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Abstract: An indoor air quality index for school classrooms based on the Hazard Quotient (HQ)
was developed in this study. The current index (IAQI-S) covered PMiy, PMzs, and CO,, and
breakpoints of IAQI-S were calculated using each HQ value. IAQI-S was applied to the real-time
data obtained from 123 classrooms of 46 schools during November 2017 to December 2020. As a
result of the comprehensive assessment, 93.1% of PMi and 94% of PMzs belonged to ‘good” and
‘moderate’, respectively. The IAQI-S based on an 8-hour predicted moving average was compared
with Comprehensive Air-quality Index (CAI) and with the IAQI of a foreign reference. The IAQI-S
includes CO:z and consists of more stringent levels comparing to outdoor index (CAI).
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Choe et al, 2020).

124 o5} ofglo| o] - HtEARE 145 9
< vAIEA ol 717 = #9775 A
FFE FIote A2 A AthSacks et al,
2011; Brauer et al, 2012; Yoo et al, 2017; Yang
2019). AW o]Akelga(COr)= =7t 7kl ©

5, 78, 7% 2 e, sy
I} =g AslE gukstol(Myhrvold et al, 1996;
Kim et al, 2007),

SR A= 7183 A4 (CAL Compre—
hensive Air—quality Index)E 7]&s}o] oo} ]
oHAirKorea) & 8l AAZLOR tj7]4-& SR1E0]
A4 A A g=3fete] Agstal Ack(https://
www,airkorea,or,kr), Ze{ut A7 H 9 %4
AU F7boll ARt A=A A glon g A0
U HeREol A 37148 A HEsHA dAgshe
=7} Qe Aol L2y 2 Lee et al. (2018)
I} Jeon et al. (2020)2 ZHzF Ay A Y-8 Z|4=¢} A]
WA A5 A= ool thgol- &A1
off thet Aehy 7S et vt AJ7ke= 5 o
H a7k Aek 214 skl wejskal §lom(Yang et
al, 2011; Yang et al, 2019), AJAXE A7]7-(WHO,
World Health Organization)o] A= 20053 WE 3t
71874 712(AQG, Air Quality Guideline)2 AU
4715 5 YstA ARk thWHO, 2010).

o, ffeld B7HE vl e E AU Ex 4 7|
o A7E 23YE Ao] Ql=dl, tiHholl A Wang et
al, (2008) L H=2E WA, vl W7HE &
3 AAHE Cancer risk®F HQ#S o83t A4

AWE7IEAFE AAlsHIT EAaA B7HE fl6l
A= vt 343 (EPA, Environmental Protection
Agency)?®] RIS (Integrated Risk Information
System)of| A A|F-5F= Unit risk factor (URF)7} 2
Q23}tH(Wang et al., 2008; Kim et al., 2010). 18
U 0]A"H A= ion, carbon, metal & o8 AEE
TE o] QlaL, el Ao o] wel Y=
g8 Afo]7} Ath(Heo, 2021). ©]2 13l EPA A=
PMio¥} PMzso] T3t URFS Alg-3tA] ¢kt glom,
Wang et al. (2008)& 9314 A 4(HQ, Hazard
Quotient) AARE: S8l nAHA o] chgh BEetg B
7Fs AAlstelT

wEba] 2 ftof A= 7]l AHE F2 Hi71 A A
o] 984 A4>(HQ, Hazard Quotient)
7 dafoll 24 g ok wA o of
5t A7) A A4 (IAQI-S, Indoor Air Quality
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F517] 918 HQ Aktel Badt =248 worst
case® Aslo] A4S, MM O AHEEE
Cot =EFHE 298 SEO|LR [AQI-S9] 5+

NEEERA A &, edwdd 54
o] 2= ¢, o] tfgaie Sigo] AsE 4
2 HAAsigict,

CET x EF x ED

Ho- SO B Ar O
RIC * IRs

BW;

