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Bed-level ventilation conditions in daycare centers 
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Department of the Built Environment, Eindhoven University of Technology, Eindhoven, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Infant 
Bedroom ventilation 
CO2 gas dispersion 
Semi-enclosed baby bed 
Breathing thermal baby model 
Inhaled air quality 

A B S T R A C T   

In Dutch daycare centers, most often, semi-enclosed beds are used in bedrooms. Given that air usually does not 
mix completely in a ventilated room, there are concerns about whether room-level ventilation would be enough 
to keep the air clean inside semi-enclosed beds. No studies into the bed-level ventilation conditions in daycare 
centers have been identified. Therefore, a field survey was performed in 17 Dutch daycare centers to collect 
bedroom ventilation conditions and occupants’ characteristics. Based on that information, a full-scale bedroom 
identical to that of typical daycare centers was constructed in a climate chamber. The bed-level ventilation 
conditions were investigated by examining the dispersion and inhalation of CO2 gas exhaled by a breathing 
thermal baby model while sleeping in a bed. The effect of three variables, i.e., sleep positions (supine, lateral-to- 
wall, lateral-to-corridor), baby ages (12- and 30-month-old), and ventilation rates (55 and 250 m3/h), were 
studied. The results showed that excess exhaled CO2 concentration was accumulated inside the semi-enclosed 
bed in most cases. This indicates that bed-level ventilation conditions are not sufficient enough when only 
relying on the room-level mixing ventilation mode. The inhaled CO2 concentration of infants sleeping inside the 
bed was remarkably high, on average, three times higher than the measured values in the room exhaust. The 
study provides knowledge on the bed-level ventilation conditions in miniature semi-enclosed sleeping spaces 
under a mixing ventilation mode at room level and highlights the need to improve the air quality inside the baby 
bed.   

1. Introduction 

Daycare centers (DCCs) or early childhood educational institutions 
are typically designed to support infants and toddlers in their early 
cognitive, physical, social, emotional, and educational development 
before primary school [1]. The majority of young children in modern 
society spend most of their daily time in DCCs, besides being at their 
homes, since their parents need to return to work a few months after 
their birth [2]. For example, in the Netherlands, most children aged from 
8 weeks to 4 years spend up to 11 h per day in DCCs [3]. Similarly, the 
substantial amount of time that young children spend in DCCs was also 
reported globally, such as in Finland [4], America [5], Poland [6], China 
[7], Denmark [8], Germany [9], Korea [10], Singapore [11], and Iran 
[12]. 

During the daytime, taking a nap is one of the essential daily activ
ities for young children [10,13], which distinguishes daycare centers 
from other educational facilities like schools [14]. Therefore, DCCs 
typically have bedrooms with a high density of baby occupants, as re
ported in the studies on the indoor environment quality in DCCs around 

the world [6,9,15,16]. In particular, there is a type of semi-enclosed bed, 
called a baby bunk bed (see Fig. A1 in Appendix A of the Supplementary 
material, and Fig. 1b), intended for children aged 0–4 years [17]. In 
terms of practicality, the closure of the bed can prevent an infant from 
falling off the bed, which provides a safe sleeping space for children. In 
addition to that, psychologically, some infants and toddlers may also 
enjoy the feeling of being in a shelter that looks separate from the 
outside world [18]. Furthermore, the baby beds have compact features 
that allow their use in nearly any small space. As a result, these types of 
miniature semi-enclosed beds are popular around the world. For 
instance, over 95,000 beds are being used in most of the bedrooms in 
more than 9000 Dutch DCCs, according to feedback from one of the 
manufacturers [17]. 

