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Abstract

This study investigated changes in indoor carbon dioxide (CO,) concentrations in karaoke rooms in
relation to room size, occupancy, and mechanical ventilation operation. Field measurements were
conducted in small, medium, and large rooms with occupancies of one to three persons, and CO,

concentrations and change rates during singing were analyzed. Under Ventilation OFF conditions, the
individual CO, release rate during singing was estimated, and the relationships of CO, change rate with

room area and occupant density were examined. Under Ventilation ON conditions, the average CO,
concentration during the singing period remained below 1,000 ppm in eight of the nine measurement
conditions. Under Ventilation OFF conditions, the average CO, concentration exceeded 1,000 ppm in five
of the nine conditions, and CO, concentrations increased in all measurement conditions. Under
Ventilation OFF conditions, the CO, change rate increased with decreasing room size and increasing
occupancy, and the average individual CO, release rate during singing was estimated to be 0.272 +0.071

L/min-person. The relationship between room area and CO, change rate showed an R? of 0.4433,
whereas occupant density, which reflects both room size and occupancy, showed greater explanatory
power with an R? of 0.9238. These findings indicate that continuous mechanical ventilation and
appropriate occupancy management according to room size are important for controlling indoor CO,
levels in karaoke rooms. The results can provide a basis for developing ventilation operation and indoor
CO, management strategies for karaoke rooms.

1. Introduction

Karaoke rooms are representative indoor leisure spaces in which occupants remain in small individual
rooms for a certain period while continuously engaging in singing and vocal activities, highlighting the
need for appropriate indoor CO, management according to their spatial and usage characteristics.
According to local administrative licensing data from the Ministry of the Interior and Safety, 26,594
karaoke businesses were registered as active or normally operating nationwide as of August 2026,
indicating that karaoke rooms are widely used leisure facilities in Korea. Unlike large multipurpose indoor
spaces, karaoke rooms are typically divided into multiple small individual rooms, where users remain in
confined spaces for a certain period while continuously singing and engaging in vocal activities. A recent
field study of coin-operated karaoke rooms in Korea measured indoor air quality, including CO,, and
highlighted the need for appropriate ventilation and indoor air quality management in such spaces (Yun
et al., 2024). In addition, a field study of choir singing measured changes in CO, concentrations during

singing under various room sizes, occupancy levels, and ventilation conditions, suggesting that singing
duration, occupancy conditions, and spatial and ventilation characteristics may be closely associated
with indoor CO, accumulation (Bauer et al., 2024). Accordingly, in karaoke rooms where multiple users

occupy small individual rooms simultaneously, CO, accumulation arising from occupants’ respiration
and sustained singing activities should be evaluated under actual use conditions.
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Indoor CO, concentrations are influenced by the combined effects of occupant-generated CO,,
occupancy level, spatial conditions, and ventilation rate. Occupant CO, generation rates may vary
depending on physical characteristics and activity levels, with higher activity levels generally associated
with increased CO, generation rates (Yang et al., 2020). In occupied spaces, occupant density and
occupancy patterns have also been identified as major factors affecting indoor CO, concentrations, and

studies of naturally ventilated classrooms have shown that occupant density and occupant-generated
CO, can contribute to variations in indoor CO, levels (Korsavi et al., 2020a). A study conducted in a

Korean educational facility further analyzed temporal changes in CO, concentrations associated with

occupancy and changes in indoor air quality resulting from window opening, indicating that occupancy
conditions and ventilation behavior can directly affect indoor CO, levels (Kwak, 2021). Because changes

in indoor CO, concentrations reflect the combined effects of occupant CO, generation and outdoor air
supply, CO, has been widely used as an indicator for evaluating ventilation conditions and air-exchange
characteristics. More recent studies have also used measured CO, data from occupied spaces to
quantitatively estimate occupant CO, generation rates and ventilation-related variables (Tugores et al.,
2024). Taken together, indoor CO, can serve as a key indicator that reflects occupant activity level,
occupant density, and ventilation conditions in occupied spaces.

