®

|—JSACE 1/32

Use of Carbon
Dioxide (CO,)
Monitors

to Assess
Ventilation
Effectiveness
in Schools

Received
2022/06/01

Accepted after
revision

2023/03/27 I

Abstract

Introduction

ktu

1922

Journal of Sustainable

Architecture and Civil Engineering

Vol. 1/ No. 32/ 2023
pp. 130-144

DOI10.5755/j01.sace.32.1.31536

Journal of Sustainable Architecture and Civil Engineering 2023/1/32

Aniebietabasi Ackley*, Michael Donn, Geoff Thomas, Wallace Enegbuma
Victoria University of Wellington, Wellington, New Zealand

Shuva Chowdhury
North Carolina A&T State University, USA

*Corresponding author: aniesity@gmail.com

https://doi.org/10.5755/j01.sace.32.1.31536

The COVID-19 pandemic has highlighted the importance of good ventilation in mitigating the transmission
of airborne virus particles. In many countries, CO, monitors have been mandated for use in indoor spaces to
inform good ventilation practices. However, there is limited guidance on the use of CO, monitors to assess
ventilation performance in large groups of buildings. In occupied classrooms, locating multiple monitors to
collate reliable environmental data can be a difficult task because of the functions and usage of the space.
This study used observations and physical measurements of CO, in three real-world naturally ventilated
classrooms, in three primary schools to assess whether the use of a single CO, monitor, in one location
could predict the room ventilation performance. The results indicate that for naturally ventilated classrooms,
a single CO, monitor placed at head height (about 1.5 m) on a vertical wall, away from windows, doors, or
air supply, and not directly under the breathing zone of occupants can be used to express the ventilation
performance of classrooms. This study provides a systematic method for monitoring CO, to direct ventilation
intervention programmes for large groups of school buildings.

Keywords: carbon dioxide, classrooms, mesurement locations, sensors, ventilation performance.

Ventilation is one component of maintaining healthy indoor environments and it is an important
COVID-19 mitigation measure for schools (Corsi et al., 2021; Gettings et al., 2021). Good ventilation
simply means providing sufficient fresh air into indoor spaces and this is associated with removing
air that contains virus particles and is essential in preventing the spread of COVID-19 (MoE, 2022B,,
CDC, 2021). Ventilation rate can be estimated from the concentration of CO, (Mahyuddin & Awbi,
2012; Aliboye, et al.,, 2006) and is generally expressed in air changes per hour or fresh air supply
rate per person. CO, is in exhaled breath and monitoring CO, concentrations is the most common
approach used to measure ventilation performance in schools, given that it is often used as a sur-
rogate of the rate of outside air supply per occupant (Ackley et al., 2022; Daisey et al., 2003).

Studies (Daisey et al., 2003; Kruisselbrink et al., 2016; Milton et al., 2000) have shown that CO, levels
exceeding 800 parts per million (ppm) are frequently associated with lack of fresh air in a building.
At levels normally measured in buildings, CO, is not considered a contaminant. However, given that
certain levels of indoor CO, correspond to various ventilation rates, it is widely recognised as an
indicator of the ventilation rates inside a building (Persily, 1997). For example, “CO, levels of 800
ppm, 1250 ppm, and 2000 ppm corresponds to approximately the air exchange rates of 6, 3, and 2
ACH, or the fresh air supply rates of 10, 6, and 4 L/s/person in a typical classroom - depending on
occupancy and volume” (Chen et al., 2022). Outdoor CO, levels are currently about 410 ppm. Com-
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plaints of headaches, drowsiness, lethargy, tiredness, eye, nose and throat irritation maybe more
prevalent at CO, concentrations that are three or four times higher than the outdoor levels (Daisey
et al,, 2003; OSHA, 2017). In schools, CO, levels exceeding 1000 ppm can indicate a potential fresh
air/ventilation problem (Fisk et al., 2013; Rosbach et al., 2013; Satish, Mendell, Shekhar, Hotchi,
Sullivan, et al,, 2012), and studies (Cartieaux et al., 2011; Dorizas et al., 2015; Ferreira & Cardoso,
2014; Salthammer et al., 2016) have associated the prevalence of allergic and respiratory diseases
among school children with poor ventilation in classrooms.

“Carbon dioxide is a colourless and odourless gaseous element which, on itself is not a problem,
but when at high concentration level, with a concentration of body smells (bioeffluents) and other
unwanted pollutants, it has a very sharp, acidic odour that is irritating to humans” (Persily, 1997).
A CQO, level higher than the outdoor level can be used as a tracer gas to study ventilation perfor-
mance within a space and many school related studies (Aliboye et al., 2006; Rosbach et al., 2013;
Satish et al., 2012) have widely used CO, measurements because of the advantage of requiring
relatively simple equipments. However, these studies do not provide guidance on representative
placement of CO, monitors (sensors), as there is inconsistency between the different measure-
ment strategies used by researchers in selecting representative locations and the number of CO,
sampling sensors needed in a space. Mahyuddin & Awbi, (2012) stated that the location of sensors
largely depended on researchers’ personal experiences.

Researchers suggest that the best position to locate CO, sensors was at seated head height
(Jones & Kirby, 2012; Mumovic et al., 2009), and the breathing zone (Priyadarsini et al., 2022; Gao
etal, 2014;) in a classroom. Commonly used measurement heights were, 0.6 m (Dias Pereira et
al.,, 2014), 1.1 m (Bennett et al., 2019b; Bakd-Bird et al., 2012; Zeiler & Boxem, 2009; Mumovic et
al., 2009;), 1.2 m (Priyadarsini et al., 2022; Mahyuddin, Awbi, & Alshitawi, 2014; Godwin & Batter-
man, 2007), 1.5 m (Priyadarsini et al,, 2022; Rosbach et al., 2013; Geelen et al., 2008; Norback &
Nordstrom, 2008; Lawrence & Braun, 2007; Katsoulas, 2002; Shendell et al.,, 2004; Chung & Hsu,
2001), and 1.8 m (Coley & Beisteiner, 2016; Mahyuddin, Awbi, & Alshitawi, 2014; Gao et al., 2014;
Coley & Beisteiner, 2002) respectively.