AL (DollA HQE 1A Alolil, Cas =E5E
2 dEA =1 (ng/mdo] . RfCE Reference
Concentration @ 2 A} & ATLof| A= St H AR 27|
A 5 74 ¥ B2 7])E(PMo 75 ug/m?, PMas 35
ug/m?®, COz 1,000 ppm)2 28313 tt. IRs (Standard
Inhalation Rate)?} BWs (Standard Body Weight)
© 35 S5 22 5RAE 242 20 m?/day,
70 kg2 A 95kl QIth(US EPA 2011; Du et al.
2014). ofef IS BF lEASRA & d
A= 20199¢ s Ao A HHE S Skt o] Y
olf] m&A ¢ WEES Farste] gielstditt, IR
(Inhalation Rate)e & &% (m®/day), BW (Body

weight)= B-F7|, ET (Exposure Time)S =24
ZHhr/day), EF (Exposure Frequency)= =& HI%E
(day/yr), ED (Exposure Durations)= =77t

w=2717HED)2} 365

(yr), AT (Averaging Tlme)
2 E3Fsh= A 717Hday)

g Aol e
o]l:}(Klm et al., 2010).
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Figure 1. Cumulative concentration distributions of average PMio and PMzs (left), CO: (right) in classrooms.
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PMzs, CO22| AAZF BloJE & 8AIZE ol &0] 5%
A(4] )08 ATt 8AI7E dl& o) H
o 71873 A= (CAD | A w] AJHA] (PMio, PMe,
247t Al 5ol E B (A 2) 88 Aksh= A
SFGITE, 8AIZE o &0l E B+t HlolE 9] FARIE
= AARE AT, WA Y| PMo®| 73 A4 Hlole
97.58%, PM259] 735 A glo]€e]2] 96.77%7}
B §A4 2 HE7]ES WS, CO:9)
oF 73.12%7} 718 W&t th(Figure 1).
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A1(2)9] Con gz 24X7F S0l FHAOZA Tt
A 12412 A 5E dAA7HA o ARE Fe R 1A
4N Bt o 7HEAE Fol o 71 =
=& 933l W ol th(https://www.airkorea,
or.kr). Co= 7|ZAIZO 2 EE 1A 12A7F Bt
%, Gz 7|AIM 2R E BHA 4A7H] Bt 5
=& oujgitt, 4] (3)2] Cowar A7 d5015H
WO 2 A IA 4ATE A EE AR O AR E
O WA A7 Bt =l 7HEAE Fol th
71749 FEE dlEshe ol G 715 /\]7}0
EEE A A7 Bt 55, G2 7|AC R
Bl 1A A7 Het FEE S|ttt
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oft
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el

o ML 7 [EX[S(AQ-S)e] 7

(Three—Sigma Rule)& 83l Hgko A4}
£ 23] gAbsto] AlAsF tH(Pukelsheim 1994; Son
et al. 2016), =EA|ZHET, Exposure Time)ﬂ]- =
H % (EF, Exposure Frequency)] 7%, 2351
W Al Al452F Farste] 5}%

OH skt =EAIZHET
of W 7] AR} I 5 4 ?3/\]
of A7gstelct.

HQ #& 217} *28(Good)’, ‘HE(Moderate)’, ‘F
9](Caution)’, ‘Y (Unhealthy)’, ‘<% & (Very
Unhealthy)’, ‘¢/% (Hazardous) 53] sl@dst=
‘0.100', ‘0.340’, ‘0.700°, 1,060, 1.421°, 1.781= #]
A5ttt Kim et al, (2010)1} Kim et al. (2011)9]
Ae HQES 0.1~1 2o fe e =29 77 9
Fe dsilon, ofF arste] fefgt Qo]
Uehd 750l w9 R As ofn|sh= 0,100
A AsF3ATE, ‘0,340 St AR AJYF2] A|320
oJgt 371 A 59 FA4 9 #e|71E(PMo 75 ug/m?,
PMz5 35 ug/m?, COz 1,000 ppm)& 4] (2] £ ¥&
A0} L (Ch)E tYsto] A4tetlE o dojA=
HQgteleh, gt Ao Uehd 4= Qe 2 9E4

