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Abstract

:

Thermal power plants (TPPs) and national industrial complexes (NICs) are widely known as being among the major causes of changes in the concentrations of fine particulate matter (PM2.5). However, little is known about the changes in PM2.5 concentration caused by the operation of these facilities in South Korea and the health burden attributable to them, including early death. There were two purposes to this study. The first was to quantitatively evaluate the changes in PM2.5 concentration caused by TPPs and NICs in Korea. The second was to estimate the number of early deaths as a health burden attributable to such changes in PM2.5 concentration. The changes in PM2.5 concentration caused by the operation of TPPs and NICs were investigated within TPPs in 2013 and within NICs in 2015. The number of early deaths in 2015 caused by changes in PM2.5 concentration was estimated using the Environmental Benefits Mapping and Analysis Program (BenMAP). Nationwide, the annual average concentration of PM2.5 caused by the operation of TPPs and NICs was estimated to increase by 0.611 μg/m3 and 1.245 μg/m3, respectively, suggesting that NICs contributed about twice as much to this concentration as TPPs. The same trend was also observed regarding the number of early deaths, with TPPs and NICs accounting for 1017 and 2091 early deaths per year, respectively, indicating that the operation of NICs causes a health burden about twice as high as that caused by TPPs. However, the changes in PM2.5 concentration were found to be high near TPPs and NICs, while the health burden caused by exposure to PM2.5 varied according to the level of population distribution and mortality in each air (quality) control zone (ACZ) to which one is exposed. The findings of this study are expected to be utilized as reference data when setting goals to strengthen air quality management (AQM) in each ACZ in Korea.
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1. Introduction


Thermal power plants and industrial complexes are very well known causes of PM2.5 generation. Several studies have been conducted to analyze the concentration of PM2.5 in the atmosphere contributed by air pollutant emissions from thermal power plants in Korea using the CMAQ (Community Multiscale Air Quality) model [1,2]. In addition, several studies have been conducted using the CMAQ or WRF–Chem (Weather Research and Forecasting model coupled with Chemistry) models to analyze the concentration of PM2.5 and health effects caused by emissions from thermal power plants in the Atlantic and Great Lakes regions of the United States, China, India, etc. [3,4]. However, few studies have been carried out regarding the effects of industrial complexes on PM2.5, and it is particularly difficult to find studies comparing them with thermal power plants. In addition, the health effects of PM2.5 related to these facilities have been evaluated in few studies.



The estimation and presentation of changes in mortality and morbidity caused by air pollution in quantitative terms is useful when setting national policies related to air pollution measures. The US Environmental Protection Agency (EPA) conducts a health risk assessment (HRA) in the process of setting national air quality standards every five years to consider the level of health risks [5]. In South Korea, the number of PM-attributable deaths was estimated through an HRA when establishing the second master plan for Seoul metropolitan air quality management (2015–2024), and a target goal was presented based on this [6]. In particular, PM10- and PM2.5-related health damage, which is represented by particulate air pollutants, is being used as a key factor in the analysis of the scale [7] and cause [7,8] of damage caused by air pollution worldwide. PM10 and PM2.5 have been used as reference air pollutants for policy making in previous studies regarding health damage from exposure to air pollution in South Korea [6,9,10].



The comparison of the health burden (HB) caused by various environmental risk factors can be helpful in establishing policies such as air pollution standards or in preventing and managing environmental pollution. In studies regarding HB caused by exposure to particulate matter (PM) in South Korea, PM10-attributable early deaths (a reduction of 200 [95% CI: 31–371] early deaths for the 0–64-year age group in 2015, if the WHO’s PM10 24 h average guidelines [50 μg/m3] were attained) [11], hospitalization in children (a reduction of 439 [95% CI: 216–666] asthma hospitalizations in Seoul, 2006, if the WHO’s PM10 24 h average guidelines (50 μg/m3) were attained) [12], and PM2.5-attributable early deaths (a reduction of 2895 [95% CI: 832–4840] early deaths for adults over 30 in Seoul, 2006, if the WHO’s PM2.5 annual guidelines [10 μg/m3] were attained) were examined [13]. In most of these studies, the number of early deaths or hospitalizations due to exposure to a PM concentration were estimated, but the only conclusions were that these numbers could be prevented by reducing the PM concentration. Results and policy implications related to the contribution level of PM-concentration improvement for each major emission source in South Korea were not presented.