As the main occupants in DCCs, infants and toddlers, are in a period 
of rapid physiological development, characterized by the developing 
organ systems, incomplete metabolic systems, immature host defense 
mechanisms, etc., which makes them highly sensitive to chemical and 
particulate matter exposures [19]. Also, compared to older children and 
adults, young children have higher inhalation rates per unit of body 
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weight, much smaller airways, and greater surface-to-volume ratios, 
which increases their vulnerability and susceptibility to exposure to air 
pollutants [20–22]. Consequently, there are growing concerns about the 
potential negative effects of indoor air pollutants on children’s health, 
thus raising interest in research on the air quality in the indoor envi
ronments they are exposed to, especially in DCCs [23]. Unsatisfactory 
IAQ issues in DCCs were unanimously identified in most recent studies 
in many parts of the world, such as France [24], South Korea [10,13], 
Iran [12], Malaysia [25], Singapore [11], Canada [26], Poland [6], 
Portugal [27,28], Slovenia [29], China [7], USA [30], and Spain [31]. It 
should be emphasized that, as compared with the awake state in most 
indoor environments, a sleeping person is a “passive recipient” who is 
unable to actively control the sleeping environment [32], particularly 
when referring to young babies. Even worse, in the sleep microenvi
ronment, the source-proximity effect may become dominant. That is, 
pollutant concentrations such as volatile organic compounds (VOCs) 
emitted by beddings within the crib mattress are much greater than 
those in the bulk room air [33–36]. Regrettably, to the best of our 
knowledge, there is no study investigating the IAQ conditions inside 
these semi-enclosed baby beds in DCCs yet. 

Improved outdoor air ventilation is one of the approaches to improve 
indoor air quality and lower the concentrations of indoor air pollutants, 
apart from source control and use of air cleaners [37,38]. The primary 
reason for ventilation is to supply clean air to the space or room and 
extract contaminants as efficiently as possible. In reality, however, the 
fully mixed assumption of room air seldom occurs and in turn, often is 
non-uniformly distributed. Such an inhomogeneity of the air in space in 
a fully-mixed assumption generally will cause lower ventilation effec
tiveness, which is a measure of representing the ability of a ventilation 
system to exchange the air in the room and to remove airborne con
taminants [39]. It is important to note that what really counts for the 
building occupants is the air quality in their breathing zones. That is, 
“inhaled air quality” should be given more attention than “indoor air 
quality”. 

The breathing zone is defined as the immediate space around the 
mouth or nose from which the air is inhaled [40]. There are three air
flows complexly interacting in the breathing zone: the breathing flow, 
free convective flow around the human body (including the thermal 
plume above the body), and ventilation-induced air flow toward the 
face. All of these can affect personal exposure to air contaminants and 
CO2 dispersion of the exhaled air [41–43]. More specifically, the 
breathing flow is related to individuals’ physical features, such as age 
(respiratory rate and tidal volume), metabolic conditions (activity pat
terns), the posture of the head, and geometry of the face (particularly 
nose and mouth), etc. The free convective flow around the body is 
affected by body heat generation, body posture, body shape, clothing, 
ambient air temperature, etc. Ventilation flow depends on room venti
lation modes and thermal conditions [40,44,45]. All the aforementioned 
factors will make personal exposure and CO2 dispersion different from 
person to person, especially in indoor environment settings with occu
pants’ various activities [44,45]. 

In previous studies, Pantelic et al. [45] measured the metabolic CO2 
concentrations in the inhalation zone of 41 subjects sitting in a typical 
office environment. They found that the median CO2 inhalation zone 
concentrations were between 200 and 500 ppm above the room-level 
concentrations, which confirmed that room-level CO2 concentrations 
could not be regarded as those in the inhalation zone. In practice, it is 
not possible to control the breathing mode of a person or perform 
measurements in the inhalation zone, as sensors placed in front of the 
mouth and nose will hinder the occupants’ activities. Therefore, the use 
of a breathing thermal manikin for studying personal exposure in the 
breathing zone can enable to study the effect of different environment 
settings by the control variable method. For example, Melikov and 
Markov [46] used a breathing thermal manikin to measure the CO2 
levels in the inhaled air in a meeting room with mixing air ventilation 
mode. They reported the inhaled CO2 concentration to be 255 ppm 

higher than the room exhaust air. Kiera et al. [42] utilized a breathing 
thermal manikin to simulate a room occupant in a seated mode using 
two types of tracer gases, that is, CO2 and N2O, released at armpits and 
groin to simulate bio-effluents. Their findings revealed that obtaining an 
accurate exposure assessment in the inhalation zone required mea
surements to be performed during the inhalation period, which was 
re-confirmed by the study of Kierat et al. [44]. Instead of an experi
mental study, recently, Kuga et al. [40] used steady-state computational 
fluid dynamic (CFD) and a computationally simulated person to quan
titatively identify the breathing zone for various postures (standing, 
sitting, and supinate positions) and breathing conditions in transient 
conditions. They highlighted that the human body’s thermal plume 
strongly influenced the breathing zone formation. In general, there is 
scanty information about the human exhalation and inhalation in 
literature, as stated by Xu et al. [47] and Melikov and Kaczmarczyk [48]. 
To the extent of our knowledge, there is no available study about the 
ventilation conditions in the breathing zone of a sleeping baby inside a 
semi-enclosed baby bed. 

