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Abstract: Kindergartens are important community facilities that introduce children to a classroom
learning environment. The research aimed to examine current practices in kindergarten heating,
cooling, and ventilation and investigate how IAQ and thermal comfort interact with each other at five
selected kindergartens in Melbourne. This research used field measurements to investigate indoor air
quality (IAQ) and thermal conditions during the COVID-19 pandemic and used CO2 concentration
levels as an indicator of IAQ. The research found that high CO2 levels above recommended maximums
were reached in operational kindergartens. The highest level identified during class time was
1908 ppm. Conditions outside recommended levels for thermal comfort were also recorded. A
kindergarten operating with the use of both mechanical and natural ventilation was found to have
lower CO2 levels than the kindergartens relying solely on mechanical ventilation. However, thermal
comfort was compromised in this kindergarten. The data collected in kindergartens in their natural
settings offered insights into the actual ventilation conditions in these facilities and provided baseline
data for developing pandemic-resilient kindergartens. The findings are relevant to kindergartens in
other countries that have dynamic window/door-opening behavior.

Keywords: indoor air quality (IAQ); mechanical ventilation; natural ventilation; thermal
comfort; kindergartens

1. Introduction

The provision of adequate ventilation and thermal comfort are of key importance in
building design. Australian standards for IAQ and ventilation have been influenced by
international standards and guides [1]. They allow buildings to be naturally ventilated,
relying on windows and doors for fresh air rather than mechanical systems [2]. Various
studies have identified that educational facilities commonly rely on natural ventilation,
both in Australia [3–5] and internationally [6–8]. IAQ can be compromised if windows and
doors are not opened while naturally ventilated buildings are occupied, which may often
be the case due to adverse outside conditions [3].

As building occupants breathe in oxygen and exhale CO2, their presence in indoor
environments increases CO2 levels, subject to ventilation rates. Indoor CO2 concentration
levels are widely used as a metric of IAQ and indoor ventilation, primarily for ease of
use. Though higher levels of CO2 within buildings are an indication of poor IAQ, a single
concentration will not serve as a ventilation indicator for spaces with different occupancies
and ventilation requirements [9]. In school environments, high CO2 levels have been linked
to increased student absence [10], reduced academic speed and concentration, increased
errors [11,12], poorer logic test results, fatigue, and various health problems [13,14]. Con-
sidering the reliance on natural ventilation, it is not surprising that high levels of CO2 have
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been found in educational buildings. The recommended maximum internal level for CO2
is 1000 ppm [15]. Studies focusing on schools have recorded CO2 levels well above this,
including levels over 5000 ppm [4,5,12]. Studies specifically focused on kindergarten IAQ
have also found CO2 levels that are not ideal [8,16–19].

There is an increased focus on building air tightness to improve energy efficiency
by reducing losses of conditioned air. Dovjak et al. [18] outline how increasing building
air tightness can negatively impact IAQ in kindergartens, finding CO2 levels of over
4000 ppm following an air tightness retrofit of a Slovenian kindergarten without mechanical
ventilation. The study highlights the need for mechanical ventilation in reasonably air-
tight buildings, which can include heat recovery to minimize energy losses. Various
studies support this. Hammad et al. [20] demonstrate that energy savings heat recovery
can be achieved on a mechanical ventilation system. Cosbod et al. [6] highlight that
mechanical ventilation allows for outside air to be filtered, which is not possible when
natural ventilation is used.

The COVID-19 pandemic has caused an increased awareness about IAQ in schools
and kindergartens [21]. Consistent with suggestions of the CDC [22], Crabb et al. [23] and
Schofield [24] recommend a CO2 level below 800 ppm due to the COVID-19 pandemic and
the use of air filtration units if this cannot be achieved. Crabb et al. [23] advise that without
filtration, CO2 levels of 800 ppm to 1500 ppm represent a moderate risk of infection, while
levels over 1500 ppm represent a high risk of infection. Although air filtration units may
remove virus aerosols from a room, they do not increase ventilation rates or dilute pollutant
concentration, seeing impacts on health and educational outcomes persist.