In summary, the determination of the quantitative health burden along with changes in the concentration of each major pollution source related to PM can be helpful in the establishment of more effective and cost–beneficial policies for domestic air pollution–related measures. Therefore, in this study, we aimed to examine the changes in PM2.5 concentration caused by thermal power plants and national industrial complexes in South Korea and estimate the number of early deaths attributable to these changes, thereby suggesting implications for the establishment of policy directions for AQM in the future.




2. Materials and Methods


2.1. Air Quality (AQ) Simulation


To predict national concentration changes according to major PM2.5 pollution sources in Korea, the WRF (Weather Research and Forecasting model v3.6.1)–SMOKE (Sparse Matrix Operator Kernel Emissions v3.1)–CMAQ (Community Multiscale Air Quality model v4.7.1) modeling system was used. For the initial field in WRF model simulation, final operational global analysis (FNL) data with a horizontal resolution of 1° × 1° every six hours were used, which were provided by the National Centers for Environmental Prediction (NCEP). Meteorological data estimated from WRF model simulation were converted into meteorological data for AQ simulation using the Meteorology–Chemistry Interface Processor (MCIP). Chemical species were classified according to the AERO5 aerosol module and SAPRC-99 chemical mechanism to simulate AQ. In the modeling domains covered in this study, a nested grid technique was applied to the resolutions of 27 km, 9 km, and 3 km. The 27 km grid domain contained East Asia, while the 9 km and 3 km grid domains covered the whole of South Korea. For the emissions data used, the Clean Air Quality Policy Support System (CAPSS; National Emission Inventory), provided by the National Institute of Environmental Research (NIER) for the domestic emissions inventory, and CREATE (Comprehensive Regional Emissions Inventory for Atmospheric Transport Experiment) 2015 for the overseas emissions inventory were processed using SMOKE. Figure 1 shows the domains modeled, and Table 1 shows the WRF and CMAQ configuration used for simulations. Various configuration options are available for WRF and CMAQ, and a combination of options appropriately simulate the atmospheric conditions for each region to be modeled. In this study, modeling was performed by applying model options mainly used for the atmospheric simulation of Northeast Asia, including the target domain [14,15,16,17,18].




2.2. Estimation of the Number of Early Deaths


In this study, the entire area of South Korea was divided into 253 municipalities in which the changes in PM2.5 concentration due to the operation of TPPs in 2013 and NICs in 2015 were estimated. The number of early deaths by municipality was estimated based on the number of deaths and population in 2015. To estimate the number of early deaths, the US EPA method was used. In the US EPA method, the BenMAP is used to measure the health benefits of air quality improvement, and the number of early deaths related to the health benefits are estimated by applying the following equation [30,31]:


Early death count = [(RR − 1) ÷ RR] × Incidence × Population








where early death count means the number of PM2.5-attributable early deaths in a local community; incidence means the mortality rate in the community; and population means the number of people in the community. [(RR − 1) ÷ RR] means the PM2.5-attributable fraction of deaths in the community, assuming that all adults aged 30 and over in the community are exposed to PM2.5. Relative risk (RR) means the relative risk ratio of the exposure level (x1) compared to the reference level (x0) of PM2.5 in the local community. In this study, RR = exp (β1 × (x1) − x0)) was calculated, where x1 is the level of exposure to PM2.5 in a community where TPPs or NICs operate; x0 is the level in a community where such facilities do not operate; exp(β1) is a concentration–response function, indicating relations between the changes in the concentration of PM2.5 per unit of community and those in the number of deaths, accordingly. In this study, an RR of 1.006033 (95% confidence interval: 1.003929–1.008141) for all-cause mortality from long-term exposure to PM2.5 in adults aged 30 and over based on the meta-analysis of thirteen cohort studies published by the World Health Organization (WHO) was applied [32].