Indoor CO, accumulation and spatial distribution can also vary depending on the ventilation method,
indoor airflow, and air-exchange characteristics. A study conducted in Korean classrooms reported
increases in CO, concentrations during occupancy and reductions following window opening,
demonstrating that ventilation behavior can directly affect indoor CO, levels (Kwak, 2021). In addition,
ventilation system operation and supply-air conditions can influence indoor pollutant removal, while
building airtightness and infiltration can affect the resulting ventilation performance (Choi et al., 2020). A
recent field study of modular classrooms further emphasized the need to improve ventilation
configurations by considering occupancy, activity duration, indoor CO, concentrations, and airflow
patterns together (Kang et al., 2025). Because ventilation strategies and indoor airflow distribution can
also affect CO, removal and its spatial distribution within a room, the evaluation of indoor CO,

accumulation should consider not only whether a ventilation system is operating, but also the actual air-
exchange and airflow conditions.

Meanwhile, indoor CO, concentrations are not necessarily uniform throughout a space and may exhibit
spatial variations depending on measurement location and indoor airflow conditions. A recent study
conducted in university classrooms found that CO, concentration distributions can vary according to
measurement location (Mahyuddin and Essah, 2024). Similarly, a CFD-based study of modular school
classrooms in Korea showed that the spatial distributions of CO, concentration and age of air vary with

changes in occupancy and ventilation rate, and that the representativeness of measured values may also
depend on sensor location (Park et al., 2026). Occupant-related and building-related characteristics have
also been reported to jointly affect actual ventilation rates (Korsavi et al., 2020b). Evaluations of indoor
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CO, should therefore consider not only average concentration levels but also measurement location,
airflow distribution, ventilation conditions, and occupancy characteristics.

In particular, karaoke rooms may exhibit CO, generation and accumulation characteristics that differ
from those of conventional seated indoor environments because sustained singing and vocal activities
take place within confined spaces. Occupant CO, generation rates have been reported to increase with
higher activity levels (Yang et al., 2020), and a study of choir singing also identified relationships
between changes in CO, concentrations during singing and occupancy, room size, and ventilation

conditions (Bauer et al., 2024). In addition, a study conducted in a university classroom in Korea directly
measured individual occupant CO, release rates and analyzed concentration changes under natural

ventilation conditions (Lee and Choi, 2021), while more recent research has estimated occupant CO,
generation rates using measured CO, data from actual educational facilities (Tugores et al., 2024).
These studies indicate that evaluations of indoor CO, accumulation should consider not only the number
of occupants but also occupant activity, spatial characteristics, and ventilation conditions.

Recent studies have evaluated indoor CO, concentrations and ventilation characteristics in small public-
use facilities, including karaoke rooms. A field study of coin-operated karaoke rooms in Korea measured
indoor air quality, including CO,, and assessed concentration changes according to ventilation conditions
(Yun et al., 2024). Another study estimated air exchange rates using occupant-generated CO, and
evaluated ventilation conditions in small public-use facilities, including coin-operated karaoke rooms
(Shin et al., 2025). However, these studies have primarily focused on indoor air quality levels and
ventilation performance. Relatively few studies have simultaneously considered room size, occupancy
level, and ventilation conditions to analyze temporal changes and accumulation rates of CO, while
quantitatively evaluating occupant CO, release characteristics during singing.

Despite the potential for CO, accumulation, karaoke rooms are not directly included within the scope of

the current indoor air quality management system, highlighting the need for quantitative assessment
that reflects actual use conditions. Under the current Indoor Air Quality Control Act, indoor air quality
maintenance standards are applied to certain large-scale public-use facilities, including subway stations,
medical facilities, libraries, movie theaters, private educational institutes, and internet computer game
facilities. These standards include criteria for particulate matter (PM10 and PM2.5), CO,, formaldehyde
(HCHO), total airborne bacteria, and carbon monoxide (CO), with CO, required to be maintained at or
below 1,000 ppm. However, karaoke rooms are not separately included among the applicable facility
types and are therefore not directly subject to the indoor air quality maintenance standards, including the
CO, criterion.

