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ABSTRACTABSTRACT

Background: Exposure to fine particulate matter (PM2.5) and ozone (O3) poses potential health risks. The 
Indoor-to-Outdoor ratio (I/O ratio) is a valuable tool for understanding indoor air quality and identifying 
potential indoor sources. 

Objectives: The objective of this study was to determine I/O ratios of PM2.5 and O3 by different 
microenvironments and seasons in Korea.

Methods: From December 2021 to November 2023, indoor concentrations of PM2.5 and O3 were monitored 
every hour in 13 microenvironments (residential indoor, office, school, restaurant, pub, café, study café, 
private educational institute, PC room, billiard room, screen golf center, supermarket, and shopping mall) 
in Korea. Hourly outdoor concentrations of PM2.5 and O3 were obtained from local air quality monitoring 
stations, provided by airkorea.or.kr. The hourly I/O ratio was calculated by the indoor and outdoor 
concentrations. 

Results: At the pub, billiard room, and PC room, the median PM2.5 I/O ratio exceeded 1 in all seasons, 
except in spring at the PC room (0.9), suggesting indoor smoking as a potential cause. The median PM2.5 
I/O ratio at the restaurant exceeded 1 in winter, autumn, and summer, except for spring (0.9), indicating 
significant PM2.5 emission sources in the restaurant. The median O3 I/O ratio was below 0.5 in all seasons and 
microenvironments. 

Conclusions: This study provided useful data on relationships between indoor and outdoor pollution 
in various microenvironments by seasons. These I/O ratios could be applied for more accurate exposure 
assessment to protect health of human.
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Highlights: 
ㆍ�The I/O ratios of PM2.5 and O3 in 13 

microenvironments in Korea were 
investigated by season and time of 
day. 

ㆍ�Median PM2.5 I/O ratios in pubs, 
bi l l iard rooms,  and PC rooms 
exceeded 1 in all seasons except spring 
in PC rooms.

ㆍ�Median PM2.5 I/O ratio in restaurants 
exceeded 1 in all seasons except 
spring, indicating emissions.

ㆍ�Median O3 I/O ratios were below 0.5 
across all microenvironments and 
seasons.

*Corresponding author:
Department of Environmental Health 
Sciences, Graduate School of Public 
Health, Seoul National University, 1 
Gwanak-ro, Gwanak-gu, Seoul 08826, 
Republic of Korea
Tel: +82-2-880-2735
Fax: +82-2-762-2888
E-mail: cleanair@snu.ac.kr

 pISSN 1738-4087  eISSN 2233-8616

J Environ Health Sci. 2024; 50(4): 257-266

 https://doi.org/10.5668/JEHS.2024.50.4.257

Original Article

Copyright  Ⓒ  Korean Society of Environmental Health.

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/), which 
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

Journal of Environmental Health Sciences 

https://orcid.org/0009-0008-1233-7133
https://orcid.org/0000-0002-7934-7677
https://orcid.org/0000-0003-4792-190X
mailto:cleanair@snu.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.5668/JEHS.2024.50.4.257&domain=pdf&date_stamp=2024-08-31


258
김지수ㆍ곽수영ㆍ이기영

https://doi.org/10.5668/JEHS.2024.50.4.257

I. 서    론

대부분의�사람들은�다양한�실내�공간에서�하루�중�약�90%

의�시간을�보내기�때문에,1,2)�실내�공기오염물질의�농도는�개인

의�노출과�관련하여�지배적인�위험�요소가�될�수�있다.�실내는�

밀폐된�공간이기�때문에�환기가�제대로�이루어지지�않으면�실

내�공기오염물질의�농도가�축적되어�그�정도가�실외�대기오염

보다�2~5배�이상�높아지고�그에�따른�건강상�악영향을�초래한

다.3)�실내�공기오염은�호흡기�및�심혈관�질환,�암�등�다양한�건

강�문제와�직접적으로�연관되어�있으며,4)�세계보건기구(WHO)
에�따르면,�실내�공기오염은�매년�수백만�명의�조기�사망�원인이�

되고�있다.5)�

주요�공기오염물질�중�초미세먼지(Particulate�matter�with�an�
aerodynamic�diameter�of�<2.5�μm,�PM2.5)와�오존(O3)은�장시

간�노출되는�경우�인체에�건강상�위해를�가한다.�PM2.5는�흡입�

시�호흡기�및�심혈관�질환,�그리고�사망률에�대한�건강상�악영

향과�유의하게�연관되어�있으며6,7)�실외로부터�환기�기류에�의

해�유입되거나�실내�조리와�난방활동으로�인한�연소에�의해�생

성될�수�있다.8)�O3의�노출은�호흡기�및�순환기계�사망�위험에�

기여하며,9)�실외에서�유입되거나�레이저�프린터,�전기�집진�공

기�청정기�등�제품의�코로나�방전에�의해�실내에서�직접적으로�

발생하기도�한다.10)�이처럼�실내�PM2.5와�O3의�농도는�재실자의�

활동에�따라�각�실내�미소환경에서�오염�수준이�상이하다.

실내ㆍ외�PM2.5와�O3은�계절별�요인에�따라�농도가�변화한다.�

PM2.5는�겨울철�난방�연료�연소와�대기�역전�현상,�봄철�황사

로�인하여�겨울,�봄�계절에�농도가�높은�경향을�보인다.11,12)�O3

은�대기�중�질소산화물(NOx)과�휘발성유기화합물(Volatile�or-
ganic�compounds,�VOCs)이�자외선에�의해�광화학반응을�일으

켜�생성되는�2차�오염물질로,�햇빛이�강한�봄철과�여름철에�농

도가�증가하고�겨울철에는�감소하는�경향을�보인다.13)�한국의�

사계절은�기상�조건이나�인간�활동에�따라�PM2.5와�O3의�실외�

농도에�영향을�줄�수�있으며,�실내�농도도�이에�따른�변화가�발

생할�수�있다.�따라서�PM2.5와�O3의�실내ㆍ외�농도의�평가는�계

절적�요인을�고려하여�이루어져야�한다.