Many of these authors suggest that CO, sensors should be located to avoid exposure to heat
sources such as the sun and heating systems and away from windows which could influence the
data values due to direct airflow, and measured CO, using a single sensor in one location. Though
measurement heights of 1.1 m and 1.5 m at the center of the space were largely used in previous
studies, a few studies such as Mahyuddin, Awbi, & Alshitawi, (2014) used 12 sensors, Zeiler & Box-
em, (2009) used 14 sensors, and Godwin & Batterman, (2007) used 6 sensors. The most obvious
reason for using multiple sensors is the differences in the objectives of these studies. Additionally,
some researchers did not state the number of sensors used in their measurement protocol (Mi et
al., 2006; Chung & Hsu, 2001; Mysen et al., 2005) and though a few others stated that their sensors
were located centrally, they did not state the specific height of the sensors (Ferreira & Cardoso,
2014; Bartlett et al,, 2004; Jones & Kirby, 2012; Grimsrud et al., 2006; Sekhar et al., 2003).

Majority of these studies were carried out in mechanically ventilated classrooms with limited
information about CO, measurement protocols in naturally ventilated classrooms, and did not
examine whether the use of a single sensor is representative of the CO, levels across a classroom.
The variance in the number of sensors used in these previous studies and the different placement
height (such as 1.1 m and 1.5 m) of the sensors within the space illustrates the challenges of
establishing the most appropriate approach towards field measurement of CO, concentration,
especially in occupied classrooms.

In reposne to improving ventilation to mitigate the transmission of COVID-19, many countries
such as the United Kingdom, New Zealand, Ireland, Belgium, and the United States of America
have rolled out CO, sensors in schools and public spaces. This is as a response to the application
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of CO, monitoring, which has been widely suggested during the pandemic to support active
management of ventilation, aimed at minimizing infection risk.

In New Zealand, the Minitsry of Education (MoE) has rolled out CO, sensors to all schools as part
of a ventilation self-assessment toolkit (Henry, 2021). The MoE is continuing to take a phased
approach to deploying a one-point (single) multi-variable internal environmental monitoring de-
vice (also called data logger and sensors) to measure CO, levels, temperature, light, and relative
humidity and sound levels in schools (MoE, 2022a). The later is aimed at developing a method for
routine measurement of the environmental conditions of New Zealand's school building portfolio
to collect hard data to inform investment decisions (MoE, 2022a).

To make sense of the readings from the CO, sensors, several countries have made recommen-
dations on CO, concentration levels that translate to effective ventilation. In some cases, these are
lower values than recommended in national building codes and some countries have also used
highly visual display screens in some public spaces. However, there has not yet been any evalua-
tion of the best place to locate these sensors in occupied spaces to be representative of the space,
especially in school buildings which could be impacted by many factors, including occupancy and
usage. Also, appropriate information and support that is specifically tailored to the group of users
who will intervene in response to the CO, measurements is lacking.

Table 1 presents a high level summary of the CO, guidance in different countries in response to
COVID-19, and shows that there is a common agreement across a range of countries that CO,
levels under 800 ppm would translate to good ventilation.

Authors Country/Organization €O, Guidance
(DQLS, 2022; MoE, 2022b) New Zealand <800 ppm
(HPSC, 2021) Ireland 800 ppm
(AIST, 2020) Japan <1500 ppm
(HCSP, 2022) France 800 ppm
(IRK, 2020) Germany 1000 ppm
(WHO, 2020, 2021) World Health Organization 800 ppm
(CDC, 2021) USA 800 ppm
(REHVA, 2022) European Union 800 ppm
(ECDC, 2020) European Union 800 - 1000 ppm

Though CO,monitoring is technically straightforward, it requires clear guidance to enable sensors
to be used effectively by users to sustain better ventilation. In any occupied classroom, the num-
ber of CO, sensors, the placement of the sensors, and their calibration and maintenance are very
important to obtaining reliable data. For example, the CO, concentration measured by a single
sensor fixed on a wall may not be a true representation of the actual concentrations in the occu-
pied space, if airflow from air conditioning systems, or drafts from windows flows directly over
the sensor location, the measurements recorded will be artificially low. Hence, this study aims to
investigate whether a one-point CO, sensor can predict the concentration across a classroom and
where might be the best location for a one-point sensor.

This paper is an extended experiment that builds on an earlier work by (Ackley, 2021a; Ackley et
al., 2020, 2021b, 2018), which investigated if a one-point sensor measurement could reveal the
distribution of lighting and thermal performance across a space. While the previous studies fo-
cused only on the lighting and thermal variable, the specific objectives of this study are:
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To explore the adequacy of using a one-point CO, sensor to assess the ventilation perfor-
mance of classrooms.

To provide guidance on how to use a one-point CO, sensor to better express the room ven-
tilation performance for large groups of school buildings.