Accordingly, this study investigated changes in indoor CO, concentrations in karaoke rooms through
field measurements conducted under different spatial conditions, occupancy levels, and mechanical
ventilation operating conditions. In addition, the relationship between occupancy relative to room size
and the CO, change rate was quantitatively analyzed, and occupant CO, release characteristics during
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singing were estimated to evaluate CO, accumulation in karaoke rooms. The findings are intended to
provide basic data for developing indoor CO, management strategies that account for ventilation
operation and appropriate occupancy levels in karaoke rooms.

2. Research Methods
2.1 Study Sites

To analyze changes in indoor CO, concentrations according to room size, occupancy, and mechanical
ventilation operation in karaoke rooms, two karaoke rooms located in Jinju and Daejeon were selected
as the study sites. Karaoke Room A is located in a reinforced concrete building completed in 2019,
whereas Karaoke Room B is located in a reinforced concrete building completed in 2006. Both sites
operate in a typical karaoke-room configuration consisting of multiple independent rooms. Building
information for the study sites and the sizes of the measured rooms are presented in Table 1.

Because it was difficult to secure a separate measurement period outside business hours at Karaoke
Room A, measurements were conducted under actual operating conditions. A preliminary assessment of
measurements with the mechanical ventilation system turned off showed that the CO, concentration
was already high, at approximately 2,700 ppm, from the beginning of the measurement and remained
elevated without a clear decrease over time. This was considered to reflect residual and accumulated
CO, from previous users due to the continuous turnover of occupants during operation, making it
difficult to repeatedly obtain comparable initial conditions under Ventilation OFF conditions. Therefore,
measurements at Karaoke Room A were conducted with the mechanical ventilation system operating,
and the entrance door was opened for approximately 10 min before each measurement to ventilate the
room. In addition, measurements began shortly after the start of business hours to minimize the
influence of CO, accumulation from previous occupants.

Because measurements at Karaoke Room B could be conducted after business hours, the experiment
was performed without user entry or exit. Before each measurement, the room was ventilated for
approximately 10 min by operating the mechanical ventilation system and opening the entrance door.
The mechanical ventilation system was then turned off, and measurements were conducted with the
room vent closed. Because the available measurement period was limited, additional repeated
measurements under Ventilation ON conditions could not be conducted at the same site. Nevertheless,
CO, concentration changes under the Ventilation OFF condition could be observed while user entry and

exit were controlled.

Changes in CO, concentrations under mechanical ventilation ON and OFF conditions were analyzed
using field measurement data obtained from actual karaoke room operations. The study sites included
small, medium, and large rooms, and the same measurement procedure was applied under occupancy
conditions of one to three persons. Based on these measurements, CO, concentration patterns
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according to mechanical ventilation operation were compared and analyzed under actual operating
conditions, with the aim of examining the importance of ventilation in karaoke rooms.

2.2 Measurement Spaces and Experimental Conditions

At each karaoke room, small, medium, and large rooms were selected to compare changes in CO,

concentrations according to room size and occupancy. Although the measured rooms at the two study
sites were similar in spatial configuration and usage, their floor areas differed. The rooms were therefore
classified according to the actual room-size categories used at each karaoke room. The detailed floor
area of each measurement space is presented in Table 1. Occupancy conditions were set at one, two,
and three persons in each measurement space.

Measurements at Karaoke Room A were conducted with the mechanical ventilation system operating,
whereas measurements at Karaoke Room B were conducted with the mechanical ventilation system
turned off and the room vent closed. In the subsequent analysis, the measurement condition at Karaoke
Room A was classified as Ventilation ON, and that at Karaoke Room B was classified as Ventilation OFF.