일반적으로�실내�공기오염은�오염된�실외�공기의�실내�유입과�

실내�오염원에�따른�직접�오염에�의해�발생하기�때문에,�실내공

기질�평가를�위해서는�실내ㆍ외�오염관계의�지표인�실내ㆍ외�농

도�비(Indoor-to-Outdoor�ratio,�I/O�ratio)가�고려되어야�한다.�

선행�연구에서는�이러한�I/O�ratio를�활용하여�국가대기측정망

에서�측정된�실외�공기오염물질의�농도를�통해�직접�측정이�어

려운�미소환경에서의�실내�농도를�추정하고자�모델링을�사용

해왔으나,�대부분�제한된�미소환경에서�단기간�조사에�근거하

여�단편적인�I/O�ratio�평균값을�적용해�평가하였다는�한계점이�

존재한다.14,15)�실내공기질�평가의�정확성을�높이기�위해서는�시

공간적으로�상세한�I/O�ratio의�장기�조사�및�그�분포의�적용이�

필요하다.

대기환경기준물질�중�PM2.5와�O3은�인체�악영향과�미소환경

별�실내�오염원의�차이를�고려할�때,�실내ㆍ외�오염관계의�규명

이�요구되는�물질이다.�실외�오염�공기의�실내�유입은�건물의�특

성과�계절적�요인에�따라�변화하고,�실내�공기�오염원의�특성은�

미소환경에�따라�상이하므로,�한국에서의�계절별�I/O�ratio를�

다양한�미소환경에서�상세히�살펴볼�필요가�있다.�본�연구는�2

년간�국내�13개�미소환경에서의�계절에�따른�PM2.5와�O3의�

I/O�ratio를�확인하고,�이를�통해�실내ㆍ외�오염의�동태를�이해

하는�것을�목표로�한다.

II. 재료 및 방법

1. 측정 기간 및 장소
2021년�12월부터�2023년�11월까지�2년�동안�서울,�대구,�경

기�지역에서�13개�미소환경에서의�PM2.5와�O3의�실내�농도를�

측정하였다.�계절은�봄(3~5월),�여름(6~8월),�가을(9~11월),�

겨울(12~2월)로�구분하였고,�13개�미소환경은�각각�(i)�가정집,�

(ii)�사무실,�(iii)�학교,�(iv)�식당,�(v)�호프집,�(vi)�카페,�(vii)�스터

디카페,�(viii)�학원,�(ix)�PC방,�(x)�당구장,�(xi)�스크린골프장,�

(xii)�대형마트,�(xiii)�쇼핑몰로�구분하였다.�선행�연구에�근거하

여,�24시간�중�약�70%�이상의�시간을�머무르는�미소환경인�‘가

정집’과�약�32%�이상의�시간을�머무르는�‘학교/사무실’,�조리�

활동으로�인해�실내�오염원이�뚜렷한�‘식당’을�‘주�미소환경’으

로�분류하였고,16)�식당�외�취식장소로�‘호프집’,�‘카페’,�학습활

동�장소로�‘스터디카페’,�‘학원’,�여가활동�관련�장소로�‘PC방’,�

‘당구장’,�‘스크린골프장’,�쇼핑장소로는�‘대형마트’,�‘쇼핑몰’을�

‘기타�미소환경’으로�구분하였다.�측정시간은�사람들의�실내활

동과�재실여부를�고려하여�‘주�미소환경’은�24시간�동안,�‘기타�

미소환경’은�운영시간�내�6시간�동안�측정하였다.

지역별�총�측정�횟수는�서울�291회,�대구�110회,�경기�74회�

측정을�진행하였고,�미소환경별�총�측정�횟수는�가정집�85회,�

사무실�70회,�학교�70회,�식당�70회,�호프집�20회,�카페�19회,�

스터디카페�22회,�학원�19회,�PC방�21회,�당구장�20회,�스크

린골프장�20회,�대형마트�19회,�쇼핑몰�20회�측정하였다.�측정�

위치는�각�미소환경의�공간을�대표할�수�있는�중앙�지점�약�1.2�

m�높이에서�측정하고자�하였으며,�미소환경�이용자의�편의를�

고려하여�측정하였다.�장시간�측정을�위해�전기�공급이�원활한�

위치로�선정하였고,�미소환경�내�공기오염물질�주요�발생원이�

있는�경우에는�발생원의�직접적인�영향을�받지�않도록�측정하

였다.

2. 공기오염물질 농도
실내�미소환경에서의�PM2.5의�농도는�실시간�레이저�광도계

(SidePak�AM520,�TSI,�USA)로�측정하였다.�SidePak�AM520의�
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측정�범위는�1~100,000�μg/m3�,�최소�분해능은�1�μg/m3이고,�

검출�한계(Limit�of�detection,�LOD)는�1�μg/m3이다.�SidePak�
AM520로�측정된�모든�PM2.5의�농도는�선행된�중량법과의�비

교�실험에�따라�0.3의�보정�계수로�조정되었다.17)�각�측정�전에�

SidePak�AM520의�내부�디스크�임팩터의�영점�보정�및�관리는�

공급업체의�지침에�따라�수행되었다.�본�연구에서는�PM2.5의�

농도를�1.7�L/min의�유량으로�1분�간격으로�측정하였다.�O3의�

농도는�휴대용�오존�모니터(Personal�Ozon�Monitor,�POM,�2B�
Technologies,�USA)로�측정하였다.�POM은�O3의�농도를�미국�

환경보호국의�연방�등가�방법(FEM:�EQOA-0815-227)으로�측

정하며,�장치의�측정�범위는�0~10,000�ppb,�최소�분해능은�0.1�

ppb이고,�LOD�값은�3.0�ppb이다.�본�연구에서는�O3의�농도를�

0.8�L/min의�유량으로�1분�간격으로�측정하였다.

