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Abstract In this study, a wide range of chemical emission data collected by the PRTR survey in 2012 and 2013 were ana-

lyzed with respect to their spatial distributions and toxicity. The PRTR survey system adopted in Korea and other countries
were also reviewed. When the total amount of chemicals were broken down by the five regions in Korea, the largest amount
of chemicals (approximately 50% of the nationwide total) was emitted from the Yeongnam region. In order to combine the
emission amount with toxicological information, the chemicals were first classified into two groups, i.e., potential carcinogenic
and non-carcinogenic compounds. Subsequently, the unit risk (UR) value was multiplied to the emission data of a specific car-
cinogenic compound, while the reference concentration (RfC) was divided by the emission data of a non-cacinogenic chemi-
cal. The former was defined in this study as the risk weighted emission; and the latter as the 'hazard-weighted emission’ There
were a total of 165 kinds of chemical substances emitted from the Yeongnam region, including mainly organic solvents, such
as xylenes, toluene, and ethylbenzene. Amongst them, 36 and 58 compounds were found to be potential carcinogenic and
non-carcinogenic chemicals, respectively. The rankings of risk/hazard-weighted emissions for the target chemicals were sub-
stantially different from them of the absolute emissions. These results imply that the importance of the risk-weighted emission
information should be emphasized in the selection of priority chemicals to be controlled in a particular region. Although the
Korean PRTR survey provide many useful information, it still needs to be improved to include even smaller industries in order
to refine the emission data of hazardous air pollutants (HAPs). A comprehensive ambient air monitoring of HAPs in the major
industrial complexes can play a complementary role in the validation of the PRTR data, of which some important chemicals
mighty be missed from the industries’self report.
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Table 1. PRTR survey criteria of the member states of OECD (OECD, 2014).

Reporting Fugitive

Countr .
4 unit source

Employee thresholds Activity thresholds

10 full-time - Manufacture (0~25,000 Ibs/yr)
USATRIV Facility3) X equivalent emplovees - Process (0~~25,000 Ibs/yr)
a ploy - Otherwise use (0~10,000 Ibs/yr)

Japan PRTR Business ¢} 21 regular employees - Annual amount handled (1 ton or 0.5 tons)

- Manufacture, process, or otherwise use

Working time is (5 t0 10,000 kg/yr)

Canada NPRI? Facility o 20,000 hour/year - Release, disposal, or transfer for recycling
(50kg/yr)
- Air releases (300 to 20,000 kg/yr)
Korea PRTR Business ¢} 1 employee ~ Annual amount handled (1 ton or 10tons)

"oxic Release Inventory; ?National Pollutant Release Inventory; Yinclude in metal mining, electric power generation, portable facility, pipeline installa-
tion, etc.
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= ouf_ttt.
15171581 &5 (Risk-weighted Emission, m*/yr)
=Emission (kg/yr) X UR (ug/m*)~! (1)

=715 &5 (Hazard-weighted Emission, m?/yr)
= Emission (kg/yr)/RfC (ug/m?) ()
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A AA HEEE B2 E AFE ARE AAsHh
URY} RfCE IRIS (USEPA, 2016b), California EPA

(CalEPA, 2016), US Agency for Toxic Substances and
Disease Registry (ATSDR, 2016), USEPA Health Effects
Assessment Tables (USEPA, 2016¢) 5-2] At =& o]-&
sttt =R 0] Ql-8oll 3lolA IRISAHEE

Sk, IRISOIA 4 H7F 31 749 ATSDR, California

nm=
EPA, HEAST®] =0 2 W5 gMsto] Ql-8-stgirh
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Table 2. Toxicity data used in study.

(¢}
ol

| & &% A EZA7F ppm HRE AlF
d %'T 20°C 1719} 2310l AiFel Solz 2t
SFIT}. USEPA 9] Provisional Peer Reviewed Toxicity
Values (USEPA, 2016d)= ©F2] P H gho] ofy o] A
2 ATl A= AMESER] 2 Th TARCE} IRISO] et
E5F55 (Weight of Evidence, ©]5} WOE)-2 I 3]
LFERH QATH(IARGC, 2019; USEPA, 2019).