To estimate the number of early deaths due to changes in PM2.5 concentration, data regarding the annual changes in PM2.5 concentration by municipality, the annual mortality, and the year-round population were obtained and applied to the equation. Annual mortality was processed using data regarding the all-cause mortality of people aged 30 and over by municipality from the Population Trend Survey 2015 by Statistics Korea. Populations for each municipality were calculated for those aged 30 and over using data from the 2015 National Population Census by Statistics Korea. To estimate the changes in PM2.5 concentrations, we utilized the Brute Force Method (BFM). The method is processed by comparing a base simulation with a control case. In the base simulation, unchanged emissions were used, while in the control case, the emissions of the target source were removed from the base emissions [33].





3. Results


3.1. Distribution of Major Pollution Sources and the Exposed Population


As shown in Figure 2, under the Special Act on the Improvement of Air Control in Air Control Zones, which took effect in October 2021, air quality in Korea is specifically managed by utilizing four major regions (i.e., ACZs): the Seoul metropolitan region (SMR), and the central, southeast, and southern regions. The Act defines an ACZ as a region deemed to be seriously affected by air pollution, in which the air pollutants emitted are also deemed to seriously affect air pollution. Summarizing the air management policies for each ACZ, in the SMR, air pollution management measures related to daily life, such as the replacement of old diesel vehicles, are promoted; in the central region, emissions of pollutants including TPPs are managed; and in the southern and southeastern regions, pollutant emissions from large businesses are regulated. The location of TPPs and NICs in Figure 2 demonstrates some of the reasons for the establishment of the current ACZs.



As shown in Figure 2, it was found that the distribution of the population and mortality of adults over 30 in South Korea is concentrated in the SMR and southeastern region. In addition, the related mortality was found to be relatively low in the SMR and southeastern region, as the younger population is widely distributed. In consideration of such distributions of population and mortality, it can be expected that the number of early deaths in regions where TPPs and NICs are operated may be somewhat different from the trends regarding regional PM2.5 concentration change.




3.2. Air Quality Model Validation


To evaluate the performance of CMAQ modeling, simulated concentrations of PM2.5 and AQMS data observed from 95 stations nationwide were compared based on the RMSE, IOA, and R. Table 2 and Figure 3 show the comparison results. The R value was 0.5, which satisfied the evaluation criterion of the modeling performance of an R value of 0.4 or more, recommended by Emery et al. [34]. The IOA and RMSE were 0.68 and 16.64 μg/m3, respectively, indicating that the simulated results explain the observed data well.




3.3. Characteristics of Emissions from TPPs and NICs


As shown in Figure 2, a total of 72 TPPs are distributed nationwide, with about half, or 30, operating in Chungcheongnam-do (one of provinces in South Korea). In addition, there are a total of 175 liquefied natural gas (LNG) power plants nationwide, including 57 in Incheon and 49 in Gyeonggi-do (one of the provinces); more than half are concentrated in the SMR. The emissions from TPPs were 130,000 tons of NOx and 70,000 tons of SOx nationwide, accounting for 11% and 20% of the total national emissions, respectively. Looking at each municipality, both NOx and SOx emissions were concentrated in Chungcheongnam-do; approximately 60,000 tons of NOx and 35,000 tons of SOx were emitted, accounting for about half of the TPP emissions nationwide (Table 3).