실외�PM2.5와�O3의�시간당�농도는�환경부�산하�한국환경공

단의�에어코리아�사이트(www.airkorea.or.kr)에서�측정�장소의�

동일�자치구를�기준으로�도시대기측정망�자료를�다운받아�확

보하였다(Supplementary�Table�1).�도시대기측정망에서�PM2.5

의�실외�농도는�β-선�흡수법(No.�ES�01606.2b),�O3의�실외�농

도는�자외선�흡수법(No.�ES�01607.1a)을�기반으로�1시간�간격

으로�측정된다.�도시대기측정망에서�측정값의�품질�보증/품질�

통제(Quality�assurance/quality�control,�QA/QC)는�매주�실시

되며,�유효한�데이터는�한국�환경부가�발행한�국가�QA/QC�운
영�지침에�따라�선택되었다.

3. 자료 처리 및 통계 분석
측정된�PM2.5와�O3의�분당�실내�농도는�LOD�미만의�값을�모

두�1/2*LOD로�갈음하였고,�실외�농도의�시간�해상도에�따라�1

시간�평균으로�계산하였다.�시간당�평균�실내�농도를�계산하기�

위해,�각�시각(hh)시의�전�60분간,�즉�(hh-1)시�01분부터�(hh)
시�00분까지의�60개�분당�데이터�평균값을�사용하였다.�1시간�

동안의�데이터�개수가�60개�미만인�경우�해당�시간의�데이터는�

평균�계산에서�제외하였으며,�이에�따라�24시간�측정�데이터는�

23개,�6시간�측정�데이터는�5개의�시간당�평균�데이터가�도출

되었다.

PM2.5와�O3의�시간당�I/O�ratio�값은�동시간대의�시간당�실

내ㆍ외�농도를�통해�계산하였으며,�산출식은�아래와�같다.

I/O�ratio=
Cin

Cout

Cin은�미소환경에서의�시간당�평균�실내�농도를,�Cout은�도시

대기측정망의�시간당�실외�농도를�의미한다.

미소환경별�PM2.5와�O3의�실내�농도와�I/O�ratio는�미소환경

별�특정�장소(예:�가정집�A,�가정집�B�등)에서�수집된�2년�동안

의�시간당�데이터의�평균값을�구하여,�해당�평균값들의�미소환

경별�중앙값을�확인하였다.�미소환경-계절별�PM2.5와�O3의�실

내�농도와�I/O�ratio는�주�미소환경의�경우�23시간의�평균,�기타�

미소환경의�경우�5시간�평균을�통해�산출한�일평균�및�일일�운

영시간�평균�데이터를�기반으로,�미소환경-계절별�중앙값을�확

인하였다.�미소환경-계절-시간대별�PM2.5와�O3의�I/O�ratio는�시

간당�데이터를�통해�미소환경-계절-시간대별�중앙값을�확인하

였다.�분포의�정규성은�데이터의�개수(n)에�따라�Kolmogorov-
Smirnov�test�(n≥50)와�Shapiro-Wilk�test�(n<50)로�확인한�결

과,�미소환경별,�미소환경-계절별,�미소환경-계절-시간대별�

PM2.5와�O3의�실내�농도와�I/O�ratio의�분포가�대부분�정규�분

포를�나타내지�않았으므로(p<0.001),�본�연구에서는�중앙값을�

사용하여�평가하였다.�등분산�검정을�Levene’s�test로�실시한�결

과,�대부분�등분산을�만족하지�못하여,�PM2.5와�O3의�미소환경

에�따른�실내�농도와�I/O�ratio의�차이는�Kruskal-Wallis�test를�

Fig. 1. Distribution of indoor (a) PM2.5, (b) O3 concentration across 
various microenvironments. Mean and median are represented by the 
asterisk and plain line in the box. Box limits represent the 25th and 
75th percentiles. The whiskers extend to the 10th and 90th percentiles. 
Circles above the 90th percentile represent the 95th percentile, and 
circles below the 10th percentile represent the 5th percentile.
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통해�확인하였다.�모든�통계�분석은�R�software(version�4.3.1)
을�사용하여�실시하였으며,�통계적�유의수준은�p<0.05로�설정

하였다.

III. 결    과

1. 13개 미소환경에서의 PM2.5와 O3의 실내 농도
Fig.�1에�13개�미소환경에서의�PM2.5와�O3의�실내�농도�2년�

평균의�분포를�나타냈다.�PM2.5와�O3의�실내�농도는�13개�미

소환경별로�유의한�차이를�보였다(p<0.05).�PM2.5의�실내�농도�

중앙값은�전체�13개�미소환경�중�호프집이�25.8�μg/m3로�가

Table 1. Seasonal variation of PM2.5 indoor concentration (μg/m³) across various microenvironments

Microenvironment
Winter Spring Summer Autumn

Median AM*±SD† Median AM*±SD† Median AM*±SD† Median AM*±SD†

Residential indoor 16.8 20.3±14.2 14.1 14.5±5.7 8.3 11.6±9.2 16.1 18.6±13.6
Office 10.7 15.4±10.1 10.6 11.9±7.3 8.7 9.0±5.6 12.7 15.7±10.8
School 20.1 21.1±11.6 14.3 15.2±7.6 9.8 10.9±7.3 12.7 16.1±10.0
Restaurant 35.2 33.8±21.1 17.4 20.5±13.9 18.4 24.5±24.1 23.4 28.6±18.7
Pub 26.8 36.0±26.2 29.0 32.7±12.7 11.5 33.3±47.1 21.4 39.8±37.1
Café 10.6 12.9±13.6 16.5 42.5±60.5 11.2 21.6±26.7 15.0 14.5±6.4
Study café 10.8 11.7±9.2 6.2 8.3±5.2 4.7 6.4±4.3 8.8 13.2±9.6
Private educational institute 20.6 31.4±33.2 12.8 14.7±7.3 6.0 5.9±3.9 9.2 12.0±9.0
PC room 45.6 40.2±12.6 17.4 15.9±6.1 71.2 72.0±63.8 22.4 50.4±80.2
Billiard room 14.2 16.2±9.7 12.2 14.6±13.0 16.6 22.9±15.5 19.2 16.4±10.9
Screen golf center 8.9 21.9±26.7 8.1 84.8±172.5 6.2 11.7±11.7 20.2 22.4±15.4
Supermarket 11.4 12.2±8.0 5.0 6.1±5.3 7.2 6.8±2.8 17.3 23.2±21.5
Shopping mall 20.2 16.3±12.2 11.0 12.6±12.3 7.4 8.9±6.1 15.6 18.2±9.7

*AM: arithmetic mean. 
†SD: standard deviation.