The objective of this study, therefore, is to understand how bed-level 
ventilation conditions are affected by its parameters, such as the room- 
level ventilation rates, and CO2 source characteristics (including baby 
age and sleep position). More specifically, the aim is to investigate the 
effect of different room ventilation rates, baby ages, and sleep positions 
on personal exposure and CO2 dispersion within the sleep microenvi
ronment inside a semi-enclosed baby bed. In terms of novelty, this study 
is the first, in a full-scale setup, to research the bed-level ventilation 
conditions in the bedroom of Dutch daycare centers under a controlled 
indoor environment. For the research, a baby model with the respiratory 
system and thermal simulation was designed to study the personal 
exposure and CO2 dispersion in the sleep microenvironment within a 
typical semi-enclosed baby bed. 

2. Methodology 

2.1. Field research 

In light of the infeasibility of performing measurements and experi
ments inside baby beds in actual DCCs, a full-scale setup, representing 
the real situation as much as possible, is regarded an effective alterna
tive. In order to design a representative experimental situation, a field 
survey was performed in Dutch DCCs in April and May of 2022 to obtain 
a true picture of bedroom characteristics and occupant information in 
DCCs. The study was approved by the Ethical Review Board of the 
Eindhoven University of Technology before the field survey (reference 
No. ERB2020BE8). 

The results from the field study were used as input to the full-scale 
laboratory setup (see Section 2.2) and the experimental conditions 
(see Section 2.5). In terms of bedroom information, the mean area per 
baby is 1.5 m2 with a range of 0.8–2.8 m2; the mean room height is 2.6 m 
with a range of 2.2–5.3 m; the mean bed number per bedroom is 3.5 with 
the range of 2–12 beds. There are 3 typical bed layouts in the bedroom, 
including bilateral layout (38%), unilateral layout (40%), and right- 
angle layout (19%). Regarding ventilation information, 41% and 59% 
of bedrooms were equipped with natural and mechanical ventilation, 
respectively. Among the 40 bedrooms with mechanical ventilation sys
tems, 25 bedrooms (62.5%) met the requirement of the Dutch Building 
Code [49], with an average airflow rate of 17.3 m3/h per person (range: 
2.0–42.9 m3/h per person). 

In terms of baby information, DCCs normally divide young children 
into two groups by age: one is called the baby group with the age of 7 
weeks to 2 years old; another one is called the toddler group with the age 
of 2–4 years old. These two groups of babies have different sleeping 
habits and durations, according to the feedback of most pedagogical 
staff. For the baby group, babies sleep multiple times per day, with a 
total duration of 3–5 h which varied greatly across individuals. For the 
toddler group, they sleep relatively shorter and more regularly, with 
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1–2 h per day. For this reason, normally, DCCs provide separate bed
rooms for the two groups. 

2.2. Full-scale bedroom setup 

All experiments were conducted in a full-scale bedroom setup, which 
was built based on the results of the field survey, as follows:  

(a) As shown in Fig. 1a and b, the bedroom had a dimension of 
L*W*H (4.2*2.7*2.5 m). 

(b) In the bedroom, there were six baby bunk beds that were pur
chased from one of the investigated Dutch DCCs.  

(c) Each bed was equipped with a mattress (POLYCLEAN baby 
mattress), all of which were used mattresses provided by one of 
the investigated DCCs.  

(d) The 6 baby bunk beds (12 beds; 0.95 m2 floor area per baby) were 
placed in a bilateral layout, a common layout in Dutch DCCs.  

(e) The bedroom was equipped with a mechanical ventilation system 
which can be adjusted for the ventilation rate. A mixing air dis
tribution, the most common ventilation mode in bedrooms of 
Dutch DCCs, was created in the bedroom by installing ceiling- 
mounted perforated type air supply and exhaust diffusers (face 
size: 600mmx600mm), both of which were symmetrically posi
tioned in the space above the corridor. 