As shown in Figure 2, NICs fall under the Special Countermeasure Area for Air Quality Protection (SCAAQP); major NICs include the Sihwa-Banwol Industrial Complex in Gyeonggi-do, the Daesan Petrochemical Complex in Chungcheongnam-do, and NICs in Ulsan Metropolitan City and Yeosu, Jeollanam-do. Emissions from NICs covered in this study were 190,000 tons of NOx, 160,000 tons of SOx, and 230,000 tons of VOCs, which accounted for 17%, 45%, and 23% of the nationwide emissions, respectively. Regarding the emissions by industrial complex covered, SCAAQP had the highest emission ratio; 150,000 tons of NOx, 120,000 tons of SOx, and 170,000 tons of VOCs were emitted, accounting for more than 70% of the emissions from NICs nationwide (Table 3).




3.4. Changes in PM2.5 Concentration and Number of Early Deaths by Pollution Source


We calculated the contributions of domestic coal and LNG power plants to PM2.5 concentrations. Regarding domestic power plants, coal power plants contributed 0.51 μg/m3 and LNG plants contributed 0.10 μg/m3 to the annual mean PM2.5 concentrations. We found that the contribution of coal-fired power plants is equivalent to about 2% of the annual mean PM2.5 concentrations in South Korea (26 μg/m3) (Figure 4).



Additionally, we calculated the contributions of the selected major industrial complexes—the Sihwa-Banwol National Industrial Complex and the Daesan Petrochemical Complex—and the Special Measures for Atmospheric Conservation Zone to PM2.5 concentrations. The contributions of the Sihwa-Banwol National Industrial Complex, the Daesan Petrochemical Complex and the Special Measures for Atmospheric Conservation Zone to the annual mean PM2.5 concentrations were 0.09, 0.37, and 0.79 μg/m3, respectively. We found that the Special Measures for Atmospheric Conservation Zone contributes about 3% of the annual mean PM2.5 concentration in South Korea (Figure 4).



As a result of the analysis of the contribution of coal power plants to the PM2.5 concentration by local government, it was found that Chungcheongnam-do and Jeollabuk-do were most affected, with a contribution of about 1.2 μg/m3, followed by Sejong, with a contribution of 0.95 μg/m3. In the case of LNG power plants, the contributions of 0.24 μg/m3 in Incheon and 0.12 μg/m3 in Seoul were the highest. It can be seen that the main areas affected by coal power plants are Chungcheongnam-do and Jeollabuk-do, and the areas affected by LNG power plants are mainly in the metropolitan area, which show different patterns (Figure 5).



As a result of the analysis of the contribution of national industrial complexes to the PM2.5 concentration by local government, the Sihwa-Banwol Industrial Complex showed contributions of 0.45 μg/m3 in Gyeonggi-do and 0.2 μg/m3 in Incheon. The PM2.5 contributions near the Daesan Petrochemical Complex were high, in the order of 4.15 μg/m3 in Chungcheongnam-do, 1.02 μg/m3 in Sejong, 4.02 μg/m3 in Ulsan, and 3.59 μg/m3 in Gyeongsangnam-do in the NICs that fall under the Special Measures Area for Preventing Air Pollution (Figure 5).



Regarding the changes in PM2.5 concentration, the contributions of TPPs were found to be relatively high in the central region, while the contributions of NICs were relatively high in the northern parts of the central and southeast regions. This seems to have been affected not only by the location of such facilities, but also by the emission of causative substances that can contribute to PM2.5 concentration. The changes in PM2.5 concentration considering both TPPs and NICs were found to be higher in the coastal areas than inland, centered in the SMR and southeast region.



The number of early deaths attributable to changes in PM2.5 concentration was found to be partially adjusted by the size of population exposed to it and the mortality of that demographic group. The change in PM2.5 concentration related to TPPs was relatively high in the central region, but the number of early deaths due to this change was significantly higher in the SMR with a larger exposed population. The changes in PM2.5 concentration related to NICs were relatively high in the northern parts of the central and southeastern regions, but the number of early deaths due to these changes was higher in the SMR and the entire southeastern region, with a larger exposed population. The number of early deaths attributable to the change in PM2.5 concentration considering both TPPs and NICs was dependent on the change in PM2.5 concentration, but it was found to mainly be higher in the areas with a larger exposed population (Figure 6).