Table 2. Seasonal variation of O3 indoor concentration (ppb) across various microenvironments

Microenvironment
Winter Spring Summer Autumn

Median AM*±SD† Median AM*±SD† Median AM*±SD† Median AM*±SD†

Residential indoor 2.2 3.5±2.9 6.7 9.8±7.9 3.0 16.1±28.5 2.4 11.9±31.5
Office 2.8 3.6±2.6 6.4 8.2±5.5 4.1 11.9±27.1 2.1 3.3±2.2
School 1.5 4.4±4.5 5.5 6.6±4.3 2.0 3.9±3.6 3.9 7.8±10.3
Restaurant 4.9 5.4±4.2 8.5 9.9±9.3 6.3 18.2±38.3 4.7 7.3±5.9
Pub 2.5 5.4±4.6 12.1 22.8±24.7 9.7 9.4±6.5 3.9 3.9±2.4
Café 2.3 3.4±3.2 2.3 7.1±7.1 1.9 10.0±16.5 6.4 4.6±2.8
Study café 1.6 4.1±5.4 4.2 6.9±6.7 2.3 8.1±14.7 5.6 5.8±4.4
Private educational institute 4.4 6.1±3.9 6.1 6.0±3.5 2.0 4.8±6.1 3.5 4.4±3.5
PC room 6.5 6.4±2.7 3.5 4.7±2.7 9.1 8.2±6.7 7.8 9.4±6.7
Billiard room 3.9 3.8±2.2 5.6 6.7±3.5 1.9 2.2±1.1 1.5 2.6±1.6
Screen golf center 7.1 6.8±4.9 12.0 11.1±7.7 1.9 2.9±2.2 6.5 5.9±2.6
Supermarket 2.9 3.2±1.7 7.9 9.0±6.9 2.0 2.9±2.2 5.4 7.1±5.4
Shopping mall 1.5 1.5±0.1 1.9 2.7±2.0 3.5 3.4±1.4 4.8 6.1±4.9

*AM: arithmetic mean.
†SD: standard deviation.
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장�높았고,�그�다음�식당�22.8�g/m3,�PC방�22.4�μg/m3,�당구

장�19.3�μg/m3�순으로�높은�농도를�보였으며,�스터디카페는�7.2�

μg/m3로�가장�낮은�실내�농도를�나타냈다.�O3의�실내�농도�중

앙값은�스크린골프장이�7.5�ppb로�가장�높았으며,�그�다음으로�

식당�6.8�ppb,�PC방�6.3�ppb,�호프집�5.6�ppb�순으로�농도가�

높았고,�카페는�2.3�ppb로�가장�낮은�농도�값을�보였다.�하루�중�

가장�장시간을�머무르는�가정집에서의�PM2.5의�실내�농도�중앙

값은�17.3�μg/m3이었고,�O3의�실내�농도�중앙값은�3.5�ppb이었

다.

13개�미소환경에서의�계절별�PM2.5와�O3의�실내�농도�평균과�

중앙값을�Table�1과�Table�2에�나타냈다.�각�계절별�PM2.5의�실

내�농도�중앙값�상위�4개소에는�모든�계절에�PC방,�식당,�호프

집이�포함되었다.�사계절�중�봄철에�가장�높은�PM2.5의�실내�농

도�중앙값을�보인�미소환경은�호프집,�카페였고,�가을철은�사

무실,�당구장,�스크린골프장,�대형마트에서,�나머지�미소환경은�

모두�겨울철에�가장�높은�농도를�보였다.�각�계절별�O3의�실내�

농도�중앙값�상위�4개소에는�봄철을�제외한�모든�계절에�PC방
이�포함되었고�여름철을�제외한�모든�계절에�스크린골프장이�

포함되었으며�가을철을�제외한�모든�계절에�식당이�포함되었

다.�사계절�중�여름철에�가장�높은�O3의�실내�농도�중앙값을�보

인�미소환경은�PC방이었고,�가을철은�카페,�스터디카페,�쇼핑

몰에서,�나머지�미소환경은�모두�봄철에�가장�높은�농도를�보였

다.

2. 13개 미소환경에서의 PM2.5와 O3의 I/O ratio
Fig.�2에�13개�미소환경에서의�PM2.5와�O3의�I/O�ratio�2년�

평균의�분포를�로그�스케일로�나타내었다.�PM2.5와�O3의�I/O�
ratio는�13개�미소환경별로�유의한�차이를�보였다(p<0.001).�

PM2.5의�I/O�ratio�중앙값이�1보다�큰�미소환경은�식당,�호프

집,�PC방,�당구장,�스크린골프장이었으며,�이�중�PC방이�1.9로�

가장�높은�값을�나타냈다.�스크린골프장과�카페,�PC방에서는�

PM2.5의�I/O�ratio�95�백분위수가�8을�초과하였다.�스크린골프

장과�PC방은�측정기간�동안�지속적인�실내�흡연이�관찰되었으

며,�카페의�경우�조리�활동과�높은�재실자�수로�특정�시간대의�

실내�농도가�높았음을�확인하였다.�PM2.5의�I/O�ratio�중앙값이�

1을�나타내는�미소환경은�집,�학교,�카페였고,�1�미만인�미소환

경은�사무실,�스터디카페,�학원,�대형마트,�쇼핑몰이었으며,�이�

중�대형마트는�0.7의�가장�낮은�값을�나타냈다.�

O3의�I/O�ratio�중앙값은�모든�미소환경에서�0.1~0.3의�범위

를�보였다.�O3의�I/O�ratio�95�백분위수는�쇼핑몰에서�10을�초

과하였고,�카페,�PC방,�당구장,�스크린골프장을�제외한�모든�미

소환경에서�1을�초과하였다.�쇼핑몰에서�O3의�I/O�ratio가�10

을�초과했던�원인은�겨울철�O3의�실외�농도가�0에�근접할�정도

로�낮았기�때문이었다.�또한,�식당에서�O3의�I/O�ratio가�1을�초

과했던�경우�중�일부는�여름철�실외�농도보다�실내�농도가�높

았음을�확인하였다.