Concerning the bedroom construction, plastic films, combined with 
wooden frames, were used as the materials for envelope enclosure. The 
envelope enclosure of the bedroom setup was assumed adiabatic, due to 
the fact that the full-scale setting was built inside a well-controlled 
climate chamber. The bedroom was well airtight, with an infiltration 
air exchange rate (AER) of 0.1/h, measured by an Innova instrument 
using Sulphur Hexafluoride (SF6) tracer gas (see Section 2.4). 

2.3. Baby model 

A baby mock-up with heat generation and respiration, called a 
breathing thermal baby model (BTBM), was designed to simulate a baby 
body sleeping inside the bed, and its related airflows, namely, breathing 
flow and free convective flow [50]. The BTBM used in the experiments 
resembled a baby aged 12 and 30 months, though with equivalent body 
and head size and shape. The difference was found in the breathing flow 
rate. The thermal simulation was realized by wrapping the baby’s torso 
with an electric heating layer, which was controlled by adjusting the 
supply voltage and current. The heat generated by the electric heating 
layer was 45 W/m2, similar to the mean sleeping metabolic rate of in
fants and toddlers [51,52]. Consequently, as shown in the infrared 

image (taken by the infrared camera: ThermaCAM™ S65) of Fig. 2, the 
steady-state surface temperature in the baby trunk part of the BTBM was 
around 36.5 ◦C, which was consistent with the results of the study [53] 
for the skin temperature of 3–24 months old toddlers in an asleep status. 

The breathing simulation of the BTBM contained two systems, i.e., 
the inhalation system and the exhalation system. Both functioned 
independently and alternately at intervals controlled by a digital timer 
through switching two electric two-way valves. Both systems were set to 
provide the same amount of air volume for the tidal volume, which is the 
air volume exhaled or inhaled in each normal breath. The BTBM exhaled 
through the mouth and inhaled through the nose. The size and shape of 
both the mouth and nose openings were simplified to a polytetra
fluoroethylene (PTFE) tube with a diameter of 1 cm. The exhalation 
system is represented in Fig. 2 by the blue colored lines. Depending on 
the age of the baby, the specific amount of air was supplied by mixing 
pure CO2 gas with compressed air, each controlled by an independent 
mass flow controller (MFC) (Model 5850S, Brooks® Instrument; Model 
EF-203AV, Bronkhorst® High-Tech B.V.). To ensure complete mixing, 
the supplied air was fed through a three-way valve into a stainless steel 
sealed mixing tank. Two different brands of CO2 sensors, i.e., Innova and 
SBA (for the specifications, see Section 2.4), were used prior to each 
experiment to ensure that the CO2 concentration in the provided air was 
stable at ca. 50,000 ppm [44], which is also stated in ISO 8996:2021 
[54]. Ultimately, the supplied air was delivered to the BTBM mouth and 
released as an exhaled jet, which was tilted 70⁰ toward the chest when 

Fig. 1. Experimental setup. (a) Axonometric schematic of the full-scale bedroom, including 12 beds (from No.1 to No.12) and sensor placement. (b) A picture of the 
on-site bedroom. 

Fig. 2. A schematic of the thermal and breathing simulation system of a baby 
model (BTBM). 
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the BTBM was in a sleeping position. Due to practical restrictions, the 
exhalation air was untreated and assumed at ambient temperature. The 
inhalation system is indicated by the red colored lines in Fig. 2. The air 
was inhaled through the tip of the nose, which was inclined toward the 
chest at 70⁰ from a horizontal plane. The inhalation was controlled by a 
pump. Notably, in order to ensure an accurate measurement of the 
inhaled CO2 values, two CO2 sensors, i.e., Vaisala and SBA (for the 
specifications, see Section 2.4), were used together to continually 
measure the CO2 concentration of the inhaled air. Both sensors were able 
to measure the CO2 concentration of every air stream of inhalation in 
real time before it was discharged into the ambient air. 

In this study, a simulation of the respiration of two different ages (12 
and 30 months old) was performed (see Section 2.5). The median res
piratory rates of babies aged from 12 to 30 months old range from 36 to 
28 breaths per minute [55]. The respiratory rate was set to 30 breathing 
cycles per minute for both ages due to the fact that the available digital 
timer could only be set to the minimum interval of 1 s. Each cycle was 
composed of two phases: 1-s inhalation and 1-s exhalation. The tidal 
volume was set at 61 ml and 123 ml for a 12-month-old and 30-month-
old baby, respectively [56]. 