The nationwide change in PM2.5 concentration caused by the operation of TPPs was 0.611 μg/m3, while the change occurring in the SMR was 0.616 μg/m3, which was similar to the former. However, the total number of premature deaths attributable to changes in PM2.5 concentration was estimated to be 1017 nationwide, of which, 390, or 38.3% of the total, were in the SMR. The change in the central region (1.136 μg/m3) was more than twice that in the SMR, but the number of early deaths was estimated to be 238, which was relatively fewer than in the SMR (Table 4).



The nationwide change in PM2.5 concentration caused by the operation of NICs was 1.245 μg/m3, of which, the change in the southeastern region was 2.551 μg/m3, more than twice the former. Regarding the number of premature deaths attributable to the changes in PM2.5 concentration, a relatively small number was estimated in the southeast region compared to the degree of the concentration change, while a relatively large number was estimated in the SMR compared to the degree of the concentration change—the concentration change in the SMR was about one-third of that in the southeast area (Table 4).



The change in the concentration of PM2.5 nationwide caused by the operation of both TPPs and NICs was 1.856 μg/m3, and in the southeast region, the change was 2.971 μg/m3, which was about twice the national level. In the SMR, the concentration change was 1.440 μg/m3, which was lower than the national average, but the number of early deaths accounted for about 30% of the national average, which was similar to that in the southeast region (Table 4).



When compared by emission source, the nationwide change in PM2.5 concentration caused by the operation of NICs was 1.245 μg/m3, which was found to be about twice as large as the change of 0.611 μg/m3 that resulted from the operation of TPPs; the number of early deaths attributable to the operation of NICs and TPPs was 2091 and 1017, respectively, with the former being about twice that of the latter. On the other hand, in the SMR, the change in PM2.5 concentration due to the operation of TPPs was 0.616 μg/m3, which was found to be similar to that caused by the operation of NICs (which was 0.824 μg/m3), whereas in the southeast region, the concentration change caused by TPP operation was 0.420 μg/m3, which was found to be about one-sixth that of the change of 2.551 μg/m3 caused by NIC operation.





4. Discussion and Conclusions


4.1. Strengths of This Study


In previous studies, predictions of changes in PM2.5 concentration based on the emission of pollutants and estimations of the attributable number of early deaths were made without classifications of the emission source or region [11,12,13]. In this paper, South Korea’s PM2.5 concentration was predicted by classifying emission sources, and it was presented for each ACZ related to South Korea’s air quality policy. Based on this, the number of early deaths attributable to PM2.5 was estimated and suggested. It is expected that this estimation can provide more detailed data for the establishment of South Korea’s AQM policy in the future.



In this study, the PM 2.5 contribution concentration by emission source was estimated by modeling air quality to reflect the emission characteristics of TPPs and NICs, which are major domestic emission sources. In addition, modeling AQ with a high resolution of 3 km × 3 km enabled us to provide basic data including the contributions of PM2.5 concentration by municipality and ACZ, which can be used for the development of AQM policies.



Regarding TPPs, it is necessary to prioritize the management of pollutants that can affect the central region in relation to changes in PM2.5 concentrations. However, to further reduce the number of early deaths in terms of health benefits, more focus needs to be placed on the management of pollutants in the SMR. Regarding NICs, it is necessary to prioritize the management of emission sources that can affect the southeastern region in relation to the changes in PM2.5 concentrations, but if the number of early deaths is to be considered in terms of health benefits, the management of emission sources affecting the SMR should also be prioritized. Especially in the SMR, considering the number of early deaths in terms of health benefits, it is necessary to prioritize the management of pollutants from TPPs rather than from NICs. In the southeast region, considering the number of early deaths in terms of air quality improvement and health benefits, the management of emission sources must prioritize NICs over TPPs.