Prior to the COVID-19 pandemic, three typical classrooms in three schools with different environ-
mental conditions and orientations were selected from the New Zealand Ministry of Education’s
(MoE) building portfolio for the case study. As reported in Ackley et al (2020 and 2021), the class-
rooms were naturally ventilated, with windows on two opposite walls and are typical building
designs that are commonly found in many New Zealand schools. Using the MoE ‘Smooth Sensor’
monitors, all five environmental variables (lighting, temperature, humidity, sound and CO,) were
measured, but only the CO, result is reported in this paper. As shown in the case study classroom
floor plans in Fig. 1, the goal was to compare the spatial relationship between the multiple hor-
izontal measuring planes sensors (A1-3) positioned at a height of 0.8 m looking upwards with
that of the vertical one-point sensors on each of the 4 walls (B1-4) positioned at a height of 1.5
m above the ground. A single external sensor was also placed at a height of 1.5 m in the outside
covered corridor.
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Line graphs, sparklines, ratio analysis and averages were used to analyse four days of data col-
lected in each season (summer - case study one, autumn - case study one and two, and spring
seasons - case study three). Line graphs were used to visually assess trends and patterns in the
data, while sparklines (tiny graphical trend lines) were displayed on the floor plans of the spaces
to enable a comparison of the spatial differences in data trends. Averages were used to assess
the extent of variation between horizontal and vertical sensors and a ratio analysis (quantitative
method) was carried out to measure how much a variable has changed between two measure-
ments. Observations for one school day in each of the three case study classrooms were carried
out using a pre-designed template to understand how the spaces were used by the occupants (the
template included observations such as occupant'’s action to open and close windows, the number
of occupants, break periods and the type of learning activities). The measurement interval was 10
seconds and data was analysed from 8 am to 3 pm for the school days. A three-step calibration
procedure was used; (1) in-depth calibration of the sensors at the Building Research Association
of New Zealand's (BRANZ) laboratory, (2) calibration of sensors in a systematic grid (sensors
were placed in a horizontal surface and data compared with that of a research grade reference
sensor), and (3) as shown in Fig. 2, sensors were paired and spot measurement calibration (com-
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paring readings to that of the reference sensor) was carried out at the case study classrooms im-
mediately after the sensors were deployed and before they were removed. The CO, measurement
range was 300 to 5000 ppm (+0.2°C accuracy), temperature range was -40 to 125°C (+0.2°C accura-
cy) and humidity range was 0-100% (accuracy: +3.0% of reading or +50 ppm - whichever is greater).

School Days CO, Analysis

In Fig. 3, the school days were analysed to explore the relationship between horizontal measuring
plane sensors and vertical wall sensors. CO, concentrations appear to rise and fall at different pe-
riods in a typical school day and follow a similar pattern in all three case studies and seasons. The
CO, level rises from a base of about 410 ppm (external atmospheric CO, concentrations) to a peak
of about 2,300 ppm. During the one day observation, a reference handheld CO,sensor was used to
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carry out spot measurements at different times of the school day. It was observed that the fluctua-
tions in CO, levels was due to occupancy and the occupants’ actions to opening and closing of doors
and windows. As shown in case study one, the spikes in sensors Al and A2 was due to the location
of these sensors at the central area of the classroom and from the observation of space usage,
students like to converge around the central area. These two sensors had the highest CO, levels at
some point in time. For example, the summer line graph in case study one shows sudden spikes
of high and low CO, levels at a point in time, while the autumn graph shows high levels of CO, in
the morning hours which remained constant for a longer period. This illustrates that instances of
window opening during the summer potentially reduced the CO, levels while the windows were
closed for a longer period during autumn where heaters were used to warm up the space.

Though the line graph patterns show a relatively consistent rise and fall of CO, levels across sen-
sor points, the trend indicates that there is a variation in CO, levels between horizontal measuring
plane sensors and vertical wall sensors. There were periods of a sudden spike in CO, levels in sen-
sors that were closer to occupants. For example, during spring in case study three, when central
horizontal measuring plane sensor A2 recorded about 2300 ppm, vertical wall sensor (North) B3
recorded <1300 pm. Given that the rapid increase of CO, concentration was due to CO, generation
(as a result of people breathing) and the rapid decreases are removal of those sources (probably
opening windows and doors), these patterns indicate that under the influence of CO, sources there
was a more obvious variation in CO, levels. The decrese in CO, levels when windows and doors
were open for airflow affirms that CO, monitoring is a good indicator for assessing ventilation
performance in classrooms.

In Fig. 4, the sparkline pattern also shows variations in CO, concentration across sensor points.
For example, the horizontal plane sensors (A1-3) showed a spatial variation with the vertical wall

Case Study One

N =

B4

RS J

A2 A2

Autumn Summer

T
x

o] [ ] ™ Y v R e
A3 L) —
A
1
B2 B2
— —
Case Study Two Case Study Three
Autumn Spring
Breakout L N - - -
Space - — N P
by M s — |
M Breshont
. | ) B
Al
A— e
Breakout reakont Space e G

Space I

Sparklines showing
CO, visual patterns
comparison between
horizontal measuring
plane (A) and vertical
wall (B) sensors - 8
am to 3 pmin the
school days



Ratio Analysis
comparing the
relationship between

CO, levels at the central
horizontal sensor A2
with vertical wall sensors
B1-4 respectively

Comparison of ratio
between horizontal
and vertical sensors

Journal of Sustainable Architecture and Civil Engineering 2023/1/32

sensors (B1-B4). This was more obvious during the summer in case study one and during spring
in case study three. It was observed that some windows were usually opened during the teaching
period and students tend to open and close windows when they feel warm or cold. Hence, it is in-
dicative that the occupancy pattern and airflow within the space resulted in the temporal variance
in CO, concentration across the space.

Carbon dioxide Comparative Ratio Analysis

In Tables 2 to 4 and Fig. 5 to 7 below, the values recorded on the central horizontal sensor A2 was
divided by the values on the vertical wall sensors B1-B4 during school days. The frequency of the
data was categorised into four bins depending on the ratio of change between the two compared
variables and percentages were used to describe the fold change. The relationship between the
horizontal plane and vertical wall sensors was for 80% of the time largely consistent around a
ratio of 1.0 - 1.5, which indicated that a vertical wall sensor can reliably predict the CO, levels at
the centre of a classroom. However, as reported above, during instances of higher CO, levels the
ratio increased to 1.5 and could be higher at a point in time, which indicates an obvious variation
in CO, at higher levels, compared to lower levels.

CO, levels spiked at some point in time, which is most likely due to occupancy and space usage,
but the overall trends didn't compromise the large consistency in the ratio between the vertical
and horizontal plane sensors. These trends suggest that provided the factors of CO, variability are
taken into account, a vertical wall sensor can predict CO, levels at the centre of a space and can
assist with the diagnosis of patterns when measuring CO, levels in many school buildings. The
application of these findings in assessing ventilation performance is discussed further below.