All measurements were conducted without additional artificial airtight treatment to reflect actual
karaoke room conditions as closely as possible. Therefore, some natural air exchange may have
occurred through door gaps and building leakage.

2.3 Field Measurement of Indoor Air Quality

A TSI 7545 indoor air quality monitor was used to measure temporal changes in CO, concentrations in
the karaoke rooms. The instrument has a CO, measurement range of 0—5,000 ppm, an accuracy of + 3%

of the reading or + 50 ppm, whichever is greater, and a resolution of 1 ppm (Kim et al., 2021). To
minimize the direct influence of air supplied from or exhausted through the ventilation openings, the
instrument was positioned near the center of each room, away from the vents, at a height of 1.3 m above
the floor. Indoor CO, concentrations can exhibit spatial variations depending on measurement location
and indoor airflow, and previous studies have also reported that measured values may vary with
sampling height and sensor placement (Mahyuddin and Essah, 2024; Muelas et al., 2022; Park et al.,
2026). Accordingly, the measurement location was selected near the center of the occupied space,
where it was not directly affected by the ventilation openings, to obtain a representative indoor CO,
concentration.

Before each measurement, the entrance door was opened and the room was ventilated for
approximately 10 min to minimize the influence of residual CO, from previous use or the preceding
measurement. Measurements at Karaoke Room A were then conducted with the mechanical ventilation
system operating, whereas measurements at Karaoke Room B began after the mechanical ventilation
system had been turned off and the room vent had been closed. Each measurement lasted 15 min to
continuously capture the background CO, concentration before occupancy and the subsequent changes
associated with singing activity. The initial 5 min were defined as the Baseline period, during which the
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indoor background CO, concentration was measured under unoccupied conditions. This was followed
by a 10 min singing period, during which the designated number of occupants remained seated and sang
approximately three songs. CO, concentrations were recorded at 1 min intervals throughout the entire
measurement period, and the same procedure was applied to the small, medium, and large rooms under
occupancy conditions of one, two, and three persons. Temporal changes in CO, concentrations
associated with occupant activity and ventilation conditions have been used to evaluate indoor
ventilation conditions and occupant-generated CO, characteristics (Lee and Choi, 2021; Kwak, 2021;
Tugores et al., 2024). Accordingly, this study continuously measured CO, concentrations before and
during singing to analyze CO, accumulation characteristics under each measurement condition. The
measurement dates, times, and detailed experimental conditions are presented in Table 2.

For interpretation of the measured CO, concentration levels, the indoor air quality maintenance

standards for public-use facilities specified in the Enforcement Rule of the Indoor Air Quality Control Act
were referenced. Under these standards, CO, concentrations in applicable public-use facilities are

generally required to be maintained at or below 1,000 ppm.

Because karaoke rooms are not directly subject to this CO, maintenance standard, the 1,000 ppm level

was used in this study not as a criterion for determining legal compliance, but as a reference value for
comparing and interpreting the measured CO, concentrations.

Table 2
Indoor air quality measurement method
Measurement date A Building B Building
2026. 05. 23. 2026. 05. 16.
Measurement time 10:00 AM to 01:00 PM 2:00 AM to 5:00 AM
Measurement items Carbon dioxide; CO, (ppm)

Measurement method 5 min baseline measurement — 10 min singing activity
Approximately three songs were performed

1 min measurement interval

2.4 Data Analysis

CO, concentrations and change rates were analyzed to quantitatively compare concentration changes

and accumulation characteristics according to ventilation operation, room size, and occupancy. The
Baseline CO, concentration was calculated as the average concentration measured during the initial 5

min under unoccupied conditions, while the CO, concentration during the singing period was calculated
as the average concentration measured over the subsequent 10 min during singing. The CO, change rate
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was calculated by dividing the difference between the CO, concentration at 5 min, when singing began,
and that at 15 min, when the measurement ended, by the 10 min singing period, as shown in Eq. (1).

_ C15'C5

¢ 10

.