4.2. Limitations and Future Research Directions


4.2.1. Limitations of Considered Pollution Sources


In this study, PM2.5 concentrations caused by emissions from major NICs were estimated. Emissions from major NICs applied in this process accounted for about 85% of the total industrial sector emissions of 229,000 tons in terms of NOx (emissions from the manufacturing industry and industrial processes based on the CAPSS 2015); as such, the estimated PM2.5 contribution concentration only explained a part of the PM2.5 concentration contributed by all of the NICs. Therefore, to secure detailed data for AQM policy development, it will be necessary to predict changes in air quality, including additional major industrial complexes for each municipality or ACZ.



This study was conducted using data regarding NICs’ emissions in 2013 and TPPs’ emissions in 2015 (Table 3). In this study, it was more appropriate to use the 2015 data for both TPP and NIC emissions. However, the 2013 NIC emissions data were the latest data available at the time of this study, and it is estimated that there was no significant change in emissions between 2013 and 2015.



In South Korea, air pollutant emissions from small-scale factories as well as national industrial complexes are high, but emissions from small-scale factories have not been properly estimated. Recently, the Ministry of Environment in South Korea has been preparing a small-scale factory emission inventory. It is expected that the health impacts of industrial complexes will be high if emissions from small factories are included, and additional studies are planned in this regard.




4.2.2. Limitations on the Estimation of the Number of Early Deaths


The PM2.5-attributable number of early deaths estimated in this study has practical significance in that it was estimated based on changes in PM2.5 concentration for each major emission source and ACZ in South Korea. It may be used to prioritize AQM in the establishment of air management policies for each major emission source and ACZ. However, one should be very careful when using these numbers for the creation of actual policies. In general, the method for and results of estimating the number of early deaths suggested in this paper have two key limitations: methodological constraints and the interpretation of the results.



First, the limitations of the method used for the estimation of the number of early deaths are related to the representativeness of the concentration–response function (CFR) used as a calculation method. The CRF is expressed based on predicted values, including the relative risk (RR) and hazard ratio (HR) calculated through an epidemiological survey, and it is a key factor in estimating the number of early deaths. However, there is no domestic CRF standard for estimating the number of early deaths related to air pollution. In this study, the CRF proposed by the WHO was applied.



Just as the results of epidemiological studies generally vary depending on when, where, and for whom they are conducted, those of the CRF may also vary depending on the time, place, and demographic group exposed to air pollution [35]. For example, the concentration and chemical composition of air pollutants and the health care systems that can respond to the health effects caused by exposure to pollutants may vary with time and place. In addition, even at the same time and place of exposure, the degree of health effects caused by exposure to air pollutants may vary depending on who is exposed to them. A study by Kim et al. targeting South Korea reported that the association between ambient air particles and mortality in Seoul was gradually increasing [36].



In the past, many studies targeting South Korea were conducted using the CRF. Using the findings of such studies, attempts to estimate the number of early deaths and apply it to policies have caused confusion in the establishment of policies [10,37]. To estimate the health burden caused by exposure to air pollutants, including the number of early deaths, and utilize it in policy making, it is necessary to develop a CRF standard suitable for the current situation in South Korea.



Second, the interpretation of the estimated number of early deaths is linked to the epidemiological survey method involved in the calculation of CRF. The survey was conducted by largely classifying effects into short-term and long-term exposure effects according to the characteristics of exposure to air pollutants. Depending on the classification, the scale of the health effects may have been derived and presented differently.



Ha and Moon (2013) reported that CRF estimation might have uncertainty in the model design and estimation process of statistical analysis [37]. In particular, they pointed out that the CRF, which evaluates the acute health effects of short-term exposure using the log-linear regression model, cannot completely exclude other air pollutants and weather conditions and may vary depending on assumptions related to exposure lag days.