Case Study One - Summer

Bin A2(Central)/B1(South) A2(Central) /B2(East) A2(Central) /B3(North) A2(Central)/B4(West)
Frequency Percentages Frequency Percentages Frequency Percentages Frequency Percentages
0.5-0.99 6 0% 0 0% 0 0% 50 2%
1.0-1.19 130 5% 87 3% 188 7% 319 13%
1.2-15 2334 93% 2399 95% 2278 90% 2121 84%
>1.5 53 2% 37 1% 57 2% 33 1%
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Case Study Two - Autumn

A2(Central)/B1(South) A2(Central) /B2(East) A2(Central) /B3(North) A2(Central)/B4(West)

Frequency Percentages Frequency Percentages Frequency Percentages Frequency Percentages

0.5-0.99 1743 76% 1959 83% 905 38% 1899 80%
1.0-1.19 612 26% 360 15% 1450 62% 456 19%
1.2-15 0 0% 27 1% 0 0% 0 0%
>1.5 0 0% 9 0% 0 0% 0 0%
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Case Study Three - Spring

A2(Central)/B1(South) A2(Central) /B2(East) A2(Central) /B3(North)
Frequency Percentages Frequency Percentages Frequency Percentages
05-0.99 1812 72% 1 0% 2490 99%
1.0-1.19 436 17% 1863 74% 13 1%
12-15 263 10% 645 26% 10 0%
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Comparison between Horizontal and Vertical Sensors Average CO, Levels

Table 5 shows the result for the school hours (8 am to 3 pm) in case study one. The goal of analys-
ing the averages was to identify the possible range of variation between CO, concentrations across
the various sensor points. Sensors A1-3 where the spatial horizontal measuring plane sensors
while sensors B1-4 where the vertical wall sensors respectively, while sensor C1 was the external
sensor located outside the building. The column annotated as “Diff” represented the calculation
of the difference between sensor A2 (Central) and the vertical wall sensor that showed the least
relationship to ascertain the level of variation between the sensor points.

The data generally shows that CO, variation between the horizontal measuring plane sensors
and the vertical wall sensors were largely <100 ppm, which is relatively close to the instruments’
accuracy of +/- 50 ppm. During the cold autumn season, there were variations in the levels of
CO, when the classroom windows were closed to warm up the space. However, the difference
becomes less pronounced during the summer (warmer) when the windows and doors in the
classrooms were opened for cross ventilation. This illustrates that the sensors had more identical
values, unless under the influence of CO, sources (someone breathing at the sensors) and actions
of occupants to close and open their windows. Furthermore, CO, variations were also evident
among different locations with same heights. For example, in case study one — autumn, and at 10
am, the average CO, concentration measured at sensor A1 was 1634 ppm, while that of sensors
A2 and A3 were 1520 and 1452 ppm respectively. This indicates an uneven distribution of CO, even
within the same horizontal measuring height.

Case Study One - Autumn

The grey column is the difference between sensor (A2) and the vertical sensor with the least correlation in the ratio analysis

Hour Central Central Central South East North West Diff External
Al(ppm) =~ AZ(ppm) A3 (ppm) BT (ppm) B2 (ppm) B3 (ppm) B4 (ppm) (ppm)  CI (ppm)

8am 682 554 543 542 555 520 546 -1 533

9 am 1140 1025 1011 1064 1133 1107 1148 -108 530

10 am 1634 1520 1452 1633 1674 1549 1682 -154 528

11 am 673 722 704 755 666 825 849 56 534

12 pm 680 605 614 646 693 588 669 -88 533

T pm 692 693 682 722 738 672 725 -45 523

2pm 676 677 630 700 696 672 690 -19 523

3pm 452 478 423 478 508 480 516 -30 536

Case Study One - Summer

The grey column is the difference between sensor (A2) and the vertical sensor with the least correlation in the ratio analysis

Hour Central Central Central South East North West Diff External
Al (ppm) A2 (ppm) A3 (ppm) BT (ppm) B2 (ppm) B3 (ppm) B4 (ppm)  (ppm)  C1 (ppm)

8am 473 618 486 526 538 555 582 80 440

9 am 1180 1031 886 1001 995 984 1092 36 443

10 am 412 515 405 456 469 453 482 46 401

1Tam 416 546 409 464 479 454 477 67 402

12 pm 449 511 407 461 460 448 475 51 401

1 pm 436 545 424 475 476 457 492 69 401

2pm 410 536 408 463 471 460 475 65 402

3pm 453 588 453 533 543 504 518 45 400
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Summariliy, the results of all three case studies and across all seasons indicated that under the
influence of CO, sources there is non-uniformity of CO, concentration between horizontal measuring
plane sensors and the vertical wall sensors. The analysis showed that the variability of CO, concen-
tration between horizontal measuring plane sensors located at the center of the classroom and ver-
tical wall sensors was largely <100 ppm. This variation was observed to be due to the proximity of
groups of CO, sources (such as students) and lack of air movement in relation to the sensors’ posi-
tion. These findings are consistent with a study by Mahyuddin & Awbi, (2010) which found that “in the
spatial distribution of CO,, the difference between the maximum and the minimum concentration
was in the range of 76-123ppm”. ASTM, (2009) suggested that when measuring multiple CO, points,
the monitored points should differ by less than 10% of the average CO, concentration in the building.

In the literature, researchers mostly preferred measurement heights of 1.1 m and 1.5 m at the
middle of a zone and having one sampling point in a room at a representative location. However,
when CO, concentration is non-uniform as evident from the analysis above, there will be devia-
tions from the average expected CO, levels across a space. The results of this study showed that
higher levels of CO, concentration were also found on the wall mounted sensors (1.5 m), which
were not within the students breathing zone. The horizontal plane sensors, which were within the
students breathing zone also showed a variance in CO, concentration at some point in time (and
even among different locations with the same height). Mahyuddin et al., (2014) experiment on the
spatial distribution of CO, levels across different heights indicated that even at higher levels in a
room above 1.0 m and 1.2 m, there were higher CO, concentration values. They suggested that
deviations from the average measured values could become large when there is a significant
variation in CO, concentration levels.