3.  13개 미소환경에서의 계절별 PM2.5와 O3의 I/O 

ratio
13개�미소환경에서의�계절별�PM2.5와�O3의�I/O�ratio�평균과�

중앙값을�Table�3과�Table�4에�나타냈다.�호프집과�당구장에서�

PM2.5의�I/O�ratio�중앙값은�모든�계절에�1을�초과하였으며,�식

당과�PC방은�봄철을�제외한�모든�계절에서�값이�1을�초과하였

다.�식당의�경우�겨울철�PM2.5의�I/O�ratio�중앙값이�봄철에�비

해�약�1.8배�높았고,�PC방의�경우�여름철�I/O�ratio�중앙값이�봄

철에�비해�약�4.0배�높게�나타났다.�각�계절별�PM2.5의�I/O�ratio�
중앙값�상위�4개소에는�모든�계절에�호프집이�포함되었고,�가

을철을�제외한�모든�계절에�당구장이�포함되었으며,�봄철을�제

외한�모든�계절에�PC방,�식당이�포함되었다.�사계절�중�봄철에�

Fig. 2. Distribution of (a) PM2.5, (b) O3 I/O ratio across various 
microenvironments. Mean and median are represented by the asterisk 
and plain line in the box. Box limits represent the 25th and 75th 
percentiles. The whiskers extend to the 10th and 90th percentiles. 
Circles above the 90th percentile represent the 95th percentile, and 
circles below the 10th percentile represent the 5th percentile.
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가장�높은�PM2.5의�I/O�ratio�중앙값을�보인�미소환경은�카페였

고,�여름철은�스터디카페,�학원,�PC방,�당구장,�쇼핑몰에서,�겨

울철은�식당에서,�나머지�미소환경에서는�모두�가을철에�가장�

높은�I/O�ratio�값을�보였다.�

O3의�I/O�ratio�중앙값은�모든�계절과�미소환경에서�일관되게�

0.5�이하의�값을�보였다.�각�계절별�O3의�I/O�ratio�중앙값�상위�

4개소에는�모든�계절에�식당이�포함되었고,�봄철을�제외한�모

든�계절에�가정집이�포함되었으며�겨울철을�제외한�모든�계절

에�호프집이�포함되었다.�사계절�중�봄철에�가장�높은�O3의�I/O�
ratio�중앙값을�보인�미소환경은�당구장이었고,�겨울철은�가정

집,�사무실,�카페,�학원,�PC방에서,�나머지�미소환경은�모두�가

을철에�가장�높은�I/O�ratio�값을�보였다.

Table 4. Seasonal variation of O3 I/O ratio across various microenvironments

Microenvironment
Winter Spring Summer Autumn

Median AM*±SD† Median AM*±SD† Median AM*±SD† Median AM*±SD†

Residential indoor 0.4 0.7±0.9 0.2 0.3±0.3 0.2 0.5±1.0 0.2 0.8±2.2
Office 0.3 0.4±0.3 0.2 0.2±0.2 0.1 0.7±1.5 0.1 0.3±0.4
School 0.3 0.5±0.8 0.1 0.2±0.3 0.1 0.1±0.1 0.3 0.9±1.9
Restaurant 0.3 1.1±2.9 0.2 0.4±0.6 0.2 0.7±1.1 0.4 0.7±0.9
Pub 0.1 0.3±0.3 0.3 0.4±0.4 0.3 0.3±0.1 0.5 1.3±2.4
Café 0.2 0.2±0.2 0.1 0.2±0.2 0.1 0.2±0.1 0.1 0.2±0.2
Study café 0.1 0.7±1.5 0.1 0.2±0.1 0.1 0.1±0.2 0.2 0.3±0.4
Private educational institute 0.2 0.4±0.4 0.1 0.1±0.1 0.1 0.4±0.6 0.1 0.4±0.5
PC room 0.3 0.4±0.4 0.1 0.1±0.0 0.3 0.2±0.2 0.2 0.3±0.2
Billiard room 0.1 0.1±0.1 0.1 0.1±0.1 0.1 0.1±0.0 0.1 0.1±0.0
Screen golf center 0.2 0.2±0.2 0.2 0.2±0.2 0.1 0.1±0.1 0.2 0.2±0.1
Supermarket 0.1 0.1±0.1 0.1 0.2±0.2 0.1 0.1±0.0 0.3 1.3±1.9
Shopping mall 0.0 6.3±13.9 0.0 0.1±0.0 0.1 0.2±0.2 0.2 0.3±0.3

*AM: arithmetic mean. 
†SD: standard deviation.