In Eq. (1), C represents the CO, change rate (ppm/min), Cs represents the CO, concentration at 5 min
after the start of measurement (ppm), and C;5 represents the CO, concentration at 15 min after the

start of measurement (ppm). To simultaneously account for the effects of room size and occupancy,
occupant density was included as an additional analysis variable. Occupant density was calculated by
dividing the number of occupants in each room by the corresponding floor area, as shown in Eq. (2).

2

In Eq. (2), O represents occupant density (person/m?), N represents the number of occupants (person),
and A represents the floor area of the room (m?).

Because the room volume and occupancy differed among the karaoke rooms, the measured CO, change
rate alone was insufficient to directly compare occupant-related CO, generation characteristics.
Accordingly, the individual CO, release rate during singing was estimated based on a mass-balance
relationship using changes in indoor CO, concentration and room volume. Recent studies have likewise

applied mass-balance approaches that relate indoor CO, concentration, room volume, ventilation rate,
and occupant-generated CO, to evaluate CO, generation rates and ventilation characteristics (Kuga et

al., 2021; Persily, 2022; Tugores et al., 2024). The volume of each room was calculated using the
measured floor area and a ceiling height of 2.6 m.

The CO, release rate was calculated for the Ventilation OFF condition to minimize the influence of CO,
removal by mechanical ventilation. Assuming that indoor CO, was uniformly mixed, the total CO, release
rate during singing was calculated using the measured CO, change rate and room volume, as shown in

Eq. (3). Because no additional airtight treatment was applied even under the Ventilation OFF condition,
the calculated values were interpreted as CO, release rates estimated from the increase in indoor CO,

concentration under actual room conditions in which natural air exchange through infiltration and
leakage may have occurred.

T=CxRx103
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In Eq. (3), T represents the total CO, release rate (L/min), C represents the CO, change rate (ppm/min),
R represents the room volume (m?), and 10~ 3 is the unit conversion factor used to convert ppm-m? to
liters. The total CO, release rate was then divided by the number of occupants to calculate the average
individual CO, release rate, as shown in Eq. (4).

4

In Eq. (4), I represents the individual CO, release rate (L/min-person), T represents the total CO,
release rate (L/min), and N represents the number of occupants (person).

Finally, to quantitatively examine the relationships of room size and occupancy level with the CO, change
rate, linear regression analyses were performed using the measurement results obtained under the
Ventilation OFF condition. Room area and occupant density were separately used as independent
variables, and the CO, change rate was used as the dependent variable. Regression equations and
coefficients of determination (R?) were calculated for the relationships between each independent
variable and the CO, change rate. The coefficient of determination was used as an indicator to compare
the extent to which each independent variable explained the variation in the CO, change rate.

3. Results

3.1 Changes in CO, Concentration According to Ventilation
Condition

Baseline CO, concentrations varied according to room size and occupancy condition, with the highest
level observed in the small room with three occupants. Baseline CO, concentrations, average CO,
concentrations during the singing period, and CO, change rates according to ventilation condition, room
size, and occupancy are presented in Table 3. In the small room with three occupants, the Baseline CO,
concentration was 1,018.0 ppm under Ventilation ON and 1,119.2 ppm under Ventilation OFF,
representing the highest values under each ventilation condition. These elevated initial concentrations
may reflect residual CO, from previous use and preceding measurements, together with insufficient
short-term air exchange within the room even after ventilation. In occupied spaces, indoor CO, levels can
vary substantially depending on the ventilation method and ventilation rate, and high CO, concentrations
may persist under natural ventilation when outdoor air supply is insufficient (Cai et al., 2021). Indoor CO,,

concentrations may also vary according to occupant distribution and measurement location (Lee and
Choi, 2021), while CFD-based studies have shown that the spatial distributions of CO, concentration and