Therefore, it can be inferred that when measuring CO, concentration at scale in buildings to assess
ventilation performance, a +100 ppm temporal non-uniform variation of CO, concentration is not
so large, given that it might be within the acceptable CO, concentration limit and is highly unlikely
to constitute a risk to health in the range of values found in this paper. When measuring CO, levels
at scale in buildings to identify good and poorly ventilated spaces, Fig. 8 uses a typical simple
form classroom typology to illustrate and provide guidance on how to use a one-point sensor to
measure CO, levels in a large property portfolio.
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This study has showed that due to non-uniform air-flow, occupancy ratio and exhalation, activity
levels (breathing near horizontal sensors placed on tables showed instances of a high spike in
CO, levels) and external conditions such as outdoor CO, levels, there were varying levels of CO,
concentration from location to location in the case study classrooms. The extent of variation was
about £100 ppm, and this value could vary from one part of a space to another especially during
the cold days/season when the windows are closed to keep temperature within acceptable levels
for teaching. The variation becomes less pronounced during the warm summer season when
occupants in the naturally ventilated classrooms frequently opened their windows for air flow.

In any occupied real-world classroom, it can be practically impossible to measure reliable CO,
concentration on the working plane or at the central occupied zone without the occupants effect
and obstruction of the functions of the space. Also, it might not be cost effective (in a large prop-
erty portfolio) and could be practically difficult to deploy multiple CO, sensors in each space, due to
the nature of the day to day activities carried out in the classroom. Hence, the use of a one-point
sensor will suffice.

To explore the adequacy of using a one-point sensor to better express the ventilation performance
in classrooms, this study used observations and physical measurements of CO, in three typical
New Zealand classrooms and the main conclusions are that:
Measuring CO, using a one-point sensor at a wall height of about 1.5 m and not relatively
close to people (avoid the occupant’s effects) can be useful in assessing ventilation perfor-
mance. This measurement should be carried out in conjunction with the understanding of
the sources of CO, and their distribution.

However, using more than one sensor to measure CO, in an occupied space could signifi-
cantly improve the accuracy of determining the average CO, concentration that is represen-
tative of the space.

Given that many factors affect the effectiveness of natural ventilation (such as being de-
pendent on human behaviour and ambient conditions), it can be inferred that the one-point
CO, measurement protocol above could be applicable to mechanically ventilated classrooms
that have a more consistent and controlled ventilation performance.

Additionally, in respect to making sense of CO, readings, the following is recommended:
To understand the readings, a consistent CO,value less than 800 ppm is an indication that an
indoor space is well ventilated and readings consistently higher than 1500 ppm are likely to
indicate overcrowding or poor ventilation and requires actions to be taken to lower the levels.

Continuous CO, monitoring is valuable because it can help asset managers to easily identify
ventilation issues and occupants to actively manage existing ventilation including balancing the
need for good ventilation alongside thermal comfort, moisture, energy use and noise control.

Due to the limited evidence-base on the effectiveness of monitoring CO, and other indoor air qual-
ity elements, further research and assessment in practice is required. But this study will assist
architects, engineers, policy makers, and building scientist to understand how they might use
limited number of sensors for routine prediction of ventilation performance in classrooms. The
same process could be used, possibly with some modifications in any large property portfolio to
prioritise ventilation remediation works.

Acknowledgements

The authors acknowledge the support of the New Zealand Ministry of Education and the case
study schools which we are unable to mention the name due to reasons of confidentiality and the
Learning Environment team at the School of Education, Victoria University of Wellington.
Disclosure statement

No potential conflict of interest was reported by the authors.



Journal of Sustainable Architecture and Civil Engineering

Ackley, A., Longley, I, Chen, J., MacKenzie, S,
Sutherland, A., Jermy, M., Phipps, R., & Renelle, G.
(2022). The Effectiveness of Natural Ventilation-A
Case Study of a Typical New Zealand Classroom
with Simulated Occupation (Issue May).

Ackley, A. (2021). Measuring Indoor Environmental
Quality (IEQ) in a National School Property Portfo-
lio. In Victoria University of Wellington (Issue Fe-
bruary). https://openaccess.wgtn.ac.nz/articles/
thesis/Measuring_Indoor_Environmental_Quali-
ty_IEQ_in_a_National_School_Property_Portfo-

lio/14050715/1

Ackley, A., Donn, M., & Thomas, G. (2020). Measuring
the lighting performance in a national school pro-
perty portfolio. Architectural Science Review, 1-15.
https://doi.org/10.1080/00038628.2020.1806780

Ackley, A., Donn, M., & Thomas, G. (2021). Moni-
toring indoor thermal performance in a National
School Property Portfolio Monitoring indoor ther-
mal performance in a National School. Intelligent
Buildings International, 1-28. https://doi.org/10.10
80/17508975.2021.1997702

Ackley, A., Donn, M., & Thomas, G. (2018). Measu-
ring the Daylight Performance of Classrooms : Can
a One Point Sensor Measurement Predict the Dayli-
ght Distribution within a Space? 52nd International
Conference of the Architectural Science Association
(pp. 43-52).

AIST. (2020). Monitoring carbon dioxide concentrati-
on in a room as an indicator of ventilation. Covid-19
Al & Simulation Project. https://www.covid19-ai.jp/
en-us/presentation/2020_rqg2_infection_preventi-
on/articles/article010/

Aliboye, P, White, M., Graves, H., & Ross, D. (2006).
Ventilation and Indoor Air Quality in Schools: Gui-
dance Report 202825. Indoor Air, March.

ASTM. (2009). Standard Test Method for Deter-
mining Air Change in a Single Zone by Means of
a. Time, 00(Reapproved 2006), 1-17. https://doi.
org/10.1520/E0741-00R06EQ1.2

Bako-Biro, Z., Clements-Croome, D. J., Kochhar,
N., Awbi, H. B., & Williams, M. J. (2012). Ventilation
rates in schools and pupils’ performance. Building
and Environment, 48(1), 215-223. https://doi.or-
g/10.1016/j.buildenv.2011.08.018

Basset, M., & Gibson, P. (1999). Indicators of natu-
ral ventilation effectiveness in twelve New Zealand
schools. The 8th International Conference on Indoor
Air Quality and Climate, 298-303.