Table 3. Seasonal variation of PM2.5 I/O ratio across various microenvironments

Microenvironment
Winter Spring Summer Autumn

Median* AM†±SD‡ Median* AM†±SD‡ Median* AM†±SD‡ Median* AM†±SD‡

Residential indoor 0.8 0.9±0.7 1.0 0.9±0.4 0.9 1.1±1.2 1.5* 1.9±1.5
Office 0.7 0.7±0.3 0.8 0.8±0.3 0.6 0.8±1.0 1.0 1.6±1.6
School 0.7 1.0±0.9 1.0 0.9±0.3 1.0 1.2±1.2 1.2* 1.3±0.9
Restaurant 1.6* 1.7±1.0 0.9 1.2±1.0 1.4* 2.1±2.1 1.4* 2.7±3.7
Pub 2.2* 2.3±1.5 1.2* 1.6±1.0 1.9* 2.6±2.4 2.4* 2.4±1.7
Café 0.7 1.1±0.8 1.9* 7.4±12.4 0.7 0.8±0.3 1.1* 1.8±1.8
Study café 0.6 0.8±0.6 0.4 0.5±0.4 1.0 0.9±0.6 0.9 1.0±0.6
Private educational institute 0.8 1.0±0.8 1.4* 2.4±2.4 1.6* 2.0±1.6 0.9 0.9±0.4
PC room 2.6* 2.4±0.8 0.9 1.6±1.7 3.6* 6.3±5.9 1.8* 3.7±5.3
Billiard room 1.1* 1.4±1.1 1.3* 1.1±0.8 1.6* 1.5±0.4 1.4* 1.6±1.1
Screen golf center 0.5 0.9±1.1 0.3 14.2±31.1 0.9 0.8±0.6 1.4* 2.0±1.5
Supermarket 0.9 0.9±0.5 1.0 0.9±0.5 0.4 0.5±0.3 1.1* 1.4±1.1
Shopping mall 0.9 0.7±0.5 1.0 0.8±0.5 2.3* 2.4±2.3 0.8 0.9±0.2

*The values indicate instances where the median of PM2.5 I/O ratio exceeds 1, suggesting higher indoor pollutant levels compared to outdoor 
levels.
†AM: arithmetic mean.
‡SD: standard deviation.
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4.  주 미소환경에서의 계절별 PM2.5와 O3의  

I/O ratio 일중 변화
24시간�측정된�주�미소환경에서�계절에�따른�시간대별�PM2.5

와�O3의�I/O�ratio�중앙값의�일중�변화를�Fig.�3과�Fig.�4에�나

타냈다.�가정집,�사무실,�학교에서�PM2.5의�I/O�ratio는�대부분

의�시간대에서�1�이하의�값을�확인하였다.�예외적으로,�가정집

에서는�봄철�13시와�15시,�여름철�15시,�가을철�0~2시,�5시,�

12~16시�시간대에�1을�초과하였고,�사무실에서는�봄철�14시,�

가을철�5시,�7시,�9시,�10시,�16~18시�시간대에�1을�초과했으

며,�학교에서는�봄철�12~14시,�여름철�7시,�10시,�16시,�가을

철�0시,�3~7시,�16시,�22시,�23시�시간대에�1을�초과하는�값을�

보였다.�식당에서�PM2.5의�I/O�ratio는�겨울과�가을철�대부분의�

시간대에서�1을�초과하는�값을�확인하였다.�겨울철�1시,�3~5

시,�7시,�8시,�18시를�제외한�모든�시간대에서�1을�초과하는�값

을�확인하였고,�그�중�20시에�2.4로�가장�높은�값을�보였으며,�

가을에는�0시,�5시,�6시,�8시,�11시,�23시를�제외한�모든�시간

대에�1을�초과하는�값을�보였고,�그�중�17시에�1.4로�값이�가장�

높았다.�또한,�식당에서�봄철�PM2.5의�I/O�ratio는�16시,�17시,�

19~21시�시간대에�값이�1을�초과하였고�그�중�16시에�1.1로�

값이�가장�높았으며,�여름철은�0시,�1시,�10시,�13~15시,�17~�

23시에�1을�초과하는�값을�확인하였고�그�중�19시에�1.8로�가

장�높은�값을�보였다.�

O3의�I/O�ratio�중앙값은�주�미소환경의�종류,�계절,�시간대와�

관계없이�모두�0.8�미만이었으며,�대체로�오전�6~9시를�기점으

로�I/O�ratio�값이�작아지고,�오후�1~4시에�가장�낮은�값을�보

였다.

IV. 고    찰

PM2.5와�O3의�실내�농도는�미소환경별로�유의한�차이를�보

였다.�PM2.5의�실내�농도�중앙값�상위�4개소는�호프집,�PC방,�

식당,�당구장�순이었다.�선행�연구결과,�서울�지역�호프집에서�

PM2.5의�실내�농도�산술�평균은�69.4�μg/m3,�식당은�188.5�

μg/m3로,18)�본�연구의�산술�평균�결과의�각각�약�2배,�약�7배�

수준이었으며,�창원�지역�호프집에서�PM2.5의�실내�농도�산술�

평균은�29.0�μg/m3,�PC방은�98.2�μg/m3,�당구장은�134.2�

μg/m3로,19)�본�연구�결과의�각각�약�0.8배,�약�3배,�약�7배�수

준을�확인했다.�본�연구와�선행�연구�모두�호프집,�PC방,�식당,�

당구장은�타�미소환경에�비해�높은�PM2.5의�실내�농도�값을�보

였다.�이는�해당�미소환경�내에�실내�흡연이나�조리와�같은�특

정�PM2.5의�발생원이�존재함을�시사한다.�한편�O3의�실내�농도�

중앙값�상위�4개소는�스크린골프장,�식당,�PC방,�호프집�순이

었다.�해당�미소환경에서�실내�농도가�높았던�이유는�스크린골

프장과�PC방의�경우�각각�O3의�실외�농도�중앙값이�41.5�ppb,�
36.9�ppb로�상대적으로�높은�실외�농도에�따른�실내�확산의�영

향으로�확인되며,�식당,�호프집은�각각�27�ppb,�27.6�ppb로�상

대적으로�실외�농도�값이�낮았음에도�높은�실내�농도를�보여�

실내�오염원의�영향이�일부�있다고�추정된다.�선행�연구�결과에�

따르면�실내�O3의�주요�원천은�실외�O3의�유입이며,20)�일부�원

천으로는�실내�조리�과정�중�발생되는�VOCs가�실내�O3의�형성

에�기여할�수�있음을�확인하였다.21)