age of air can vary with occupancy and ventilation conditions (Park et al., 2026).
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Figure 1 compares the Baseline and average CO, concentrations during the singing period under the two
ventilation conditions. Under Ventilation ON conditions, the average CO, concentration during singing
remained below 1,000 ppm in eight of the nine measurement conditions, exceeding 1,000 ppm only in
the small room with three occupants, where it reached 1,066.1 ppm. Under Ventilation OFF conditions,
the average CO, concentration exceeded 1,000 ppm in five of the nine conditions: the small room with
one, two, and three occupants, and the medium room with two and three occupants. In the small room,
the average CO, concentration increased from 1,205.9 ppm with one occupant to 1,402.1 ppm with two

occupants and 1,881.0 ppm with three occupants. The value for three occupants was 675.1 ppm higher
than that for one occupant. These results indicate that CO, accumulation increased with occupancy in

the small room under Ventilation OFF conditions.

CO, concentrations during singing were higher under Ventilation OFF conditions than under Ventilation
ON conditions, with greater CO, accumulation observed in smaller rooms and at higher occupancy
levels. Under Ventilation OFF conditions, CO, concentrations increased as room size decreased and
occupancy increased, indicating that CO, accumulation in karaoke rooms is influenced not only by

ventilation operation but also by room size and occupancy level. To evaluate these relationships more
quantitatively, additional analyses were conducted using the CO, change rate according to room size

and occupancy conditions.

CO, measurement results according to \;I;:an?[lileafion condition, room type, and occupancy
Room Occupancy Ventilation ON Ventilation OFF
Baseline  Singing Change Baseline  Singing  Change
CO, CO, rate CO, Co, rate
(ppm)  (ppm)  (PPM/MIN)  (ppm)  (ppm)  (PPM/min)
Small 1 878.8 889.5 0.9 956.2 1205.9 34.5
2 812.4 907.5 14.7 911.0 1402.1 71.3
3 1018.0 1066.1 1.2 1119.2 1881.0 107.7
Medium 1 648.6 637.0 2.3 813.6 949.6 24.5
2 577.4 690.6 12.1 821.8 1118.6 55.6
3 701.0 839.6 11.3 899.8 1303.6 56.2
Large 1 517.4 544.6 2.6 775.0 927.5 18.4
2 598.6 673.4 7.3 734.0 849.1 21.3
3 689.0 798.5 9.1 664.8 933.4 41.8
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3.2 CO, Change rate According to Ventilation Condition,
Room Size, and Occupancy

Analysis of the CO, change rate showed that the increase in CO, concentration during singing was
relatively small under Ventilation ON conditions, whereas larger increases were observed under all
measurement conditions with Ventilation OFF. Figure 2 presents the CO, change rates according to room
size and occupancy under each ventilation condition. The average CO, change rate was 6.3 ppm/min
under Ventilation ON and 47.9 ppm/min under Ventilation OFF. Under Ventilation ON conditions, CO,

concentration decreased in the medium room with one occupant, while the change rates remained below
3 ppm/min in the small room with one and three occupants and in the large room with one occupant,
indicating only limited increases during singing. Under Ventilation OFF conditions, positive change rates
were observed in all measurement conditions, indicating continuous indoor CO, accumulation during

singing.

Under Ventilation OFF conditions, CO, accumulation proceeded more rapidly as room size decreased
and occupancy increased. Figure 3 compares the CO, change rates according to room size and
occupancy under Ventilation OFF conditions. The average CO, change rates by room type were 71.2

ppm/min in the small room, 45.4 ppm/min in the medium room, and 27.2 ppm/min in the large room,
with the value for the small room being approximately 2.6 times higher than that for the large room.
These results indicate that, when mechanical ventilation was not operating, CO, concentrations

increased more rapidly during singing in smaller rooms.