Bassett, M., & Gibson P. (1999). Indicators of natu-
ral ventilation effectiveness in twelve New Zealand
schools. In Proceedings of the 8th International
Conference on Indoor Air Quality and Climate.

2023/1/32

Bennett, J., Davy, P, Trompetter, B., Wang, Y., Pier-
se, N., Boulic, M., Phipps, R., & Howden-Chapman,
P. (2019a). Sources of indoor air pollution at a New
Zealand urban primary school; a case study. Atmos-
pheric Pollution Research, 10(2), 435-444. https://
doi.org/10.1016/j.apr.2018.09.006

Bennett, J., Davy, P, Trompetter, B., Wang, Y., Pier-
se, N, Boulic, M., Phipps, R., & Howden-Chapman,
P. (2019b). Sources of indoor air pollution at a New
Zealand urban primary school; a case study. Atmos-
pheric Pollution Research, 10(2), 435-444. https://
doi.org/10.1016/j.apr.2018.09.006

Cartieaux, E., Rzepka, M. A,, & Cuny, D. (2011). In-
door Air Quality in Schools. Archives de Pediatrie,
18(7), 789-796.  https://doi.org/10.1016/j.arc-
ped.2011.04.020

CDC (2021). Ventilation in Buildings. Centers for
Disease Control and Prevention. https://www.cdc.
gov/coronavirus/2019-ncov/community/ventilati-
on.html

Chen, J., Ackley, A., MacKenzie, S., Jermy, M., Lon-
gley, I, Somervell, E., Plagmann, M., Gronert, R., &
Phipps, R. (2022). Classroom Ventilation: The Effec-
tiveness of Preheating and Refresh Breaks - An
Analysis of 169 Spaces at 43 Schools across New
Zealand. Ministry of Education, New Zealand.

Coley, D. A, & Beisteiner, A. (2016). Carbon Dioxide
Levels and Ventilation Rates in Schools. Internatio-
nal Journal of Ventilation, 1(1), 45-52. https://doi.or
g/10.1080/14733315.2002.11683621

Corsi, R, Miller, S.L., VanRy, M.G., Marr, L.C., Cadet,
L.R., Pollock, N.R., Michaels, D., Jones, E.R., Levin-
son, M, Li, Y, Morawska, L., Macomber, J., Allen,
J.G. Designing infectious disease resilience into
school buildings through improvements to ventilati-
on and air cleaning. Report of the Lancet COVID-19
Commission Task Force on Safe Work, Safe School,
and Safe Travel https://covid19commission.org/
safe-work-travel April 2021.

Daisey, J. M., Angell, W. J., & Apte, M. G. (2003). In-
door air quality, ventilation and health symptoms in
schools: an analysis of existing information. Indoor
Air, 13(1), 53-64. https://doi.org/10.1034/j.1600-
0668.2003.00153.x

Dias Pereira, L., Raimondo, D., Corgnati, S. P, &
Gameiro da Silva, M. (2014). Assessment of indo-
or air quality and thermal comfort in Portuguese
secondary classrooms: Methodology and results.
Building and Environment, 81, 69-80. https://doi.
org/10.1016/j.buildenv.2014.06.008

Dorizas, P. V., Assimakopoulos, M.-N., & Santa-

mouris, M. (2015). A holistic approach for the as-
sessment of the indoor environmental quality,

References



Journal of Sustainable Architecture and Civil Engineering

student productivity, and energy consumption in
primary schools. Environmental Monitoring and
Assessment, 187(5), 4503. https://doi.org/10.1007/
s10661-015-4503-9

DQALS. (2022). Designing Quality Learning Spaces -
Indoor Air Quality and Thermal Comfort. Ministry of
Education, New Zealand.

ECDC. (2020). COVID-19 in children and the role of
school settings in COVID-19 transmission. In Eu-
ropean Centre for Disease Prevention and Control
(Issue August). https://www.ecdc.europa.eu/sites/
default/files/documents/COVID-19-in-children-
and-the-role-of-school-settings-in-transmission-
first-update_1.pdf

Ferreira, A. M. da C.,, & Cardoso, M. (2014). In-
door air quality and health in schools. Jornal
Brasileiro de Pneumologia: Publicagdo Oficial
Da Sociedade Brasileira de Pneumologia e Tisi-
logia, 40(3), 259-268. https://doi.org/10.3760/
cma.j.issn.0366-6999.2009.17.007. https://doi.
org/10.1590/51806-37132014000300009

Fisk, W. J., Satish, U., Mendell, M. J., Hotchi, T., &
Sullivan, D. (2013). Is CO 2 an indoor pollutant?: Hi-
gher levels of CO2 may diminish decision making
performance. REHVA Journal, October, 63.

Gao, J., Wargocki, P, & Wang, Y. (2014). Ventilation
system type, classroom environmental quality and
pupils’ perceptions and symptoms. Building and
Environment, 75, 46-57. https://doi.org/10.1016/].
buildenv.2014.01.015

Geelen, L. M. J,, Huijbregts, M. A. J, Ragas, A. M. J,
Bretveld, R. W., Jans, H. W. A, Van Doorn, W. J., Evertz,
S. J. C. J, & Van Der Zijden, A. (2008). Comparing the
effectiveness of interventions to improve ventilation
behavior in primary schools. Indoor Air, 18(5), 416-424.
https://doi.org/10.1111/}.1600-0668.2008.00542.x

Gettings, J., Czarnik, M., Morris, E., Haller, E,
Thompson-Paul, AM., Rasberry, C., Lanzieri, TM,,
Smith-Grant, J., Aholou, T.M,, Thomas, E., Drez-
nek, C., KacKellar, D., (2021). Mask use and venti-
lation improvements to reduce COVID-19 incidence
in elementary schools. US Department of Health
and Human Services/Centers for Disease Control
and Prevention. MMWR 70, 779-784. https://doi.
org/10.15585/mmwr.mm7021e1