Regarding the characteristics of exposure to air pollution, Künzli et al. (2001) described the analysis method and meaning by classifying short-term and long-term exposures [38]. They proposed a log-linear regression model deriving RR and a Cox proportional hazards model deriving HR as representative analytical models for each exposure. On the other hand, the death-related effects attributable to air pollution were divided into acute effects triggering death by exposure to air pollution and chronic effects in the form of underlying frailty leading to death. Finally, while health effects from long-term exposure accounted for both acute and chronic effects, those from short-term exposure only accounted for acute effects; they found that there was about a 10-fold difference in absolute values of the CRF.



In South Korea, multiple studies have been conducted regarding short-term exposure using the CRF. To evaluate the health effects of long-term exposure to air pollution, long-term epidemiological surveys including cohort construction should be planned and conducted.





4.3. Conclusions


For PM2.5 concentration management, not only should substances generating PM2.5 and related pollution sources be managed, but also, the health burden caused by exposure to PM2.5 should be considered. The PM2.5 concentration in a specific area is determined by the location of facilities acting as pollution sources and emitted pollutants, but the priority of AQM by region or related facility may vary depending on other characteristics, including the size of demographic groups exposed to the PM2.5 concentration. However, in establishing an AQM policy focusing on PM2.5 in a community of a certain size or larger (usually a nation), it is considered that the usefulness of the findings regarding the causes contributing to the concentration and the degree of the health burden caused by exposure to the concentration may vary depending on how the spatial resolution of quantitative analyses, and related detailed data, are obtained and applied.



The analysis results presented in this study have significance in that they provide a basis for setting the direction of South Korea’s AQM policy. This study was only conducted at the level of confirming the main direction of the AQM policy for each ACZ currently established in South Korea through our analysis results. However, if the spatial resolution of quantitative analyses is increased in future studies and more detailed data regarding PM2.5 sources are applied, it is expected that these data will be used to set the direction of AQM policies for small communities within ACZs in South Korea.
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Figure 1. Modeling domains for air quality simulation. 
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Figure 2. Distributional characteristics of the (a) administrative district; (b) Air Control Zone; (c) air pollution sources; and (d) exposed population and (e) mortality. 
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Figure 3. Comparison of observed and simulated concentrations of PM2.5 over the South Korea AQMS in 2015. 
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Figure 4. PM2.5 contribution concentrations from emissions of (a) coal power plants; (b) LNG power plants; (c) the Sihwa-Banwol Industrial Complex; (d) the Daesan Petrochemical Complex; and (e) NICs that fall under the Special Measures Area for Preventing Air Pollution. 
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Figure 5. PM2.5 contribution concentration for each region from emissions of (a) TPPs; and (b) NICs. 
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Figure 6. Changes in PM2.5 concentration and early deaths. 
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Table 1. Summary of WRF and CMAQ configuration.






Table 1. Summary of WRF and CMAQ configuration.





	
(a) WRF

	

	




	
Physics

	
Selected Option

	
Reference






	
Microphysics

	
WSM 3-class simple ice scheme

	
[19]




	
Longwave Radiation

	
RRTM scheme

	
[20]




	
Shortwave Radiation

	
Dudhia scheme

	
[21]




	
Surface Layer

	
Revised MM5 Monin–Obukhov scheme

	
[22]




	
Land Surface

	
Unified Noah land–surface model

	
[23]




	
Planetary Boundary layer

	
YSU scheme

	
[24]




	
Cumulus Parameterization

	
Kain–Fritsch scheme

	
[25]




	
(b) CMAQ

	

	




	
Category

	
Selected Option

	
Reference




	
Chemical Mechanism

	
SAPRC99

	
[26]




	
Advection Scheme

	
PPM

	
[27]




	
Horizontal Diffusion

	
Multiscale

	
[28]




	
Vertical Diffusion

	
Eddy

	
[28]




	
Cloud Scheme

	
ACM

	
[29]
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Table 2. Statistics for PM2.5 at the South Korea air quality monitoring stations.
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Number of Sites (N)