PRIR A= & %:L/\ © }ul 7 SSHE H|A gl

lo M

He 289 g Hla
I =4 =E ARSI 282
&, 3740] B¢ Aol xRt 6719] 7
o9 FA4do] 7t EdR dA Qlt T2ut 5.”41
PRTR ZAMA = 671 A59] viE% =7t gle s
2 4o 37t 79| FAHARE HEoqitth 71E
ol oJstH =t th7] 5 67F A& s Aol
2t Haks Qo Mt o & o F 47 k9
oF 0.7~2.4% $F0 2 ZARG B H HF QL
(Kang et al., 2009).
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540]

We.lght of Carcinogenic risk Non-carcinogenic risk
CAS evidence
Chemical number Unit ok aic
IARC  USEPA nit ”35,1 Reference 3 Reference
(ng/m?) (mg/m?)
Formaldehyde 50-00-0 1 B1 1.30E-5 IRIS 9.83E-3 ATSDR
Carbon tetrachloride 56-23-5 2B LH 6.00E-6 IRIS 1.00E-1 IRIS
Aniline 62-53-3 3 B2 1.60E-6 CalEPA 1.00E-3 IRIS
Methyl alcohol 67-56-1 - - - - 2.00E+1 IRIS
Chloroform 67-66-3 2B LH 2.30E-5 IRIS 9.77E-2 ATSDR
N,N-Dimethylformamide 68-12-2 2A - - - 3.00E-2 IRIS
Benzene 71-43-2 1 CH 7.80E-6 IRIS 3.00E-2 IRIS
Methyl chloride 74-87-3 3 Inl 1.80E-6 HEAST 9.00E-2 IRIS
Hydrogen cyanide 74-90-8 - Inl - - 8.00E-4 IRIS
Vinyl chloride 75-01-4 1 CH 8.80E-6 IRIS 1.00E-1 IRIS
Acetaldehyde 75-07-0 2B B2 2.20E-6 IRIS 9.00E-3 IRIS
Dichloromethane 75-09-2 2A LH 1.00E-8 IRIS 6.00E-1 IRIS
Ethylene oxide 75-21-8 1 B1 3.00E-3 IRIS 3.00E-2 CAL
Propylene oxide 75-56-9 2B B2 3.70E-6 IRIS 3.00E-2 IRIS
Methyl ethyl ketone 78-93-3 - Inl - - 5.00E+0 IRIS
Trichloroethylene 79-01-6 CH 4.10E-6 IRIS 2.00E-3 IRIS
Acrylamide 79-06-1 2A LH 1.00E-4 IRIS 6.00E-3 IRIS
Naphthalene 91-20-3 2B C 3.40E-5 CalEPA 3.00E-3 IRIS

ZetsX| M35 H M4 =
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Table 2. Continued.

Weight of

) Carcinogenic risk Non-carcinogenic risk
CAS evidence
Chemical number Unit sk ”
IARC  USEPA nit ”35_1 Reference ¢ 3 Reference
(pg/m?3) (mg/m?)