Godwin, C., & Batterman, S. (2007). Indoor air qua-
lity in Michigan schools. Indoor Air, 17(2), 109-121.
https://doi.org/10.1111/j.1600-0668.2006.00459.x

HCSP. (2022). Le Haut Conseil de la santé publique
vous souhaite une excellente année 2022. Haut
Conseil de La Sante Publique. https://www.hcsp.fr/
Explore.cgi/avisrapports?Annee=&Langue=en&Ty-
pe=&MC0=0&MCI1=

2023/1/32

Henry, D. (2021). Covid 19 outbreak: School air pu-
rifier order “progressing”, CO2 monitors on way.
NZ Herald. https://www.nzherald.co.nz/nz/co-
vid-19-outbreak-school-air-purifier-order-pro-
gressing-co2-monitors-on-way/KCKPCKWQ2WL-
JWRR7IWXZYGNOUM/

HPSC. (2021). Guidance for Educational Settings.
Health Protection Surveillance Centre. https://
www.hpsc.ie/a-z/respiratory/coronavirus/novel-
coronavirus/guidance/educationguidance/

IRK. (2020). Proper airing reduces risk of SARS-
CoV-2 infection. German Environment Agency.
https://www.umweltbundesamt.de/en/press/
pressinformation/proper-airing-reduces-risk-of-
sars-cov-2-infection

Jones, B. M., & Kirby, R. (2012). Indoor air quality in
U.K. school classrooms ventilated by natural venti-
lation windcatchers. International Journal of Venti-
lation, 10(4), 323-338. https://doi.org/10.1080/147
33315.2012.11683959

Katsoulas, M. (2002). Monitoring and Modelling In-
door Air Quality Purpose-Designed Naturally Ven-
tilated School. Inoor Built Environment, 316-326.
https://doi.org/10.1177/1420326X0201100603

Kruisselbrink, T., Tang, J., Bruggema, H., & Zeiler, W.
(2016). The indoor environmental quality in a Dutch
day care centres : the effects of ventilation on the
conditions within the baby cots.

Luther, M. B., Horan, P, & Tokede, 0. (2018). Inves-
tigating CO2 concentration and occupancy in school
classrooms at different stages in their life cycle. Ar-
chitectural Science Review, 61(1-2), 83-95. https://
doi.org/10.1080/00038628.2017.1416576

Mahyuddin, N, Awbi, H., & Alshitawi, M. (2014). The
spatial distribution of carbon dioxide in rooms with
particular application to classrooms. Indoor and
Built Environment, 23(3), 433-448. https://doi.or-
g/10.1177/1420326X13512142

Mahyuddin, Norhayati, & Awbi, H. (2010). The spa-
tial distribution of carbon dioxide in an environ-
mental test chamber. Building and Environment,
45(9), 1993-2001. https://doi.org/10.1016/}.buil-
denv.2010.02.001

Mahyuddin, Norhayati, & Awbi, H. (2012). A review
of CO2 measurement procedures in ventilation re-
search. International Journal of Ventilation, 10(4),
353-370. https://doi.org/10.1080/14733315.2012.1
1683961

Mclntosh, J. (2011). The Indoor Air Quality in 35
Wellington Primary Schools During the School Day.
Master’s Thesis. http://restrictedarchive.vuw.ac.nz.
helicon.vuw.ac.nz/handle/123456789/6390



Journal of Sustainable Architecture and Civil Engineering

Milton, D. K., Glencross, P. M., & Walters, M. D.
(2000). Risk of sick leave associated with outdoor
air supply rate, humidification, and occupant com-
plaints. Indoor Air, 10(4), 212-221.https://doi.or-
g/10.1034/j.1600-0668.2000.010004212.x

MoE. (2022a). Te Haratau - lifting the quality of
NZ's physical learning environments. Ministry of
Education, New Zealand. https://www.education.
govt.nz/our-work/changes-in-education/te-hara-
tau/#sh-te%20haratau

MoE. (2022b). Assessing Ventilation. Ministry of
Education, New Zealand. https://temahau.govt.
nz/covid-19/advice-schools-and-kura/ventilati-
on-schools/assessing-ventilation.

Mumovic, D., Palmer, J., Davies, M., Orme, M,, Ri-
dley, I., Oreszczyn, T., Judd, C., Critchlow, R., Medina,
H. A., Pilmoor, G., Pearson, C., & Way, P. (2009). Win-
ter indoor air quality, thermal comfort and acoustic
performance of newly built secondary schools in En-
gland. Building and Environment, 44(7), 1466-1477.
https://doi.org/10.1016/].buildenv.2008.06.014

OSHA. (2017). Occupational Health and Safety Stan-
dards Requirements. https://www.osha.gov/la-
ws-regs/standardinterpretations/1996-05-28-1

Persily, A. K. (1997). Evaluating building IAQ and
ventilation with indoor carbon dioxide. ASHRAE
Transactions, 103(pt 2), 193-204.

Priyadarsini Rajagopalan, Mary Myla Andamon & Jin
Woo (2022) Year long monitoring of indoor air qua-
lity and ventilation in school classrooms in Victoria,
Australia, Architectural Science Review, 65:1, 1-13,
https://doi.org/10.1080/00038628.2021.1988892

REHVA. (2022). Is there a Recommended Maximum
CO2 Level? Federation of European Heating Ven-
tilation and Air Conditioning Associations. https://
www.rehva.eu/activities/covid-19-guidance/
rehva-covid-19-faq

Rosbach, J., Vonk, M., Duijm, F, van Ginkel, J. T,
Gehring, U., & Brunekreef, B. (2013). A ventilation
intervention study in classrooms to improve indoor
air quality: the FRESH study. Environmental Health :
A Global Access Science Source, 12, 110. https://
doi.org/10.1186/1476-069X-12-110

Salthammer, T., Uhde, E., Schripp, T., Schieweck, A.,
Morawska, L., Mazaheri, M,, Clifford, S., He, C., Buo-
nanno, G., Querol, X., Viana, M., & Kumar, P. (2016).
Children’s well-being at schools: Impact of climatic
conditions and air pollution. Environment Interna-
tional, 94, 196-210.https://doi.org/10.1016/j.en-
vint.2016.05.009

Santamouris, M., Synnefa, A., Asssimakopoulos,

M., Livada, I, Pavlou, K., Papaglastra, M., Gaita-
ni, N., Kolokotsa, D., & Assimakopoulos, V. (2008).