o] Hjgre Aslehs £202 40 415;;
F2& AR 98, AAE 10,3409+ 0.1009] 2}

o] 6ujato] 0,340 T8l 1.781% At a}gq
A2 17818 thA] Al (D)o tlelske] @ @B ol

FE(Ca)E =51 PMioe 393 ug/m®, PMzo1~
ok g7l ARt AWg71d A9 Ve T s 183 ug/m?® COze 5,236 ppmo] AH=%=d, ¢l
&S] ffel A E HQ ) sHEEY] dFE A 31t Ao A 9] PMuo, PMas, COz 2|t gho] ZF
ZA|4(Table DE 4] (o]l st 2AEH9] & 7+ 167.17 ug/m®, 62.70 ug/m?®, 3799.38 ppm o=
Z=(C)E EﬁOP"“‘ THNIER 2019; MHW 2020). ©] L}EM = e 9edd vt HigE Aelste
o, =E3AeE mETo] B ASE 237171 9 SZo|lng 1 78IS HUEF 4208 AR}
) o5E EHI(IR/BWH 3%, 3—AlLm} 2] 1 430,100, 0,340, ‘1.781& 27} “E-3(Good)
Table 1. Exposure factors for calculation of Hazard Quotient (HQ)

Exposure factor 7 8 9 10 11 12 13 14 15 16 17 18

IR/BW (m?/day*kg) | 0.56 0.53 0.47 0.36 0.33 0.3 0.3 0.3 0.27 0.29 0.28 0.31

ET (h/day) 8 8 9 9 9 9 10 10 10 12 12 12

EF (day/yr) 190 190 190 190 190 190 190 190 190 190 190 190

ED (yr) 1 1 1 1 1 1 1 1 1 1 1 1

AT (days) 365 365 365 365 365 365 365 365 365 365 365 365
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Table 2. Concentrations (Ca) obtained by inverse calculation based on Equation (1)

Good (50) | Moderate (100) | Caution (200) | Unhealthy (300) | Very Unhealthy (400) | Hazardous (500)
PM o (mg/m?) 0.022 0.075 0.154 0.234 0.313 0.393
PM.s (mg/m?) 0.010 0.035 0.072 0.109 0.146 0.183
CO: (ppm) 294 1,000 2,059 3,118 4,177 5,236
‘HE(Moderate), ‘Y& (Hazardous) 5+ $%0 & A% qF

ARt E3t ‘“E2(Good), ‘HE(Moderate),
‘$1% (Hazardous) 532 T34 2|4=(CAD 2t
EPA AQIE atste] 27} #]4=¢k 50, 100, 500L.2
s, HFH o R THo Aol W HQgkel
ket 2742 9l8) 0.340'9}F 0,100'9) 2ko] = 1.5
aY, 3, 4,583k z+zF °0.7007, 1.060", ‘1421
‘Z9](Caution)’, ‘Y (Unhealthy), ‘Tf-$ Y& (Very

Unhealthy)’

oo A=
o\ T

o= AR, 22 A%

ZF 200, 300, 40022 ATt kA 4] (1)
3 Z+ A4 " HQEH(0.100", ‘0.340", 0.700,
“1.060°, ‘1421, ‘1.781)& tj¢lsle] 2 9ER 9 e

(Ca)Z AFZ319ITHTable 2).
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Table 3. Summary of indoor air quality index for school classrooms (IAQI-S) proposed in this study.

Index Index PMio PM.s CO2
Catego Value (ng/m?) (ng/m?) (ppm) Composite index description
gory (8hr-avg) | (8hr-avg) | (8hr-avg)
Good 0-50 0-20 0-10 | 300700 | A level with no health effects.
(Blue)
Moderate | ) 150 | 5175 11-35 | 701-1,000 | A level with no health effects.
(Green)
Caution A level at which health effects are unlikely to occur, and at
(Yellow) 101-200 | 76-150 36-70° 1 LOO1-2,000 | (i health effects may occur if sensitive to air pollutants.
Unhealthy A level at which health effects may be present and, if sensitive
(Orange) 201-300 151-220 71-100 | 2,001-3,000 to air pollutants, a high probability of health effects.
Very A level at which a health effect is likely to occur and at which
Unhealthy | 301-400 221-300 101-140 | 3,000-4,000 | an adverse health effect would be caused if sensitive to an air
(Red) pollutant.
Hazardous A level that would cause adverse health effects and, if sensitive
(Purple) 401-500 301-380 141-180 | 4,001-5,000 | to air pollutants, a level at which acute exposure could cause
P serious effects.




o

=R AR

- OlEf - g7 - YR/ st mA 371 BRI Slst Y Tl AUBIIERIS 385

oo
s

T

o

e

4>

pacs

E

=

N

lo

o2

z% flo o8

A

d

e
?{E at do ro
o N o
4o O B8

Ir= ﬁ X (Cp— BPro) + Iro 4)
A g AL A (4)9] AFHERIHS o8
onf Fodth7|8 A 4=¢} US EPAS] AQLE HIR3l
B9 Ao A ARSI QlTh, AA71A Iz
SHdEH 7| A5 M, CPe L9 s
1% %% BPu®} BPo= 2}7+ thAt 20&%@‘4 A
3l H7tol g H ek M A QHE, [} Lo
12} BPuS} BPoo| Siste A4k ofm

N

i'ﬂ

N

(https://www.airkorea, or kr).