2,4-Diaminotoluene 95-80-7 2B - 1.10E-3 CalEPA - -
Ethylenethiourea 96-45-7 3 - 1.30E-5 CalEPA - -
Furfural 98-01-1 3 - - - 5.00E-2 HEAST
Ethylbenzene 100-41-4 2B D 2.50E-6 CalEPA 1.00E+0 IRIS
Styrene 100-42-5 2B - - - 1.00E+0 IRIS
Benzyl chloride 100-44-7 2A B2 4.90E-5 CalEPA - -
3,3'-Dichloro-4,4'-diaminodiphenyl methane 101-14-4 1 B2 430E-4 CalEPA - -
Diphenylmethane-4,4'-diisocyanate 101-68-8 3 D - - 6.00E-4 IRIS
1,2-Epoxybutane 106-88-7 2B - - - 2.00E-2 IRIS
Epichlorohydrin 106-89-8 2A B2 1.20E-6 IRIS 1.00E-3 IRIS
1,3-Butadiene 106-99-0 1 CH 3.00E-5 IRIS 2.00E-3 IRIS
Allyl chloride 107-05-1 3 @ 6.00E-6 CalEPA 1.00E-3 IRIS
1,2-Dichloroethane 107-06-2 2B B2 2.60E-5 IRIS 240E+0 ATSDR
Acrylonitrile 107-13-1 2B B1 6.80E-5 IRIS 2.00E-3 IRIS
Chloromethyl methylether 107-30-2 - A 6.90E-4 CalEPA - -
Vinyl acetate 108-05-4 2B - - - 2.00E-1 IRIS
Toluene 108-88-3 3 Inl - - 5.00E+0 IRIS
Phenol 108-95-2 3 Inl - - 2.00E-1 CalEPA
2-Methoxyethanol 109-86-4 - - - - 2.00E-2 IRIS
n-Hexane 110-54-3 - Inl - - 7.00E-1 IRIS
2-Ethoxyethanol 110-80-5 - - - - 2.00E-1 IRIS
Cyclohexane 110-82-7 - Inl - - 6.00E+0 IRIS
Propylene 115-07-1 3 - - - 3.00E+0 CalEPA
Di(2-ethylhexyl)phthalate 117-81-7 2B B2 2.40E-6 CalEPA - -
Chloroprene 126-99-8 2B LH 3.00E-4 IRIS 2.00E-2 IRIS
Tetrachloroethylene 127-18-4 2A LH 2.60E-7 IRIS 4.00E-2 IRIS
Hexamethylene diisocyanate 822-06-0 - - - - 1.00E-5 IRIS
1,3-Propane sultone 1120-71-4 2A - 6.90E-4 CalEPA - -
m,p,0-Cresol 1319-77-3 - C - - 6.00E-1 CalEPA
m,p,0-Xylenes 1330-20-7 3 Inl - - 1.00E-1 IRIS
Methyl tert-butyl ether 1634-04-4 3 - 2.60E-7 CalEPA 3.00E+0 IRIS
Chlorothalonil 1897-45-6 2B - 8.90E-7 CalEPA - -
Lead 7439-92-1 2B B2 1.20E-5 CalEPA 1.50E-4 IRIS
Barium 7440-39-3 - D - - 5.00E-4 HEAST
Boron 7440-42-8 - - - - 2.00E-2 HEAST
Manganese 7439-96-5 - D - - 5.00E-5 IRIS
Vanadium 7440-62-2 - - - - 1.00E-4 ATSDR
Mercury 7439-97-6 3 D - - 3.00E-4 IRIS
Nickel 7440-02-0 2B A 2.40E-4 IRIS 9.00E-5 ATSDR
Arsenic 7440-38-2 1 A 4.30E-3 IRIS 1.50E-5 CalEPA
Trifluoroborane 7637-07-2 - - - - 7.00E-4 HEAST
Hydrogen chloride 7647-01-0 3 - - - 2.00E-2 IRIS
Hydrogen fluoride 7664-39-3 - - - - 1.40E-2 CalEPA
Ammonia 7664-41-7 - - - - 1.00E-1 IRIS
Sulfuric acid 7664-93-9 - - - - 1.00E-3 CalEPA
Chlorine 7782-50-5 - - - - 1.45E-4 ATSDR
Hydrogen sulfide 7783-06-4 - Inl - - 2.00E-3 IRIS
Chromium (+3) 16065-83-1 3 Inl - - - -
Toluene diisocyanate and its isomers mixture ~ 26471-62-5 2B - 1.10E-5 CalEPA 7.00E-5 IRIS

IRIS: Integrated Risk Information System; ZATSDR: US Agency for Toxic Substances and Disease Registry; CalEPA: California Environmental Protection
Agency; “HEAST: USEPA Health Effects Assessment Tables
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Table 3. Weight-of-evidence (WOE) for potential carcinogens by IARC (2019) and USEPA (2019).

Classification WOE Category
1 Carcinogenic to humans
2A Probably carcinogenic to humans
IARC 2B Possibly carcinogenic to humans
3 Not classifiable as to its carcinogenicity to humans
4 Probably not carcinogenic to humans
CH Carcinogenic to humans
LH Likely to be carcinogenic
U.S. EPA (2005 guideline) SE Suggestive evidence of carcinogenic potential
Inl Inadequate information to assess carcinogenic potential
NH Not likely to be carcinogenic
A Human carcinogen
B1 Probable carcinogen, limited human evidence
U.S. EPA (1986 guideline) B2 Prob.able carcmogen',sufﬁaent evidence in animals
C Possible human carcinogen
D Not classifiable
E Evidence of non-carcinogenicity

Table 4. Total emissions of chemicals into the atmosphere of the 5 regions in Korea.