2023/1/32

Experimental investigation of the air flow and indo-
or carbon dioxide concentration in classrooms with
intermittent natural ventilation. Energy and Buil-
dings, 40(10), 1833-1843. https://doi.org/10.1016/].
enbuild.2008.04.002

Satish, U., Mendell, M. J., Shekhar, K., Hotchi, T., &
Sullivan, D. (2012). Concentrations on Human De-
cision-Making Performance. Environmental Heal-
th Perspectives, 120(12), 1671-1678. https://doi.
org/10.1289/ehp.1104789

Satish, U., Mendell, M. J., Shekhar, K., Hotchi, T., Sul-
livan, D., Streufert, S., & Fisk, W. J. (2012). Is CO2 an
indoor pollutant? direct effects of low-to-modera-
te CO2 concentrations on human decision-making
performance. Environmental Health Perspecti-
ves, 120(12), 1671-1677. https://doi.org/10.1289/
ehp.1104789

Schibuola, L., Scarpa, M., & Tambani, C. (2016).
Natural Ventilation Level Assessment in a School
Building by CO2 Concentration Measures. Energy
Procedia, 101(September), 257-264. https://doi.or-
g/10.1016/j.egypro.2016.11.033

Sekhar, S. C.,, Tham, K. W., & Cheong, K. W. (2003).
Indoor air quality and energy performance of
air-conditioned office buildings in Singapore. Indoor
Air, 13(4), 315-331.https://doi.org/10.1111/}.1600-
0668.2003.00191.x

Shendell, D. G., Prill, R., Fisk, W. J., Apte, M. G,,
Blake, D., & Faulkner, D. (2004). Associations be-
tween classroom CO2 concentrations and student
attendance in Washington and Idaho. Indoor Air,
14(5), 333-341. https://doi.org/10.1111/}.1600-
0668.2004.00251.x

Toyinbo, O., Shaughnessy, R., Turunen, M., Putus,
T., Metsdmuuronen, J., Kurnitski, J., & Haveri-
nen-Shaughnessy, U. (2016). Building characteris-
tics, indoor environmental quality, and mathema-
tics achievement in Finnish elementary schools.
Building and Environment, 114-121. https://doi.
org/10.1016/j.buildenv.2016.04.030

WHO. (2020). Considerations for school-related pu-
blic health measures in the context of COVID-19.
World Health Organisation, 2020, 1-10. https://
www.who.int/publications-detail/risk-

WHO. (2021). Roadmap to improve and ensure good
indoor ventilation in the context of COVID-19. In
World Health Organisation. https://www.who.int/
publications/i/item/9789240021280

Zeiler, W., & Boxem, G. (2009). Effects of thermal
activated building systems in schools on ther-
mal comfort in winter. Building and Environment,
44(11),  2308-2317.https://doi.org/10.1016/j.buil-
denv.2009.05.005



ANIEBIETABASI ACKLEY

Sustainability Professional

About the
Authors

Faculty of Architecture and
Design, School of Architecture,
Victoria University of Wellington,
New Zealand

Main research area
Sustainable Architecture,
Building Performance, Indoor
Environmental Quality (IEQ),
Minimization of Energy and
Carbon in Buildings and Health
Architecture

Address

139 Vivian Street, Te Aro Campus,

Wellington
Tel.: +642102850560
E-mail: aniesity@gmail.com

WALLACE ENEGBUMA

Senior Lecturer

Faculty of Architecture and
Design, School of Architecture,
Victoria University of Wellington,
New Zealand

Main research area

Project Management, Quantity
Surveying, Building Information
Management (BIM)

Address

139 Vivian Street, Te Aro Campus,

Wellington

Tel.: +642041766336

E-mail:
wallace.enegbuma®@vuw.ac.nz

Journal of Sustainable Architecture and Civil Engineering

MICHAEL DONN

Associate Professor

Faculty of Architecture and Design,
School of Architecture,

Victoria University of Wellington,
New Zealand

Main research area

Building Science, Net Zero Energy
Buildings, Daylight and Natural
Ventilation, Heating, Cooling,

Acoustic and Lighting Performance,

Digital Craft Animation and BIM

Address

139 Vivian Street, Te Aro Campus,
Wellington

Tel.: +6444636221

E-mail: michael.donn®@vuw.ac.nz

SHUVA CHOWDHURY

Assistant Professor

Department of Civil, Architectural
and Environmental Engineering,
North Carolina A&T State
University, USA

Main research area

Digital architecture and urbanism,
VR/AR based hybrid collaboration,
parametric design, data-driven
design generation and robotic
fabrication

Address

1601 E Market St, Greensboro,
North Carolina, 27411, USA
Tel.: +336 285 2647

E-mail: schowdhury®@ncat.edu

2023/1/32

GEOFF THOMAS

Structural Engineer

Faculty of Architecture and
Design, School of Architecture,
Victoria University of Wellington,
New Zealand

Main research area

Fire safety in Buildings, Fires
after Earthquakes, Earthquake
Resistance of Domestic Dwelling
Foundations, and Indoor
Environmental Quality (IEQ)

Address

139 Vivian Street, Te Aro Campus,
Wellington

Tel.: +64274118018

E-mail: thomasfireeng@xtra.co.nz

This article is an Open Access article distributed under the terms and conditions of the Creative
BY Commons Attribution 4.0 (CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/).