The increase in CO, change rate with increasing occupancy was most pronounced in the small room. In
the small room, the CO, change rate increased from 34.5 ppm/min with one occupant to 107.7 ppm/min

with three occupants, corresponding to an approximately 3.1-fold increase. In the medium room, the
change rate increased markedly from one to two occupants, whereas the value for three occupants was
similar to that for two occupants. In the large room, the increase associated with occupancy was smaller
than that observed in the small room. These results indicate that the CO, change rate does not increase

at the same rate across all room sizes as occupancy increases and that the influence of occupancy may
vary depending on room size. Studies conducted in educational facilities have likewise reported that
occupant density and room size are important factors affecting indoor CO, concentrations, with higher
occupant density associated with a greater potential for CO, accumulation (Franco and Leccese, 2020;
Korsavi et al., 2020a). Previous research has also shown that the accumulation of occupant-generated
CO, is influenced by ventilation rate and spatial conditions (Lee and Choi, 2021). Therefore, both

occupancy and room size should be considered when evaluating CO, accumulation in karaoke rooms.

3.3 Individual CO, Release rate During Singing
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Under Ventilation OFF conditions, the individual CO, release rate during singing varied among the
measurement conditions, with an overall mean of 0.272 + 0.071 L/min-person. Because room volume
and occupancy differed among the karaoke rooms, the measured CO, change rate alone was not
sufficient to directly compare CO, generation characteristics across conditions. Therefore, the total CO,
release rate and individual CO, release rate during singing were calculated. Under Ventilation ON
conditions, occupant-generated CO, was continuously removed by mechanical ventilation, making it
difficult to estimate the release rate using only the measured CO, change rate. Accordingly, the analysis
was conducted for the Ventilation OFF condition to minimize the influence of CO, removal by
mechanical ventilation. As shown in Table 4, the total CO, release rate ranged from 0.202 to 0.842 L/min,
while the individual CO, release rate ranged from 0.202 to 0.376 L/min-person.

The individual CO, release rate estimated during singing was compared with values reported in previous
studies under typical seated conditions. Lee and Choi (2021) reported an average individual CO, release
rate of 0.191 £ 0.0344 L/min-person for occupants in a university classroom, while Sakamoto et al.
(2022) reported CO, release rates of approximately 0.235-0.297 L/min-person for seated occupants
performing light activities. The estimated individual CO, release rate was higher than that reported by
Lee and Choi (2021) for a classroom setting, while remaining within the range observed by Sakamoto et
al. (2022) under sedentary conditions. Occupant CO, generation has been reported to vary depending on
activity level as well as other physical and environmental factors (Sakamoto et al., 2022; Yang et al.,
2020). Although the present study differed from typical seated conditions in that continuous singing and
vocalization were performed while seated, the observed differences in CO, release rates should be
interpreted by considering activity characteristics, occupant characteristics, and measurement
conditions rather than attributing them solely to singing activity.

CO, release during singing is more appropriately interpreted in terms of sustained vocalization and the
associated respiratory demand than in terms of vocal intensity or a specific song genre itself. Although
vocal intensity and genre are difficult to regard as direct determinants of CO, release, respiratory
frequency and breathing volume may increase depending on lyric density and the duration of continuous
vocalization. Therefore, when evaluating CO, release associated with singing, greater emphasis should
be placed on factors such as the actual duration of singing, lyric density, and respiratory frequency rather
than genre or vocal intensity. Future studies should quantify these factors and examine their
relationships with CO, release rates.
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Table 4
Total and average individual CO, release rates during singing under ventilation OFF conditions

Room Occupancy Total CO, release rate Individual CO, release rate
(L/min) (L/min-person)
Small 1 0.202 0.202
2 0.417 0.209
3 0.630 0.210
Medium 1 0.331 0.331
2 0.752 0.376
3 0.760 0.253
Large 1 0.371 0.371
2 0.429 0.215
3 0.842 0.281
Average individual CO, release rate 0.272+0.071

3.4 Relationship of Spatial and Occupancy Characteristics
with CO, Change Rate

To quantitatively examine the relationships of room size and occupancy level with the CO, change rate,

linear regression analyses were conducted using the Ventilation OFF data. Room area and occupant
density were separately set as independent variables, while the CO, change rate was used as the

dependent variable. The relationships between each variable and the CO, change rate were compared

using the regression equations and coefficients of determination (R?), with R? used as an indicator of the
extent to which each independent variable explained the variation in the dependent variable.