한국의�실내공기질�관리�기준에�관한�법규는�환경부의�실내

공기질�관리법,�교육부의�학교보건법,�고용노동부의�산업안전

보건법으로,�미소환경의�종류에�따라�해당되는�부처가�다르게�

적용되어�관리되고�있다.�연구�결과,�학원,�PC방,�대형마트,�쇼

Fig. 3. Time profiles of seasonal variation of the median PM2.5 I/O 
ratio across main microenvironments

Fig. 4. Time profiles of seasonal variation of the median O3 I/O ratio 
across main microenvironments
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핑몰에서�PM2.5의�일일�운영시간�평균�실내�농도는�실내공기질�

관리법�유지기준인�50�μg/m3를22)�2년�동안�학원은�5.3%,�PC
방은�23.8%,�대형마트는�5.3%�초과하였으며,�쇼핑몰은�기준을�

초과한�경우가�없었다.�학교에서�PM2.5의�일평균�실내�농도는�

학교보건법�유지ㆍ관리�기준인�35�μg/m3를23)�4.3%�초과하였으

며,�사무실의�경우�사무실�공기관리지침�50�μg/m3를24)�초과한�

경우가�없었다.�PM2.5의�운영시간�평균을�기준과�직접�비교하는�

것은�한계가�있으나,�일부�미소환경에서�기준을�초과할�수�있음

을�보여주며�지속적인�평가와�관리가�필요함을�시사한다.�

O3의�경우,�2017년�12월�31일까지는�실내공기질�관리법�권

고기준으로�관리되었으나�2018년�개정에�따라�제외되었고,�현

재는�학교보건법�기준에서만�관리되고�있다.�연구�결과,�학교에

서�O3의�일평균�실내�농도는�학교보건법�유지ㆍ관리�기준인�60�

ppb를�2년�동안�초과한�경우가�없었다.�현재는�실내공기질�관

리법�기준�항목에서�제외되었으나�2017년까지�시행되었던�권

고기준과�비교한�결과,�본�연구의�학원,�PC방,�대형마트,�쇼핑

몰에서�O3의�일일�운영시간�평균�실내�농도는�이전�권고기준인�

60�ppb를�2년�동안�초과한�경우가�없었다.�해당�결과는�O3의�

실내�농도가�실내공기질�관리법�기준에서�제외된�근거가�될�수�

있다.�

PM2.5와�O3의�I/O�ratio는�미소환경별로�유의한�차이를�보였

다.�PM2.5의�I/O�ratio�상위�4개소는�PC방,�당구장,�식당,�호프

집�순으로,�I/O�ratio�중앙값이�모두�1을�초과하였다.�해당�미소

환경들은�PM2.5의�실내�농도�상위�4개소와�일치하는�것으로�보

아,�외기�영향을�고려하더라도�PC방,�호프집,�당구장,�식당은�

PM2.5의�실내�오염원�영향이�큰�미소환경임을�시사한다.�해당�

결과는�조리�활동,�흡연,�밀폐된�공간�등이�주요�원인으로�작용

했을�가능성이�크다.8)�특히�PC방은�대부분�지하에�위치해�있으

며�실내�흡연�구역이�존재하고�조리가�이루어지는�미소환경으

로,�선행�연구에서도�PC방에서�9.7의�가장�높은�I/O�ratio를�확

인하였다.25)�O3의�I/O�ratio�상위�4개소는�호프집,�식당,�가정집,�

사무실�순이었다.�모든�미소환경에서�O3의�I/O�ratio�값은�1�미

만으로,�실내�오염원의�영향이�외기의�영향보다�큰�미소환경이�

없음을�확인하였다.�선행�연구에�따르면,�O3의�I/O�ratio는�실

내�오염원이�없을�경우�기계�환기보다�자연�환기가�이루어지는�

환경에서�값이�더�높은�경향을�보였다.10)�본�연구에서도�비교적�

자연환기가�활발한�가정집,�사무실,�학교에서�O3의�I/O�ratio가�

타�미소환경보다�높았으며,�주로�기계환기로�관리되는�쇼핑몰,�

당구장,�스터디카페의�I/O�ratio는�낮게�나타났다.�O3의�실내�농

도와�I/O�ratio�상위�4개소에�모두�포함된�호프집,�식당은�O3의�

외기�영향을�고려하더라도�실내�오염원이�일부�영향을�미치는�

미소환경으로�확인된다.�해당�미소환경의�특성과�선행�연구�결

과로�미루어�볼�때,�이는�조리�활동의�영향일�가능성이�있다.21)�

또한,�본�연구는�중앙값을�통해�I/O�ratio를�평가하였기�때문에,�

주로�평균값을�통해�가정집,�사무실,�학교�등의�특정�미소환경

과�특정�계절을�대상으로�I/O�ratio를�평가한�선행�연구�결과보

다�전체적으로�값이�다소�낮은�경향을�보였다.

계절적�특징으로�13개�미소환경에서�PM2.5의�실내�농도는�대

체로�겨울철에�높은�농도를�보였으며,�PM2.5의�I/O�ratio는�대체

로�겨울,�봄철에�낮은�값을�보이고�여름,�가을철에�높은�경향을�

보였다.�해당�결과는�겨울철과�봄철에�난방�연료�연소,�대기�역

전�현상,�황사�등의�영향으로�PM2.5의�실외�농도가�높아지기�때

문으로�추정된다.11,12)�O3의�실내�농도는�대체로�봄철에�높은�농

도를�보였으며,�O3의�I/O�ratio는�여름,�봄�계절에�값이�낮고,�가

을,�겨울�계절에�값이�높은�경향을�보였는데,�해당�결과는�자

외선이�강해지는�봄과�여름철�O3의�실외�고농도�현상에�기인

한�것으로�보인다.26)�해당�결과들은�계절적�요인으로�실외�농도

가�높아짐에�따라�확산에�의해�실내�농도가�높아지고,�실외�농

도의�상승폭�대비�실내�농도의�상승폭이�작아�상대적으로�I/O�
ratio�값이�낮아진�결과로�사료된다.