In response to the COVID-19 pandemic, several interventions were proposed by local
and international authorities in relation to educational facilities, including kindergartens.
Kindergarten includes learning through play and intentional teaching, early literacy, numer-
acy, and emotional and social development [25]. Victorian four-year-olds spend 15 h a week
in kindergarten [26]. Suitable conditions must be provided for kindergarten classes as they
are intended to ‘develop a foundation for future success in learning’ [25] (p. 5). In Australia,
particularly in Victoria, kindergartens, mainly located in local government-owned com-
munity centers, are normally designed to be mechanically ventilated, employing a variety
of heating and cooling systems and ventilation strategies. Consistent with international
trends, Victorian kindergartens have been encouraged to increase ventilation by opening
windows and doors as much as possible in response to COVID-19 [19,27–29]. Ventilation
can impact thermal comfort, which in turn can impact health and decrease the ability of
children to learn and concentrate [14,30–34]. Although children may accept a broader range
of temperatures than adults, the impact of temperature on their learning also needs to be
considered. Wargocki and Wyon [32] found that the thermal and air quality conditions
accepted by most building occupants still reduce performance by 5–10% in adults and
15–30% in children. This indicates that children’s acceptance of broader range temperature
has a greater impact on performance when compared to adults. The study outlines that
high temperatures cause headaches and impact clear thinking, while low temperatures im-
pact manual dexterity. Wyon [30] conducted experiments in school classes and found that
the comprehension and reading skills of nine-year-old children decreased as temperature
increased from 20 ◦C to 27 ◦C. Wargocki et al. [34] analyzed 18 studies and calculated that in
temperate climates, lowering temperature from 30 ◦C to 20 ◦C can be expected to increase
performance on school tasks by 20% on average. Most of the research that quantified
the impact of thermal conditions in educational facilities focused on the consequences of
warmer temperatures, with limited studies on the impact of cooler conditions focusing on
educational facilities. Furthermore, no studies report the thermal and ventilation condi-
tions of Victorian kindergartens in their natural settings. This study examined heating and
ventilation strategies in selected Victorian local government kindergartens and employed
field measurements to monitor ventilation and thermal comfort conditions. The research
took place in August 2022 during the COVID-19 pandemic, with an increased focus on IAQ.
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The baseline data collected in this study provided insights into the adequacy of some of the
interventions proposed by local and international authorities in response to the pandemic.

2. Materials and Methods
2.1. Kindergarten Selection

Floor plans and permits of potential kindergartens to be involved in the study were
reviewed to select kindergartens with a variety of relevant characteristics for the research.
A regularly used kinder room in selected community centers located in suburban areas in
Melbourne was used for this study. The kindergarten operates from 8 am to 5 pm, Monday
to Friday. Occupancy levels varied at all kindergartens, and typically, there were up to
25 children in a room and 4 teachers. Numbers went up and down during the day as groups
left and returned from outside play. Table 1 summarizes key features with respect to the
kindergartens and the rooms selected for the study. Figure 1 shows the layout of one of the
kindergarten rooms. All kindergartens had multiple openable windows and heating and
cooling systems, and most relied on natural ventilation. Kindergarten 3 was an exception,
with ventilation provided by its air conditioning system. As per the mechanical drawings,
the system serving K3 is designed to provide 235 Ls−1 of fresh air when operating. The
supply air temperature is specified as 21 ◦C.
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Table 1. Kindergartens selected for the study.