2.4. Instrumentation’s specifications and placement 

To characterize the bed-level and room-level ventilation conditions, 
two performance indicators were characterized in the bed and room 
level: air velocity and CO2 concentration. The measurements of air ve
locity were mainly used to identify large velocity variations in the 
experimental setup. The CO2 measurements provided insight into the 
exhaled CO2 values, inhaled CO2 levels, and CO2 dispersion in the bed 
and room level. In total, ten units of air velocity sensors and 43 units of 
CO2 sensors were used and placed in different locations. 

Regarding the air velocity instruments, ten units of omnidirectional 
hot-sphere sensors, namely, AirDistSys 5000 (Sensor Electronic, Gli
wice, Poland), were employed. The accuracy of the air velocity in
struments was ±0.02 m/s ±2% of reading in the range of 0.05–5 m/s. In 
the pre-tests of the study, as shown in Fig. B1 in Appendix B of the 
Supplementary material, three units of air velocity instruments were 
placed inside the No.3 bed at the height of 31 cm above the mattress; five 
units of air velocity instruments were placed in a vertical line in the 
middle of the room; two units were deployed directly below the supply 
and exhaust diffusers, respectively. 

For the CO2 sensors, due to the requirement of measurement range, 
conditions, and accuracy in this study, four types of instruments were 
utilized: 

(a) One unit of Photoacoustic Gas Monitor (INNOVA 1512, Luma
Sense Technologies A/S, Ballerup, Denmark) in conjunction with 
a Multipoint Sampler and Dozer (INNOVA 1403, LumaSense 
Technologies A/S, Ballerup, Denmark) [57] was used. Hereafter, 
this instrument is named Innova for short. The accuracy of Innova 
was reported as ±1.5% of the measurement. As shown in Fig. 2, 
the Innova was used, at a ca. 42-second interval when being set to 
the one channel mode, to examine if the CO2 concentration in the 
designed exhaled air was 50,000 ppm before each experiment. 
Besides, the Innova was also used by dosing and sampling SF6 gas 
(constant concentration), combined with two mechanical fans 
insides, to test the real-time air exchange rate before the experi
ments, including no ventilation (only infiltration), 55 m3/h, and 
250 m3/h ventilation rate.  

(b) Four units of SBA-5 CO2 gas analyzer (PP Systems, Amesbury, 
USA) [58], abbreviated as SBA, were employed. The accuracy of 
SBA sensors was stated as within 1% of span concentration over 
calibrated range (0–100000 ppm). SBA has a built-in pump with a 
gas flow rate of 500 cc/min. The sampling rate of SBA was 10 Hz 
and had a 1-s output. As shown in Fig. 2, one unit of SBA was used 
to detect if the CO2 concentration in the designed exhaled air was 

50,000 ppm prior to each case; one unit of SBA was employed to 
measure the CO2 concentration in the inhaled air throughout the 
experiments; As shown in Fig. 1a, the other two units of SBA were 
placed in the bedroom supply and exhaust air duct to continu
ously monitor the CO2 levels in the supply (background) and 
exhaust air during the experiments.  

(c) 29 units of Vaisala Carbon Dioxide Probe GMP252 (Vaisala Oyj, 
Helsinki, Finland) were used, and this instrument is referred to as 
Vaisala. The accuracy of Vaisala was documented as ±40 ppm in 
the range of 0–3000 ppm, ±2% of reading in the range of 
3000–10000 ppm, and ±3.5% of reading in the range of 
10,000–30,000 ppm. In this study, the Vaisala took measure
ments every 1 s. As shown in Fig. 1a, five units of Vaisala sensors 
(C1, C2, C3, C4, C5) were placed in a vertical line in the middle of 
the corridor of the room, located in front of the No.3 bed. These 
five units were deployed at different vertical heights above the 
floor: 38 cm (C1), 78 cm (C2), 118 cm (C3, corresponding to the 
height of a selection of CO2 sensors placed inside the upper beds), 
175 cm (C4), and 233 cm (C5). As shown in Fig. 2, One unit of 
Vaisala, together with one unit of SBA (SBA2), was used to 
measure the CO2 concentration in the inhaled air throughout the 
experiments. In order to get a comprehensive understanding of 
the CO2 concentration distribution in the sleeping microenvi
ronment inside the bed, the other 23 units of Vaisala were placed 
inside the No.3 bed. As shown in Fig. 3a and b, and Fig. 3c, the 
Vaisala CO2 sensors network was centered around the BTBM’s 
mouth and distributed in four sections inside the No.3 bed.  