Region 2012 year (kg/yr) 2013 year (kg/yr) Increase (kg/yr)
Seoul metropolitan 9,701,268 (19.0%) 11,100,585 (22.0%) 1,399,318
Yeongnam 25,459,021 (50.0%) 24,481,447 (48.4%) -377,575
Honam 7,106,492 (14.0%) 7,748,118(15.3%) 641,626
Chungcheong 8,216,852 (16.1%) 6,760,314 (13.4%) -1,456,5371
Gangwon 453,791 (0.9%) 453,208 (0.9%) -583
Total 50,937,424 (100.0%) 50,543,673 (100.0%) -393,752
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Fig. 1. Total air emissions of chemicals in the 8 cities and 9 provinces in Korea.

Table 5. Emissions of potential carcinogens into the atmosphere of the 5 regions in Korea.

Region 2012 year (kg/yr)

2013 year (kg/yr) Increase (kg/yr)

Seoul metropolitan 489,921 (6.5%)

494,984 (7.4%) 5,063

(6 7

Yeongnam 2,911,481 (38.8%) 3,430,827 (51.1%) 519,345
Honam 1,494,888 (19.9%) 1,266,986 (18.9%) -227,902
Chungcheong 2,606,745 (34.7%) 1,503,490 (22.4%) -1,103,256
Gangwon 9,542(0.1%) 16,342 (0.2%) 6,801

Total 7,512,578 6,712,629 799,949
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Table 6. Emissions of non-carcinogens into the atmosphere of the 5 regions in Korea.

Region 2012 year (kg/yr) 2013 year (kg/yr) Increase (kg/yr)
Seoul metropolitan 6,709,645 (16.2%) 7,973,251 (19.7%) 1,263,605
Yeongnam 22,815,098 (55.1%) 21,981,692 (54.2%) -833,406
Honam 6,004,560 (14.5%) 6,293,200 (15.5%) 288,641
Chungcheong 5,620,082 (13.6%) 4,031,661 (9.9%) -1,588,421
Gangwon 233,755 (0.6%) 16,342 (0.6%) 7,103
Total 41,383,140 40,520,661 -862,479
Table 7. Top 50 chemicals of the emission amount in Yeongnam region.
Rank Chemical Emission (kg/yr) Rank Chemical Emission (kg/yr)
1 m,p,0-Xylenes 13,146,428 26 Hydrogen peroxide 58,096
2 Toluene 2,509,905 27 Butane 56,755
3 Ethylbenzene 1,642,881 28 Naphtha 51,786
4 Methyl alcohol 1,606,272 29 Zinc 50,359
5 N,N-Dimethylformamide 856,708 30 Tetrachloroethylene 50,131
6 2-Propanol 848,315 31 Hydrogen fluoride 49,087
7 Methyl ethyl ketone 796,325 32 Manganese 40,045
8 Dichloromethane 707,652 33 Acrylonitrile 38,763
9 Ethyl acetate 372,629 34 Chloroform 38,735
10 Trichloroethylene 194,023 35 2-Ethoxyethyl acetate 38,567
11 Ethylene 190,487 36 Phenol 37,260
12 Ammonia 174,360 37 Sulfuric acid 33,930
13 Sulfur hexafluoride 165,824 38 Cyclohexane 33,849
14 Mb polymer* 161,751 39 Copper 31,509
15 Hydrogen chloride 158,388 40 Propylene oxide 29,333
16 Aluminium 132,357 41 1-Butene 23,933
17 Acetic acid 123,757 42 Methyl chloride 22,706
18 Barium 109,419 43 Vinyl chloride 22,645
19 2-Furanmethanol 105,992 44 Methyl tert-butyl ether 22,145
20 Vinyl acetate 77,603 45 Hydrogen sulfide 22,138
21 n-Hexane 77,522 46 m,p,0-Cresols 21,922
22 Propylene 77,327 47 Sulfur 19,395
23 Nitric acid 73,050 48 Perfluorocarbons 18,934
24 Benzene 69,225 49 Sodium hydroxide 15,085
25 Styrene 67,540 50 Lead 12,194

*4,4'-(1-Methylethylidene) bisphenol polymer
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Table 8. Ranking of the air emissions of carcinogenic chemicals.