Kindergarten/Main
Monitoring Day

Building
Age

Predominant
Materials

Ventilation
Design

Approximate
Room Size

Approximate
Room Volume

Approximate
Elevation

K1
16 August 2022 <10 years Brick veneer wall,

metal roof
Natural

ventilation 124 m2 347 m3 30–60 m

K2
29 August 2022 10–20 years

Cement sheet
cladding and
blocks, timber

framing,
plaster-lined

walls—metal roof

Natural
ventilation 118 m2 429 m3 30–60 m

K3
1 August 2022 10–20 years

Cement sheet
cladding and
blocks, timber

framing,
plaster-lined walls,

metal roof

Mechanical
and natural
ventilation

115 m2 346 m3 30–60 m

K4
3 August 2022

Over 50
years

Brick
veneer—metal roof

Natural
ventilation 98 m2 268 m3 30–60 m

K5
8 August 2022

Over 50
years

Brick
veneer—metal roof

Natural
ventilation 148 m2 421 m3 300–400 m

2.2. Data Collection

This research utilized quantitative methods to understand ventilation and thermal
comfort at selected kindergartens in Melbourne, Victoria. Melbourne’s climate is charac-
terized by uncomfortable outside thermal conditions, including daily maximums under
10 ◦C and minimums around 1 ◦C in winter and exceeding 40 ◦C in summer [35]. The
average temperatures in winter range from 6.5 to 14.2 ◦C. Data collection for this study took
place in winter, as it demonstrates a challenging period for the management of thermal
comfort and ventilation due to Melbourne’s low outdoor air temperatures. Air temperature,
relative humidity, and CO2 concentration levels were monitored using two HOBO MX1102
(manufactured by Onset, Wareham, MA, USA) at each kindergarten (K1–K5) throughout
August 2022. For thermal comfort, data including air temperature, relative humidity, air
speed, and globe temperature required to calculate predicted mean vote (PMV), percentage
of people dissatisfied (PPD), and adaptive comfort was collected for one day at each site,
the main monitoring day (see Table 1) using Testo 480 monitoring device manufactured by
Instrument Choice, Dry Creek, Australia. HOBO U12-013 data loggers manufactured by
manufactured by Onset, Wareham, MA, USA were used to record outdoor temperature and
relative humidity. The readings from the equipment were checked and compared against
each other prior to deployment in kindergartens to confirm correct operation. Equipment
was placed away from student tables, external doors, and operable windows, as well as
supply and return air points, as per the methods used by Rajagopalan et al. [4].

Locating ideal points for the placement of monitoring equipment was challenging due
to the small size of the kindergarten rooms, the active use of all areas of the room, and
the presence of multiple openings and supply and return air points. All the data loggers
were set to record data in 15-min intervals. The HOBO MX1102 has a display screen that
displays CO2 levels. This was programmed to be turned off for the study, so kindergarten
staff did not adjust their behavior due to any CO2 readings displayed. The specification of
measuring equipment is outlined in Appendix A.

The Testo 480 was set up at approximately 1 m height as close to the occupants and
close to the center of the rooms as practical, as per the methodology used by Yun et al. [36].
Where it is not possible to place the equipment at the center of the classroom due to occu-
pational safety concerns and disturbance to classroom activities, another suitable location
was selected. The researcher stayed near the Testo device to manage its correct operation
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and ensure non-interference by children and staff; however, a 2-m clearance was generally
provided to limit interference with CO2 readings. On the main monitoring day in each
kindergarten, the level of activity and clothing level of children and teachers were recorded
to establish PMV and associated PPD metrics. As exact details could not be observed,
assumptions were made regarding clothing layers. Additionally, occupancy levels, the
type of heating and cooling systems, and their operation were recorded. The opening and
closing of windows and doors were also recorded to represent natural ventilation levels.
Weather data were sourced from the nearest weather stations [37].

2.3. Data Consolidation and Analysis

Data from each pair of installed HOBO MX1102 meters was combined to provide
average values for each kindergarten room for analysis of CO2 concentration and ven-
tilation. The data collected from each kindergarten’s main monitoring day using Testo
480 was further consolidated to generate PMV and PPD values to assess thermal comfort
using the CBE Thermal Comfort Tool [38]. Globe temperature was converted to mean
radiant temperature (MRT) using the same tool. For the analysis, the child metabolic rate
recorded following ASHRAE Standard 55 [39] was multiplied by 1.21 as per the findings
of Fabbri [40], in consideration of a higher child metabolic rate. Adaptive comfort levels
were also generated by inputting internal air speed, MRT, and air temperature, as well as
prevailing mean outdoor temperature in the CBE Thermal Comfort Tool [38]. Data were
analyzed using time series, box and whiskers plots, and linear regression analysis. Also,
cluster analysis was used to examine thermal comfort based on natural ventilation level
quantified based on the amount of time windows or doors were open.