(d) 11 units of AirTeq Pro Aero (AirTeq, the Netherlands), called 
below as AirTeq for short, were utilized. The AirTeq monitor in
tegrated the Sensirion SCD41 CO2 sensor, and its accuracy and 
stability was confirmed in our previous study [3], with an accu
racy of ±(40 ppm + 5% of reading) in the range of 400–5000 
ppm. The AirTeq recorded data at a 1-min interval during the 
measurement. As shown in Fig. 1a, each AirTeq sensor was placed 
in the center of all the beds except for the No.3 bed. 

All the CO2 sensors were factory-calibrated before the study to 
ensure they complied with the corresponding specifications. Addition
ally, Vaisala sensors were laboratory-calibrated by using two-point 
calibration (500 ppm and 2000 ppm standard CO2 calibration gas) 
right before the experiments. The results of two-point calibration re
ported an accuracy of ±5 ppm at two standard CO2 gas concentrations 
(500 ppm and 2000 ppm). In the end, cross-calibration among all of the 
CO2 sensors was performed to ensure that the CO2 measurements by 
these four different instruments were consistent. For that, they were all 
placed in the center of an airtight room where two mechanical fans 
facing the wall side were turned on at low speed to enhance the ho
mogeneous distribution of indoor air. A mixture of CO2 gas was injected 
into the room at a low dosing rate (0.175 L/min) lasting for 6 h, and then 
the CO2 concentration was maintained at ca. 2000 ppm for half an hour, 
followed by a slow decay (lasting for 15 h) of the CO2 concentration until 
it dropped to the background level. The results showed that all the 
sensors agreed within 50 ppm, which was in line with their reported 
specifications. Therefore, in this study, we considered the CO2 mea
surement to have an uncertainty of 50 ppm. 

2.5. Experimental conditions 

Three factors influencing the microenvironment were included in 
this study:  

(a) Baby age (12-month-old and 30-month-old), expressed in a 
different breathing flow rate. The ages refer to the two groups 
identified in Dutch DCCs, namely, infants (7 weeks-2 years) and 
toddlers (2–4 years), as shown in Section 2.1. 
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(b) Sleep position (supine, lateral-to-corridor, and lateral-to-wall), 
all of which are common sleep positions of young children ac
cording to the feedback from the pedagogical staff during the 
field survey (see Section 2.1).  

(c) Room ventilation rate (55 m3/h [15 l/s] and 250 m3/h [70 l/s]), 
corresponding to a bedroom air exchange rate of 2.0 h− 1 and 9.3 
h− 1, respectively. The selection of 55 m3/h was based on the 
suggestions from the Dutch Building Code [49] and ANSI/ASH
RAE 62.1–2019 [59] when one person occupies the bedroom. For 
the selection of 250 m3/h, it was intended to investigate the effect 
of a high ventilation rate on the bed-level microenvironment, and 
compare this with the case at 55 m3/h. The temperature and 
relative humidity of the supplied air was in the range of 21–22 ◦C 
and 40%–60% throughout the experiments, respectively. 

As shown in Table 1, a total of 12 cases were investigated, combining 
the setting for the three parameters discussed above. Among them, eight 
combinations (cases) were repeated once to examine the experimental 
reproductivity. Assessment of the case reproductivity was not conducted 
consecutively but at intervals. 

Additionally, to provide insight into the air velocity field, pre-tests 

were conducted right before the formal experiments (cases). The pre- 
tests focused on the air velocity at the ventilation inlet and outlet, in 
the room corridor, and inside the No.3 bed. The performed pre-tests are 
shown in Tab. B1 in Appendix B of the Supplementary material. The 
results (see Tab. B2) showed that the velocity in the room corridor and 
the bed generally was below the measurement range of the sensors 
(0.05 m/s). Apart from that, the mean air velocity in the inlet and outlet 
was 0.14 m/s and 0.13 m/s under the conditions at the ventilation rate 
of 55 m3/h, and 0.29 m/s and 0.31 m/s at the ventilation rate of 250 m3/ 
h, respectively, as shown in Fig. B2. 