	
Annual Mean (μg/m3)

	
R

	
Bias

	
RMSE

	
IOA




	
Observed

	
Modeled






	
Annual

	
95

	
24.79

	
21.16

	
0.50

	
−3.62

	
16.64

	
0.68
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Table 3. Annual emissions of major substances by pollution source in South Korea.
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Substances

	
CAPSS 2015

	
CAPSS 2013




	
Nationwide (Tons/Year)

	
TPPs (Tons/Year)

	
Percentage (TPPs/Nationwide)

	
Nationwide (Tons/Year)

	
NICs (Tons/Year)

	
Percentage (TPPs/Nationwide)






	
NOx

	
1,090,614

	
130,860

	
12.0%

	
1,157,728

	
195,199

	
16.9%




	
SOx

	
404,660

	
70,777

	
17.5%

	
352,292

	
158,777

	
45.1%




	
VOC

	
913,573

	
12,384

	
1.4%

	
1,010,771

	
235,070

	
23.3%




	
CO

	
696,682

	
47,369

	
6.8%

	
792,776

	
75,694

	
9.5%




	
NH3

	
292,973

	
864

	
0.3%

	
297,167

	
24,698

	
8.3%




	
PM10

	
121,563

	
4166

	
3.4%

	
233,177

	
68,832

	
29.5%




	
PM2.5

	
76,802

	
3450

	
4.5%

	
98,806

	
37,489

	
37.9%
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Table 4. Changes in PM2.5 concentration for each ACZ and the attributable number of early deaths.
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Classification

	
SMR

	
Central Region

	
Southeast Region

	
Southern Region

	
Other

	
Nationwide






	
Number of people aged 30 and over (N)

	
16,614,550

	
3,909,205

	
7,410,629

	
1,672,892

	
4,517,311

	
34,124,587




	
Mortality of people aged 30 and over (N per 100,000)

	
632

	
879

	
799

	
866

	
1273

	
793




	
Contribution concentration and number of early deaths by PM2.5 emission source

	
TPPs

	
PM2.5 concentration (μg/m3)

	
0.616

	
1.136

	
0.420

	
0.695

	
0.503

	
0.611




	
Level of concentration compared to the national level

	
1.010

	
1.861

	
0.687

	
1.139

	
0.823

	
1.000




	
Number of early deaths (N (95% CI))

	
390 (254~525)

	
238 (156~321)

	
150 (98~202)

	
61 (39~82)

	
178 (116~240)

	
1017 (663~1369)




	
Contribution to the number of early deaths nationwide

	
38.3%

	
23.4%

	
14.8%

	
6.0%

	
17.5%

	
100.0%




	
NICs

	
PM2.5 concentration (μg/m3)

	
0.824

	
1.361

	
2.551

	
1.336

	
0.883

	
1.245




	
Level of concentration compared to the national level

	
0.662

	
1.093

	
2.048

	
1.073

	
0.709

	
1.000




	
Number of early deaths

	
508 (332~684)

	
286 (187~384)

	
874 (572~1173)

	
116 (76~156)

	
308 (201~415)

	
2091 (1367~2812)




	
PM2.5 contribution to the number of early deaths nationwide

	
24.3%

	
13.7%

	
41.8%

	
5.6%

	
14.7%

	
100.0%




	
Total

	
PM2.5 concentration (μg/m3)

	
1.440

	
2.497

	
2.971

	
2.031

	
1.386

	
1.856




	
Level of concentration compared to the national level

	
0.776

	
1.345

	
1.601

	
1.094

	
0.747

	
1.000




	
Number of early deaths (N (95% CI))

	
898 (586~1209)

	
524 (342~705)

	
1024 (670~1375)

	
177 (115~238)

	
486 (317~655)

	
3108 (2030~4181)




	
PM2.5 contribution to the number of early deaths nationwide

	
28.9%

	
16.9%

	
32.9%

	
5.7%

	
15.6%

	
100.0%
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