3. Results and Discussions
3.1. IAQ and Ventilation

A summary of CO2 levels recorded at each kindergarten is included in Table 2. Venti-
lation rates were calculated with the steady-state method using the peak analysis approach
as per Equation (1).

a = (Ng/V)/(Cs − Co) (1)

where a is the air change rate, N is the number of occupants in the room, g is the indoor CO2
concentration rate per person, V is the volume of the room, Cs is the final CO2 concentration,
and Co is the CO2 concentration in outdoor air. It is to be noted that a steady state was
difficult to achieve in the kinder rooms due to the very low air change rates and varying
levels of occupancy throughout the day. The peak CO2 concentration levels ranged from
1432 ppm to 1908 ppm, and average CO2 ranged from 640 ppm to 799 ppm. K5 had the
highest average, and K3 had the lowest average. The ventilation rates calculated with
peak CO2 concentration levels ranged from 2.1 to 3.1 Ls−1 per person, and the ventilation
rates calculated with average peak CO2 concentration levels during class days ranged from
5.9 to 9.3 Ls−1 per person. All these ventilation rates are lower than 12 Ls−1 per person
recommended by Australian Standards, AS 1668 [2].

Table 2. CO2 concentration levels summary.

Kindergarten Peak CO2 Level
Recorded

Average CO2 Level
(Class Times) *

Average Peak CO2
Level (Class Days) **

Ventilation Rates
Peak (L/s)

Ventilation Rates
Average (L/s)

K1 1432 ppm 675 ppm 955 ppm 3.1 5.8
K2 1552 ppm 795 ppm 925 ppm 2.8 6.1
K3 1446 ppm 640 ppm 748 ppm 3.1 9.3
K4 1679 ppm 799 ppm 923 ppm 2.5 6.2
K5 1908 ppm 796 ppm 942 ppm 2.1 5.9

* The average of all CO2 readings during all August class times. ** The average of the highest CO2 readings
recorded on each August class day.
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To provide a further understanding of the achieved ventilation rates at the kinder-
gartens, recorded CO2 concentrations for each center for each time interval during August
class days were averaged and plotted on a time series in Figure 2. Figure 2 and Table 2
confirm that only K3, which has a fresh air supply through its heating and cooling system,
maintained an average peak CO2 value that did not exceed 800 ppm. Data covering all
August class times was also reviewed using box and whiskers, as seen in Figure 3. The
cross marks in the center area represent the mean and the small circles above the maximum
represent outliers.
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Figure 3. Descriptive analysis of class time CO2 level.

Figure 3 demonstrates that K3, which was observed to be using natural ventilation
during the monitoring day and the only kindergarten with mechanical ventilation, had the
lowest mean and upper quartile CO2 levels. The upper quartile for K3 was 718 ppm. No
other kindergarten had an upper quartile below 800 ppm. Data were analyzed to demon-
strate how long the high CO2 levels lasted, the number of high CO2 level exceedances, and
the percentage of class times with high CO2 levels, as seen in Figures 4–6. The data used in
Figure 5 were based on 15-min intervals, and each time CO2 concentration exceeded the
threshold, it was counted as an exceedance.
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Figures 4–6 show that the kindergartens often exceeded 800 ppm of CO2, the level
recommended to keep below during the COVID-19 pandemic [23,24,26]. It can also be seen
from the figure that they exceeded 1000 ppm, which is the generally accepted maximum
level of 1000 ppm for significant periods. Figure 5 shows K3, with fresh air supplied through
the heating and cooling system in addition to natural ventilation, had the lowest percentage
of class time exceedance of both 800 ppm and 1000 ppm, 14 and 4%, respectively. Figure 6
demonstrates that K3 also had the lowest number of exceedances of all threshold values.
Figure 7 demonstrates the percentage of class time that natural ventilation was observed to
be used at the kindergartens on the main monitoring day. Figure 8 presents IAQ results in
clusters based on ventilation design and levels. Natural ventilation was quantified based
on the amount of time one or more windows or doors were open. Two levels of natural
ventilation were noted. K2 and K4 have lower levels of natural ventilation, and K1 and K5
have higher levels of natural ventilation.
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Figures 7 and 8 demonstrate that K2 and K4 with lower levels of natural ventilation
(NV) had higher CO2 levels than the other kindergartens with higher natural ventilation.
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When analyzing data on the main monitoring day, natural ventilation was found to be
correlated with a reduction in CO2 levels, and higher occupant density (per m3) was found
to lead to higher CO2 levels.