2.6. Experiment procedure 

Before each case, all the instruments used were placed in the pre
determined locations, as shown in Figs. 1 and 3, and they were ensured 
to function properly. The baby’s sleep position, respiration rate, tidal 
volume, and room ventilation rate were configurated accordingly prior 
to each case. The duration of each case was well commissioned to ensure 
a steady state for the CO2 dispersion or air velocity conditions inside. To 
be more specific, for the formal cases (see Table 1) at the room venti
lation rate of 55 m3/h and 250 m3/h, the duration was about 2 h and 1 h, 
respectively. The specific method for assessing equilibrium is presented 
in Section 2.7. 

2.7. Data processing and analysis 

The data processing and analyses were performed via python 3.8.8. 
For that, the following steps were applied:  

(a) Considering the different time intervals of recording data by the 
used instruments, the measurement results of all sensors were 
converted into 1-min average values by the Resample method 
(pandas.DataFrame.resample.mean) to align all the data.  

(b) The results collected from all sensors at 1-min interval of the final 
10 min in each case were analyzed by comparing them with each 

Fig. 3. The placement of sensors inside the No.3 bed. (a) An axonometric 
schematic of the No.3 bed with the sensors inside. (b) The top view of the 
schematic of the No.3 bed. (c) An on-site (top-down) photo of the setup inside 
the No.3 bed where the baby model was sleeping in the lateral-to-corridor 
position and Vaisala sensors were placed inside. 

Table 1 
Overview of the experiments (cases) performed. Run times indicate whether the 
same case was conducted only once or twice. Both ventilation rates in this study 
are set for one baby occupying one bed in the room.  

Case (No.) 
name 

Sleep 
positions 

Baby 
ages 

Ventilation 
rates 

Duration/ 
case (ca.) 

Run 
times 

(F01) Supine- 
30m-55 

Supine 30 
months 

55 m3/h 2 h 2 

(F02) Supine- 
30m-250 

Supine 30 
months 

250 m3/h 1 h 2 

(F03) Supine- 
12m-55 

Supine 12 
months 

55 m3/h 2 h 1 

(F04) Supine- 
12m-250 

Supine 12 
months 

250 m3/h 1 h 1 

(F05) 
LCorridor- 
30m-55 

Lateral-to- 
corridor 

30 
months 

55 m3/h 2 h 2 

(F06) 
LCorridor- 
30m-250 

Lateral-to- 
corridor 

30 
months 

250 m3/h 1 h 2 

(F07) 
LCorridor- 
12m-55 

Lateral-to- 
corridor 

12 
months 

55 m3/h 2 h 2 

(F08) 
LCorridor- 
12m-250 

Lateral-to- 
corridor 

12 
months 

250 m3/h 1 h 2 

(F09) LWall- 
30m-55 

Lateral-to- 
wall 

30 
months 

55 m3/h 2 h 2 

(F10) LWall- 
30m-250 

Lateral-to- 
wall 

30 
months 

250 m3/h 1 h 2 

(F11) LWall- 
12m-55 

Lateral-to- 
wall 

12 
months 

55 m3/h 2 h 1 

(F12) LWall- 
12m-250 

Lateral-to- 
wall 

12 
months 

250 m3/h 1 h 1  
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other. One-way ANOVA was used to determine whether they had 
reached a steady state. The statistical significance was set at 0.05 
as the threshold value.  

(c) If cases had achieved equilibrium, the experimental replicability 
between two repeated cases was examined by (i) first averaging 
the 10-min results at equilibrium for each sensor used in each 
case, producing one dataset per case; (ii) and then using paired 
samples t-test to compare the differences between two datasets 
(two repeated cases).  

(d) For the repeated cases that met the threshold of reproductivity, 
the average was taken between two repeated cases for each 
sensor. As a result, a total of 12 cases were obtained (see Table 1). 
Then, in order to exclude the influence of the supply (back
ground) CO2 concentration to better compare the differences 
among different cases, CO2 concentrations reported by sensors 
were subtracted by the corresponding CO2 values in the room 
supply air. In the end, these results (above the background level) 
were the main focus of this study.  