Potential carcinogenic chemicals Non-carcinogenic chemicals
R|sk-we|ghted Mass emission Hazardth?lghted Mass emssion
Chemical emission Chemical emission

m3/year Rank  kg/year  Rank m3/year  Rank kg/year  Rank
Ethylbenzene 4.11E+9 1 1,642,881 3 Manganese 8.01E+14 1 40,045 32
Acrylonitrile 2.64E+9 2 38,763 33 Barium 2.19E+14 2 109,419 18
Nickel 1.02E+9 3 4,242 67  Xylenes 1.31E+14 3 13,146,428 1
Chloroform 8.91E+8 4 38,735 34 Trichloroethylene 9.70E+13 4 194,023 10
Trichloroethylene 7.95E+8 5 194,023 10 Lead 8.13E+13 5 12,194 50
Benzene 5.40E+8 6 69,225 24 Chlorine 6.72E+13 6 9,738 52
CMEY 5.17E+8 7 749 91 Nickel 471E+13 7 4,242 67
2,4-Diaminotoluene 3.93E+8 8 358 99  Sulfuric acid 3.39E+13 8 33,930 37
1,3-Butadiene 347E+8 9 11,560 51 N,N-Dimethylformamide 2.86E+13 9 856,708 5
Acrylamide 2.70E+8 10 2698 71  HMD? 1.94E+13 10 194 106
Vinyl chloride 1.99E+8 1 22,645 43 Acrylonitrile 1.94E+13 11 38,763 33
1,2-Dichloroethane 192E+8 12 7,399 58  Toluene diisocyanates 148E+13 12 1,039 86
Ethylene oxide 1.84E+8 13 2,097 74  Hydrogen sulfide 1.11E+13 13 22,138 45
Lead 146E+8 14 12,194 50  Hydrogen chloride 792E+12 14 158,388 15
Cadmium 1.31E+8 15 73 117  Cadmium 727E+12 15 73 117
Propylene oxide 1.09E+8 16 29,333 40 D4,4dY 5.86E+12 16 3,517 68
Arsenic 1.01E+8 17 23 131 1,3-Butadiene 578E+12 17 11,560 51
Formaldehyde 9.54E+7 18 7,337 59  Epichlorohydrin 439E+12 18 4,390 65
Carbon tetrachloride 5.02E+7 19 8,361 55  Hydrogen cyanide 423E+12 19 3386 69
Methyl chloride 4.09E+7 20 22,706 42 Hydrogen fluoride 3.51E+12 20 49,087 31
1,3-Propane sultone 365E+7 21 53 121 Benzene 231E+12 21 69,225 24
3Di4dm? 239E+7 22 56 120 Ammonia 1.74E+12 22 174,360 12
Di(2-ethylhexyl)phthalate 2.00E+7 23 8,337 56  Ethylbenzene 164E+12 23 1,642,881 3
Tetrachloroethylene 1.30E+7 24 50,131 30 Arsenic 156E+12 24 23 131
Toluene diisocyanates 1.14E+7 25 1,039 86  Tetrachloroethylene 125E+12 25 50,131 30
Ethylenethiourea 945E+6 26 727 92 Allyl chloride 1.25E+12 26 1,248 84
Allyl chloride 749E+6 27 1,248 84  Dichloromethane 1.18E+12 27 707,652 8
Naphthalene 719E+6 28 212 105  Propylene oxide 9.78E+11 28 29,333 40
Dichloromethane 7.08E+6 29 707,652 8  Formaldehyde 746E+11 29 7,337 59
Methyl tert-butyl ether 576E+6 30 22,145 44 Vanadium 6.51E+11 30 65 118
Epichlorohydrin 527E+6 31 4,390 65  Toluene 5.02E+11 31 2,509,905 2
Chloroprene 522E+6 32 17 134 Acrylamide 450E+11 32 2,698 71
Acetaldehyde 7.04E+4 33 32 127  Chloroform 3.96E+11 33 38,735 34
Aniline 6.18E+4 34 39 125  Vinyl acetate 388E+11 34 77,603 20
Benzyl chloride 490E+4 35 1 157  2-Methoxyethanol 349 E+11 35 6,982 61

Chloromethyl methyl ether; 23,3"-Dichloro-4,4'-diaminodiphenyl methane; ¥Hexamethylene diisocyanate; ¥Diphenylmethane-4,4'-diisocyanate
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Table 9. Potential carcinogenic emissions of major industrial complexes in Yeongnam region.