Although the recorded CO2 levels at the kindergartens were above recommended
levels, they were less than those identified in school classrooms in other studies conducted
before the pandemic. Multiple recent studies have recorded higher CO2 levels in school
classrooms, including levels over 5000 ppm [4,8]. This is mainly because of the instructions
to open windows and doors. Although providing fresh air with the heating and cooling
system at K3 has led to lower CO2 levels, there were still instances of 1000 ppm being
exceeded at this kindergarten. Mechanical plans show that the air conditioning unit serving
the kindergarten room is designed to provide 235 Ls−1 of fresh air when operating. Under
AS 1668.2, this could be used to provide fresh air for 20 people based on the 12 L/s
requirement or a greater number with a suitable air filtration system [2]. On the main
monitoring day, a maximum occupancy level of 27 was observed, equating to a fresh air
rate of 8.7 L/s per person from the heating and cooling system. In 1989, when atmospheric
CO2 level was lower, ASHRAE suggested 7.5 Ls−1 of ventilation would equate to 1000 ppm
of CO2 [41]. This indicates that 8.9 Ls−1 should be roughly able to achieve 1000 ppm
today based on the 18% increase in atmospheric CO2 since 1989 [42,43]. Wall-mounted
CO2 sensor alarm thresholds can be set for each kindergarten based on recommended CO2
levels and what is achievable in the kindergarten room while maintaining an adequate level
of thermal comfort. Teachers should be trained in appropriate interventions to improve
ventilation, looking at the CO2 readings for balancing ventilation and thermal comfort.

3.2. Thermal Comfort

Following analysis of IAQ and ventilation, thermal comfort was investigated using
PMV and PPD indices. PMV and PPD results were analyzed using box and whisker plots
for both teachers and children. This analysis takes into consideration air speed, MRT, air
temperature, humidity, clothing level, and activity rate. The air temperature measured
was between 12 and 22 ◦C, whereas the air velocity ranged between 0.03 and 0.42 m/s.
Relative humidity ranged between 44 to 54%. PPD of 10% or less is recommended for
general comfort in ASHRAE Standard 55 [39]. Figures 9 and 10 show PPD and PMV results,
respectively. The median PMV ranged between −0.5 to −1.4 for children and −0.65 to
−1.8 for teachers. ASHRAE Standard 55 [39] outlines a PMV range of −0.5 to +0.5 as being
acceptable for general comfort, and Figure 11 shows the percent of recorded time PMV
within this range.

1 
 

 
  Figure 9. PPD box and whiskers analysis.
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Figure 10. PMV box and whiskers analysis.

Sustainability 2024, 16, x FOR PEER REVIEW  11  of  16 
 

 

Figure 11. % of time PMV in the range of −0.5 to +0.5. 

Figure 9 confirms that on main monitoring days, K5 generally had the lowest calcu-

lated comfort, with a median PPD of 67% for teachers and 46% for children and upper 

quartiles of 54 and 80% for children and teachers, respectively. K5 had the coolest internal 

class time average temperature throughout August. K2 had the highest level of comfort 

on the main monitoring day, with a median PPD of 11% for children and 14% for teachers. 

For PMV analysis, zero indicates a neutral temperature, while positive values indi-

cate feelings of warmth and negative values cold feelings. Figure 10 shows that all kinder-

gartens’  thermal comfort  levels are  related  to being cooler  than neutral, which  is what 

would  be  expected  in winter.  Figure  11  shows  that  an  acceptable  comfort  level was 

achieved at all the kindergartens at some point during the day; however, the time within 

this zone was limited at K1, K3, and K5. Figure 10 shows that only K2 and K4 had upper 

quartiles in this range. Children and teachers in K3 and K5 often had a calculated PMV 

below −1, indicating cooler thermal conditions. External temperatures measured at each 

of the kindergartens are shown in Figure 12, and this shows that K5, which is located at 

the highest elevation, had  the coolest external conditions, which could  impact  internal 

comfort. 

 

Figure 12. External air temperature during the main monitoring day. 