1) PMo 7]&5= 2 AA42A

PM9] 7|&5=2} ’\“417% Table 4°] A3}
A}, “F2(Good) THY 7IEEEEs WHO A%+t
H71F(AQG, Air Quality Guldeline) Bl
(20 ng/m?) o2 AAstglon, of= HY AMdE

o

S7Fete 2A 4220 st WHO 2005), &
& (Moderate) 559 7|5 Exe Ay 37
A TY A E BE7|E A AAstL e
(75 ug/m*) 2.2 AAstA L, ‘F2|(Caution) 552
As 9 7ol A-8ote stukdy 3714 59
A 9 7| E 22 FE(150 pg/m?)E AAst
Ak ‘of$ U(Very Unhealthy) 559 7|&5 %
+ TAHA] A BT R (300 pg/m?) o2
A5t Y (Unhealthy) ¥} “9]3 (Hazardous)’
< L4984 sk At A3H(Table 2)Ee} oF7F
TR 7|EEEE skl
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Table 4. References for breakpoints of PM1o

Index Category Index Value

PMio (ng/m?)
(8hr-avg)

Reference

Good 0-50 0-20

WHO (2005)
Saad et al. (2017)
TAQMG* (2019)
Jeon et al. (2020)

Moderate 51-100 21-75

UK AQI - Moderate (2011)
Zhu and Li (2017)
School Health Law in Korea (2021)
Indoor Air Quality Management Act in Korea (2021)

Caution 101-200 76-150

SIAQG" (1996)
US EPA (2006)
CALI - Unhealthy (2006)

Wang et al. (2008)
DOSH* (2010)

Saad et al. (2017)

Zhu and Li (2017)
US EPA (2020)

School Health Law in Korea (2021)
Air Environment Conservation Act in Korea (2021)

Unhealthy 201-300 151-220

Very Unhealthy 301-400 221-300

Air Environment Conservation Act in Korea (2021)

Hazardous 401-500 301-380

‘Indoor Air Quality Management Group in Hong Kong.
*Singapore Indoor Air Quality Guideline.
‘Department of Occupational Safety and Health in Malaysia.
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Table 5. References for breakpoints of PMzs

PMas (ng/m?)
Index Category Index Value (8hr-ave) Reference
WHO (2005)
Good 0-50 0-10 Wang et al. (2008)
Jeon et al. (2020)
WHO (2005)
US EPA (2006)
CAI - Moderate (2006)
EPA AQI - Moderate (2011)
Moderate 51-100 11-35 UK AQI - Low (2011)
Lee et al. (2018)
Jeon et al. (2020)
School Health Law in Korea (2021)
Indoor Air Quality Management Act in Korea (2021)
Caution 101-200 36-70 -
Unhealthy 201-300 71-100 -
Very Unhealthy 301-400 101-140 -
Hazardous 401-500 141-180 -

2) PMes 7|155E 9 AX2A

PM2;59] 755528k A7 Table 50l 2.0k}
%t $3(Good) THY 715 %= PMod} 2ol
WHO?Q] ‘A3 H17]|Z(AQC) T & 4210
ug/m?) o2 AAetR 1, ‘HE(Moderate) 55
WHO2| ‘Ao 24 E—Z(Interim target—2)’, *
wHAY 3718 5o fA @ He|E ) 22 e
(85 pug/m?) 2.2 A3t ‘F22](Caution)’, &
(Unhealthy)’, ‘o5 1/}%(\/ery Unhealthy)’, ‘918
(Hazardous) 559 7|&srts LA9=4 5= A4t
Z1H(Table 2)H.t} o7k & ¢~r2 AAst3iet