) Total chemical Potential carcinogenic Risk-weighted
Rank Industrial area o R Lo o 3

emission (kg/yr) chemical emission (kg/yr) emission (m°/yr)
1 Mipo national industrial complex (Ulsan) 7.25E+6 8.18E+5 5.40E+9
2 Onsan national industrial complex (Ulsan) 9.61E+5 1.62E+5 1.86E+9
3 Okpo national industrial complex (Gyeongsangnam-do) 2.36E+6 4.07E+5 1.02E+9
4 Dyeing industrial complex (Daegu) 3.84E+5 3.54E+4 6.97E+8
5  Changwon national industrial complex (Gyeongsangnam-do) 757E+5 5.09E+4 5.46E+8
6  Jukdo national industrial complex (Gyeongsangnam-do) 2.02E+6 1.32E+5 3.29E+8
7  Dalseong 1st general industrial complex (Daegu) 2.44E+5 711E+4 2.78E+8
8  Haman-Chiruso industrial complex (Gyeongsangnam-do) 4.11E+4 3.34E+3 2.75E+8
9  Seongseo general industrial complex (Daegu) 591E+5 1.00E+4 1.90E+8
10  Gumi national industrial complex (Gyeongsangbuk-do) 791E+5 3.22E+5 1.45E+8
11 Myeongji-Noksan national industrial complex (Busan) 1.03E+6 1.82E+4 1.32E+8
12 Pohang national industrial complex (Gyeongsangbuk-do) 7.63E+4 3.38E+2 4.82E+7
13 Sahageneral industrial areas (Busan) 478E+5 1.19E+4 3.53E+7
14 Shinpyeong-Jangnim general industrial complex (Busan) 2.62E+5 2.26E+4 3.05E+7
15  Pohang steel indsutrial complex (Gyeongsangbuk-do) 4.01E+5 9.62E+2 2.15E+7
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Table 10. Non-carcinogenic emissions of major industrial complexes in Yeongnam region.

Rank Industrial area

Total chemical Non-carcinogenic
emission (kg/yr) chemical emission (kg/yr)

Hazard-weighted
emission (m3/yr)

1 Changwon national industrial complex (Gyeongsangnam-do) 4.88E+ 14 6.26E+5 7.57E+5
2 Pohang steel indsutrial complex (Gyeongsangbuk-do) 2.55E+14 2.90E+5 4.01E+5
3 Mipo national industrial complex (Ulsan) 1.44E+14 6.50E+6 7.25E+6
4 Onsan national industrial complex (Ulsan) 1.02E+14 8.17E+5 9.61E+5
5 Sahageneral industrial areas (Busan) 437E+13 4.29E+5 4.78E+5
6  Myeongji-Noksan national industrial complex (Busan) 3.09E+13 1.02E+6 1.03E+6
7  Haman-Chiruso industrial complex (Gyeongsangnam-do) 2.49E+13 2.75E+4 4.11E+4
8  Gumi national industrial complex (Gyeongsangbuk-do) 2.25E+13 5.65E+5 791E+5
9 Dalseong 1st general industrial complex (Daegu) 222E+13 237E+5 2.44E+5
10  Okpo national industrial complex (Gyeongsangnam-do) 1.92E+13 1.96E+6 236E+6
11 Jukdo national industrial complex (Gyeongsangnam-do) 1.83E+13 1.96E+6 2.02E+6
12 Pohang national industrial complex (Gyeongsangbuk-do) 8.70E+12 294E+4 7.63E+4
13 Shinpyeong-Jangnim general industrial complex (Busan) 6.88E+ 12 2.29E+5 2.62E+5
14 Seongseo general industrial complex (Daegu) 5.19E+12 5.19E+5 591E+5
15  Dyeing industrial complex (Daegu) 232E+12 3.76E+5 3.84E+5
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