10%

3%

43%

32%

12%

3%

45%

26%

12%

0%

0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%

K1 children

K1 teachers

K2 children

K2 teachers

K3 children

K3 teachers

K4 children

K4 teachers

K5 children

K5 teachers

4

6

8

10

12

14

16

18

20

7
:1

1

7
:4

1

8
:1

1

8
:4

1

9
:1

1

9
:4

1

1
0

:1
1

1
0

:4
1

1
1

:1
1

1
1

:4
1

1
2

:1
1

1
2

:4
1

1
3

:1
1

1
3

:4
1

1
4

:1
1

1
4

:4
1

1
5

:1
1

1
5

:4
1

1
6

:1
1

1
6

:4
1

1
7

:1
1

1
7

:4
1

Te
m

p
er

at
u

re
 (

°C
)

Time

K1 K2 K3 K4 K5

Figure 11. % of time PMV in the range of −0.5 to +0.5.

Figure 9 confirms that on main monitoring days, K5 generally had the lowest calculated
comfort, with a median PPD of 67% for teachers and 46% for children and upper quartiles
of 54 and 80% for children and teachers, respectively. K5 had the coolest internal class time
average temperature throughout August. K2 had the highest level of comfort on the main
monitoring day, with a median PPD of 11% for children and 14% for teachers.

For PMV analysis, zero indicates a neutral temperature, while positive values indicate
feelings of warmth and negative values cold feelings. Figure 10 shows that all kindergartens’
thermal comfort levels are related to being cooler than neutral, which is what would be
expected in winter. Figure 11 shows that an acceptable comfort level was achieved at all the
kindergartens at some point during the day; however, the time within this zone was limited
at K1, K3, and K5. Figure 10 shows that only K2 and K4 had upper quartiles in this range.
Children and teachers in K3 and K5 often had a calculated PMV below −1, indicating
cooler thermal conditions. External temperatures measured at each of the kindergartens
are shown in Figure 12, and this shows that K5, which is located at the highest elevation,
had the coolest external conditions, which could impact internal comfort.
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Figure 12. External air temperature during the main monitoring day.

ASHRAE Standard 55 [39] also provides an alternative adaptive model for determining
acceptable thermal conditions in occupant-controlled naturally ventilated spaces. The
standard outlines that in these spaces, cooler indoor conditions will be acceptable in cooler
weather and warmer conditions in warmer weather. Consistent with the adaptive model,
de Dear et al. [44] confirmed that there was greater thermal tolerance in school students
exposed to a wider range of weather variations. The relevance of the standard’s adaptive
model for children in kindergartens can be questioned, as artificial heating and cooling
are used, and children cannot open and close windows. The adaptive comfort analysis
was, however, applied to the kindergartens, and it demonstrated that acceptable thermal
comfort was achieved nearly all the time in K2 to K4, 97% of the time in K1, and 57% of the
time in K5, the main monitoring days.

K3 did not have a particularly low air temperature on the main monitoring day, though
it had low PMV values with means below −1 for teachers and children and mean PPD of
32% for children and 44% for teachers. On the main monitoring day, the air temperature
was above 18 ◦C for 86% of the observed period and over 20 ◦C for 32% of it. Children and
teachers had similar activity and clothing levels to other kindergartens. This kindergarten,
however, had a higher air velocity reading of 0.2 m/s on average throughout the main
monitoring day (compared to 0.08–0.12 m/s at the other centers) caused by its packaged air
conditioning unit. This shows the impact of the kindergarten’s higher air velocity readings
on thermal comfort calculations. Some areas of the room further away from the heating
and cooling system supply air points may have experienced improved comfort levels.

This study used objective data to analyze thermal comfort in kindergartens. The
lack of subjective responses about children’s comfort perceptions is a limitation of this
study. Higher levels of discomfort were calculated at K5. This is also the only kindergarten
observed to open windows in addition to doors. Although natural ventilation would affect
comfort across the centers, a higher focus on ventilation at K5 may have a greater impact.
The kindergarten’s lower outside air temperatures would also be influencing the thermal
comfort conditions.

3.3. Ventilation and Thermal Comfort Correlational Analysis

To understand the thermal comfort impact of natural ventilation, it was correlated with
PPD for teachers and children, and the results are shown in Figure 13. A low correlation
coefficient was observed. High p-values show that the relationship is not significant.
Thermal comfort data were analyzed in clusters based on natural ventilation level, as
shown in Figure 14.
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Figure 14. PMV cluster analysis.