모든�주�미소환경에서�계절에�따른�시간대별�I/O�ratio의�변

화를�관찰하였다.�가정집에서�PM2.5의�I/O�ratio는�봄철�점심시

간과�이른�오후,�여름철�이른�오후,�가을철�점심시간과�늦은�오

후�및�새벽�시간대에�1을�초과하였다.�사무실에서�PM2.5의�I/O�
ratio는�봄철�점심시간,�가을철�출근�및�퇴근�시간과�새벽�시간

대에�1을�초과하였으며,�학교에서�PM2.5의�I/O�ratio는�봄철�점

심시간,�여름철�등교�및�하교시간과�오전�수업시간,�가을철�하

교시간과�밤�및�새벽�시간에�1을�초과하였다.�이는�재실자의�이

동으로�인한�실내�PM2.5의�재비산27)과�조리�활동28)이�주요�원인

으로�보이며,�가을철�새벽�시간대에�PM2.5의�I/O�ratio가�1을�초

과하는�현상은�낮은�실외�농도와�환기�부족으로�인한�실내�고

농도가�원인으로�추정된다.�가정집에서�아침,�저녁�식사�시간대

에�1을�초과하는�값이�관찰되지�않은�이유는�출퇴근�시간대에�

높아지는�실외�농도에�비하여�실내�농도가�높지�않아�발생된�결

과로�보인다.�식당에서�PM2.5의�I/O�ratio는�겨울과�가을철�대

부분의�시간대에서�1을�초과하였으며,�특히�저녁�시간대에�I/O�
ratio�값이�급격히�증가하는�경향을�보였다.�해당�결과는�겨울과�

가을철�환기�빈도�감소로�인해�실내�고농도�현상이�심화된�영

향으로�보인다.�또한�선행�연구에�따르면,�가장�높은�실내�PM2.5

의�증가와�개인노출은�조리에�의해�발생하는�것으로�확인되었

다.28)�이는�조리�활동이�식당�내�PM2.5의�주요�오염원임을�시사

하며,�조리�시설�내�환기�시스템의�개선이�필요함을�강조한다.�

한편�주�미소환경에서�O3의�I/O�ratio�중앙값은�하루�중�오전�6

시~9시를�기점으로�대체로�값이�작아지고�오후�1시~4시에�가

장�낮은�값을�보였다.�해당�결과는�광화학�반응으로�인해�낮시

간에�높아지는�O3의�실외�농도에�기인한�것으로�보인다.29)�주어

진�장소에서,�일정한�공기�교환율을�유지하고�O3의�실내�오염원

이�변동하지�않았다면,�O3의�I/O�ratio는�상대적으로�일정했을�

것이나,20)�환기,�조리�등의�인간�활동으로�인해�하루�중�시간대

별�I/O�ratio의�변동이�관찰된�것으로�추정된다.
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본�연구는�측정된�미소환경�내�환기�방식�및�빈도,�재실자�수,�

공간�대비�재실�밀도�등�세부�정보를�조사하지�않아�세부�조건

별�차이를�볼�수�없다는�한계점이�있으며,�I/O�ratio�산출에�활

용된�실외�농도가�측정�장소와�가장�인접한�도시대기측정망이�

아닌�측정�장소의�주소를�기준으로�해당�자치구의�도시대기측

정망을�통해�확보되었다는�점에서�불확실성이�발생할�가능성

이�존재한다.�

선행된�개인�노출�연구에서는�실내�공기오염물질의�직접�측

정이�어려운�경우�공개된�국가대기측정망의�실외�농도에�I/O�
ratio를�적용하여�실내�농도를�추정하였으나,�구체적인�시공간

적�변이를�고려하지�못해�실제�노출을�정확히�평가할�수�없다는�

한계점이�있었다.14,15)�세부적인�미소환경을�구분하지�않고�일부

를�포괄하여�I/O�ratio를�적용하며�주/야간�구분은�있으나�계

절을�구분하지�않거나,14)�계절�구분이�있으나�시간대를�구분하

지�않고15)�I/O�ratio를�적용하여�노출평가를�수행하였다.�본�연

구는�기존�연구들의�한계점을�극복하고자�13개의�미소환경별,�

계절별,�시간대별�세부적인�I/O�ratio를�2년�동안�조사하였고,�

이를�통해�개인�노출�평가의�정확도�향상에�기여할�수�있을�것

이다.

V. 결    론

본�연구는�한국의�13개�미소환경에서�PM2.5와�O3의�유의미

한�I/O�ratio�차이를�확인할�수�있었으며,�계절별�변화와�시간

대에�따른�I/O�ratio의�변화를�확인하였다.�PM2.5의�경우,�식당,�

호프집,�당구장,�PC방과�같이�조리,�흡연�등의�연소가�발생하는�

환경에서�높은�I/O�ratio를�보였고,�계절에�따라�변화하는�실외�

오염�농도와�실내�활동의�영향을�받는�것으로�나타났다.�O3는�

모든�미소환경에서�계절별�I/O�ratio�값이�0.5�이하로�일관되게�

낮은�값을�보이며,�주로�외부�오존의�유입에�크게�의존하고�있

음을�시사하였으나�미소환경별로�해당�비율이�일관되지�않은�

것으로�보아�실내�오염원에�의한�영향도�일부�확인되었다.�본�연

구는�각�미소환경에서�계절과�시간에�따른�I/O�ratio를�통해�실

내ㆍ외�오염�관계의�중요�데이터를�제공하였으며,�이는�계절�및�

시간�활동�패턴에�따른�인구�노출�분포�예측에�중요한�기초�자

료로�활용될�수�있다.�해당�연구�결과는�미소환경별,�계절별,�시

간대별�차이를�고려한�공기질�개선�조치의�필요성을�시사하며,�

실내공기질�관리�및�건강�위험�감소를�위한�정책�수립에�기여할�

것이다.�
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