Room area showed a negative relationship with the CO, change rate, although room area alone did not
sufficiently explain the variation in the change rate. As shown in Fig. 4(a), the CO, change rate tended to
decrease as room area increased, with the regression equation expressed asy = - 8.0188x + 88.551 and

a coefficient of determination of R? = 0.4433. This result indicates that although room size was related to
the CO, change rate, room area alone had relatively limited explanatory power for the differences in

change rate among the measurement conditions.

In contrast, occupant density, which reflects both room size and occupancy, showed a strong positive
relationship with the CO, change rate. As shown in Fig. 4(b), the CO, change rate clearly increased with

increasing occupant density, with the regression equation expressed asy =72.418x +10.989 and a
coefficient of determination of R? = 0.9238. This explanatory power was substantially higher than that
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obtained when room area was used as the sole independent variable (R? = 0.4433), indicating that
occupant density, which accounts for occupancy relative to room size, was a more useful variable for
explaining variations in the CO, change rate under the Ventilation OFF conditions examined in this study.
Occupant density and occupancy level have been reported to be major factors affecting indoor CO,
concentrations and ventilation requirements (Franco and Leccese, 2020; Korsavi et al., 2020a), while the
accumulation of occupant-generated CO, may also vary depending on room size and ventilation
conditions (Lee and Choi, 2021). Considering these findings, CO, accumulation in small occupied spaces
is more appropriately interpreted by accounting for both room size and occupancy level.

4. Conclusion

This study analyzed changes in indoor CO, concentrations in karaoke rooms according to room size,

occupancy, and mechanical ventilation operation through field measurements. To identify the factors
affecting CO, accumulation under actual use conditions, CO, concentrations and change rates were

compared across room sizes and occupancy levels, and the individual CO, release rate and its
relationship with occupant density were quantitatively analyzed.

Under Ventilation ON conditions, the increase in CO, concentration during singing was suppressed,
whereas CO, continuously accumulated under all measurement conditions when ventilation was turned
off. Under Ventilation ON conditions, the average CO, concentration during the singing period remained
at or below 1,000 ppm in eight of the nine measurement conditions, whereas under Ventilation OFF

conditions, it exceeded 1,000 ppm in five of the nine conditions. These results indicate that continuous
operation of mechanical ventilation plays an important role in controlling indoor CO, levels in small

enclosed spaces where singing activities are sustained.

Under Ventilation OFF conditions, the CO, accumulation rate increased as room size decreased and
occupancy increased, and occupant density, which reflects both room size and occupancy, showed the
highest explanatory power for the CO, change rate (R? = 0.9238). In addition, the average individual CO,
release rate during singing was estimated to be 0.272 + 0.071 L/min-person, suggesting that the
increased breathing volume and respiratory frequency associated with continuous singing and
vocalization are important factors contributing to CO, generation.

Based on the findings of this study, indoor CO, management in karaoke rooms requires continuous
operation of mechanical ventilation during use and appropriate control of occupancy according to room
size. In addition, not only whether the ventilation system is operating, but also whether its ventilation
capacity and performance are appropriate for the room size and occupancy should be considered. The
results of this study can provide basic data for establishing ventilation operation strategies and
occupancy management plans for individual karaoke rooms. Future studies should quantify the actual
duration of singing, lyric density, and respiratory frequency and examine their relationships with
ventilation performance.
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Figure 1

Comparison of baseline and singing-period average CO, concentrations under Ventilation ON and OFF
conditions: (a) Ventilation ON, (b) Ventilation OFF
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Comparison of CO, change rates according to room type and occupancy under Ventilation OFF
conditions
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Relationships of room area and occupant density with CO, change rate under Ventilation OFF conditions:

(a) Room area, (b) Occupant density
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