Figure 13 shows a trend of natural ventilation provision decreasing thermal comfort,
demonstrating that improving IAQ through natural ventilation can have negative impacts
on comfort. Figure 14 analyses PMV at the kindergartens in clusters, with data from K2
and K4, which had lower levels of natural ventilation compared to the other kindergartens
that had higher levels of natural ventilation. There are opportunities to reduce natural
ventilation to benefit energy efficiency and thermal comfort without exceeding the maxi-
mum 800 ppm CO2 level. Other than equipment used for this study, no CO2 monitoring
equipment was identified at the kindergartens. Wall-mounted CO2 monitoring equipment
could alert teachers to higher levels of CO2 and prompt an increase in ventilation. This
could assist with the management of IAQ and thermal comfort at kindergartens in the short
term; however, teachers do need to focus on educating children, and this does not provide
a long-term solution. In the longer term, mechanical ventilation systems integrated with
demand-control ventilation can be designed to provide a controlled amount of fresh air.
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4. Conclusions

This study has investigated ventilation and thermal comfort conditions at selected
kindergartens using field monitoring during winter. It was found that the CO2 level
exceeded recommended maximums and was up to 1908 ppm, and the calculated ventilation
rates ranged from 2.1 to 3.1 and 5.9 to 9.3 Ls−1 per person with the peak and average CO2
concentration levels, respectively. Thermal comfort levels were often outside the comfort
range, with median PMV values ranging between −0.5 to −1.4 for children and −0.65 to
−1.8 for teachers. Median PPD values ranged between 11 and 46% for children and 14 to
67% for teachers.

A kindergarten that used a combination of natural and mechanical ventilation systems
was found to have lower CO2 levels than the kindergartens relying solely on natural
ventilation. Throughout the research, it was observed that some kindergartens would
intentionally open windows and/or doors for no reason other than ventilation, while at
other kindergartens, natural ventilation occurred when doors were opened to facilitate
outside play. At times, CO2 levels were well below recommended maximums. Still,
significant natural ventilation was provided, which adversely impacted thermal comfort
conditions. The provision of wall-mounted CO2 sensors with alarms is recommended for
all kindergartens, subject to the support of teachers, as an initial step to improve comfort
and IAQ.

Though thermal comfort estimation based on a single-day measurement is a limitation,
this study provided valuable insights into the indoor thermal and ventilation conditions of
kindergartens in Australia. Also, the PMV model has limitations in predicting the thermal
sensation of children. Given the limitations, there are opportunities for further research.
The study could be extended for summer months to understand the IAQ and thermal
comfort implications when outdoor temperature is high, particularly during periods of
extreme temperatures. Additional research involving surveys to collect subjective responses
from children and teachers about their thermal perceptions is required to compare with the
calculated PMV indices. Further research involving the installation of energy sub-metering
on heating, cooling, and ventilation systems before and after the introduction of mechanical
ventilation could assist in determining the energy implications.
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Appendix A. Monitoring Equipment Accuracy

Table A1 outlines the monitoring equipment utilized for the study and its accuracy.
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Table A1. Monitoring equipment accuracy.

Device Reading Accuracy Source

Testo 480 IAQ probe Air temperature ±0.5 ◦C Testo SE and Co (2022) [45]

Testo 480 IAQ probe Humidity ±(1.8% RH + 0.7% of mv) Testo SE and Co (2022) [45]

Testo 480 IAQ probe CO2
±(75 ppm + 3% of mv)

0 to +5000 ppm Testo SE and Co (2022) [45]

Testo 480 globe thermometer MRT Class 1 Testo SE and Co (2022) [46]

Testo 480 comfort level probe Velocity ±(0.03 m/s + 4% of mv) Testo SE and Co (2022) [47]

HOBO MX1102 Temperature ±0.21 ◦C from 0◦ to 50 ◦C Onset Computer Corporation
(2015) [48]

HOBO MX1102 Humidity Maximum of ±4.5% at 25 ◦C Onset Computer Corporation
(2015) [48]

HOBO MX1102 CO2
±50 ppm ±5% of reading at 25 ◦C, less

than 70% RH and 1013 mbar
Onset Computer Corporation

(2015) [48]

HOBO U12-013 Temperature ±0.35 ◦C from 0◦ to 50 ◦C Onset Computer Corporation
(2016) [49]

HOBO U12-013 Humidity Maximum of ±3.5% from 10% to
90% RH

Onset Computer Corporation
(2016) [49]
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