N J?L rlo

L
Q

0: 7|25 2 AA2A

i1kd
=
ot
Y
2
Y
i3
i
i
iy
)
=
B
I
B
1o
i

o

(¢}
A

o}, “E3(Good) THY 7EEEE
4 i 5= (420.4 ppm)ES LSt
2020), /WLAFE A-E515S | 8AIZE A &0]5
& ol&sto] WA st He s=7t S4E
o= 300 ppmol Al AlZksto] o wlgh Algto] &
k& =2 5 Y= (700 ppm)7HA| = A8t
tHZhu & Li 2017). ‘2-E(Moderate) S329] 7]&
TSR AY 3734 5] 82 9 ey 1t
43 4=32(1,000 ppm) A-83+5{T}. 59| (Caution)
=39 7|F =% Lahrz et al, (2008)2} Twardella
et al, (2012)9] A1 A|A|gt ‘hygienically unacceptable’
AAskeld, e =2 A9 Ast, 5
S A, Ak 7B R mAAR T UE
g4 9le o2 oA 9lthhttps: //www dhs.
wisconsin,gov). ‘U (Unhealthy) 593} ‘o-$- o
B (Very Unhealthy) 559 7]& %Et KoXezRo |
& ALt A7HTable 2)H ot oFF & 02 4
gokeiet, ‘1%l (Hazardous) 552 Hl=9 =44
oj ok QA A4~ (NIOSH, National Institute for
Occupational Safety and Health), & gord A7
2] (OSHA, Occupational Safety and Health
oA AABE= 8AIZE 719 A
AWV gt &3] 87
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Table 6. References for breakpoints of CO2

Index Category

Index Value

COz (ppm)
(8hr-avg)

Reference

Good

0-50

300-700

Zhu and Li (2017)
Lee etal. (2018)
Jeon et al. (2020)
Wu et al. (2021)

Moderate

51-100

701-1,000

SIAQG" (1996)
DOSH* (2010)

Zhu and Li (2017)

Lee et al. (2018)

TAQMG* (2019)
US EPA (2020)

Jeon et al. (2020)

School Health Law in Korea (2021)
Indoor air quality maintenance standards in Korea (2021)

Caution

101-200

1,001-2,000

Lahrz et al. (2008)
Twardella et al. (2012)
Zhu and Li (2017)

Unhealthy

201-300

2,001-3,000

Very Unhealthy

301-400

3,000-4,000

Hazardous

401-500

4,001-5,000

HSE (2005)
Wang et al. (2008)
Saad et al. (2017)
NIOSH (2019)
OSHA (2019)
ACGIH (2019)

“Indoor Air Quality Management Group in Hong Kong.
"Singapore Indoor Air Quality Guideline.
‘Department of Occupational Safety and Health in Malaysia.

(TWA, Time Weight Average)2.
AR A ﬁ%o] Hl—}\u’él— Eal

(https://www.dhs. wisconsin,gov).
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T =E

Z Y ZHIAQI-S(O)1)9f| ‘F=2](Caution) ©]AF S+
o] Jfgrof W 7R (EP)S Hdtch(4] 5, 4] 6).
EP1& U3 TAQI-Sceol 78 L H=49Y X4 5
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Table 7. Index value distribution of IAQI-S

wegsteint,

IAQI-S Mean Min Median Max S.D
PMio 55.3 2.6 55.9 2245 274
PM:s 54.5 44 554 179.1 294
CO 52.7 0.0 273 379.9 56.0

Composite Index 794 12.0 65.3 399.9 50.9
Table 8. Classification of indoor air quality grade in school classrooms by IAQI-S
IAQI-S Good Moderate Caution Unhealthy Very Unhealthy Hazardous
PMu n 41,760 63,007 5,291 131 0 0
% 37.9% 57.2% 4.8% 0.1% 0.0% 0.0%
PMs n 43,788 59,827 6,574 0 0 0
% 39.7% 54.3% 6.0% 0.0% 0.0% 0.0%
n 73,583 14,540 19,289 2,526 251 0
€0 % 66.8% 13.2% 17.5% 2.3% 0.2% 0.0%
n 159,131 137,374 31,154 2,657 251 0
Total*
% 48.1% 41.6% 9.4% 0.8% 0.1% 0.0%
Composite n 30,429 52,642 23,716 3,123 279 0
Index % 27.6% 47.8% 21.5% 2.8% 0.3% 0.0%

*Summed data for each grade of PMio, PM25 and CO..
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