) mean for summer months; (e) mean for fall months. (Units: μg/m3 for pie-chart, ng/m3 for vertical chart) (see Table S2 for more detail). 
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Figure 4. Vanadium (V) concentration in PM2.5 (ng/m3, left) and the proportion of V in PM2.5 (ng/µg, right) by wind direction (see Table S3 for more detail). 
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Figure 5. Comparison of vanadium (V) and nickel (Ni) concentrations in the cases excluding selected cases (ALL-SC) and those in the selection cases (SCs). 
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Figure 6. Correlations between heavy metals in all cases (ALL) and SCs. 
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Figure 7. Correlations between iron (Fe) and manganese (Mn) in ALL (left) and SCs (right). 
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Figure 8. Number of wind directions for each month in SCs (see Table S4 for more detail). 
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Figure 9. Annual mean concentrations of components in PM2.5 in Ulsan, obtained using the hourly data, for SCs. (a) Annual mean; (b) mean for winter months; (c) mean for spring months; (d) mean for summer months; (e) mean for fall months (unit: μg/m3 for pie-chart, ng/m3 for vertical chart) (see Table S5 for more detail). 
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Figure 10. Correlation between organic carbon (OC) and elemental carbon (EC) concentrations in ALL and SCs (all cases: black, SCs: red). 
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[image: Applsci 11 10003 g010]







[image: Applsci 11 10003 g011 550] 





Figure 11. Diurnal changes in the ratio of OC to EC, the concentrations of OC and EC, and the correlation between OC and EC (left: ALL, right: SCs). 
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Figure 12. Diurnal changes in zinc (Zn), lead (Pb), and arsenic (As) concentrations (left: diurnal changes of ALL and SCs) (right: diurnal changes of weekdays and holidays (including weekends) in SCs). 






Figure 12. Diurnal changes in zinc (Zn), lead (Pb), and arsenic (As) concentrations (left: diurnal changes of ALL and SCs) (right: diurnal changes of weekdays and holidays (including weekends) in SCs).
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Figure 13. Changes in iron (Fe) and manganese (Mn) concentrations over time. 
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