(e) The descriptive statistics, namely, mean and standard deviation, 
were used and visualized by line charts and histograms to analyze 
the 10-min mean CO2 values of different sensors under the 
equilibrium state for each case.  

(f) To get a better understanding of CO2 dispersion inside the 
sleeping microenvironment, all the 10-min mean values of CO2 
sensors inside the No.3 bed were visualized by using CO2 con
centration bubbles [60], rendered by Blender software [61].  

(g) One-way ANOVA was used to compare the difference in CO2 
distribution among cases under 3 sleep positions, and the Bon
ferroni post-hoc tests was conducted to determine whether CO2 
distribution in each two sleep positions differed when the sig
nificant differences were observed. When comparing the differ
ence in mean CO2 values between cases under two ventilation 
rates, or with two different ages, the paired samples t-test was 
used, with p < 0.05 as the significance threshold. 

3. Results 

3.1. General results 

Concerning the assessment of whether a steady state has been ach
ieved in each case, all of the one-way ANOVA tests reported statistically 
insignificant differences (p-value >0.05) in results (CO2 concentration) 
among the last 10-min measurements. Therefore, it was regarded that all 
cases had achieved a steady state in the last 10 min, at which point data 
was retrieved for the further analyses. 

In terms of the case reproductivity test, as shown in Tab. A1, the 
results of paired samples t-tests indicated insignificant differences in 
mean values between most repeated cases. Only two cases (F02, F06) 
reported a statistically significant difference in CO2 concentrations. A 
further analysis was conducted to examine the absolute difference in 
CO2 concentration between two repeated cases for each sensor. The 
results (see Fig. A2) demonstrated that the median values of CO2 dif
ferences in these two cases (F02, F06) were less than 50 ppm (the un
certainty of CO2 measurements). Consequently, it was concluded that 
good experimental reproductivity was achieved, and thus the results of 
repeated cases were converted into one case by averaging the data of 
each sensor, as mentioned in Section 2.7. 

With regard to CO2 concentration in the air supply during 12 cases, 
the average background CO2 concentration was 393 ppm, with a small 
mean standard deviation (1 ppm) among all cases, which means CO2 
levels in the background hardly changed. More details are illustrated in 
Tab. A2 in the Supplementary material. 

In this study, as shown in Fig. 2, the inhaled CO2 concentration was 
measured by two different types of CO2 sensors, i.e., one Vaisala and one 
SBA, during 12 cases. The absolute differences (median: 28 ppm) in 
measured CO2 concentration between these two sensors in all cases was 

less than 50 ppm (the uncertainty of CO2 measurements), as illustrated 
in Fig. A3. Therefore, the average of these two sensors was used to 
indicate the inhaled CO2 concentration in this study. 

3.2. CO2 dispersion at room level and other 11 beds 

Based on the results in Section 3.1, it was concluded that all 12 cases 
have reached a steady state. Therefore, the subsequent analysis of the 
impact of experimental variables (room ventilation rate, age, sleep po
sition) is based on the average CO2 value of the 10-min results of each 
sensor at equilibrium for each case. Additionally, the time-series plots of 
the monitored CO2 concentration (in-bed spots, inhalation, and the 
difference between air inlet and exhaust) for all cases have been added 
to the Supplementary materials (see Fig. A8 to Fig. A27). 

Fig. 4 plots the CO2 dispersion in the corridor (at 5 different heights) 
of the room center and inside 11 beds for the 12 cases investigated. Five 
observations based on this figure are presented below: 

(a) Overall, sensors in room level reported relatively low CO2 con
centration, with a mean value of 107 ppm above the background 
level among all cases.  

(b) The average CO2 values of all room-level and 11 in-bed sensors 
measured at the higher room ventilation rates (250 m3/h) were 
lower than those measured at the lower rates (55 m3/h) for the 
same sleeping position and age conditions, with a mean differ
ence of 70 ppm for each point.  

(c) Under the same conditions of ventilation rate and age, similar 
CO2 concentrations at each point (at room level and inside 11 
beds) among 3 different sleep positions were reported, with a low 
mean standard deviation of 14 ppm among all cases.  

(d) Slightly higher CO2 levels were observed in cases with an older 
baby (30 months) than a younger baby (12 months) when the 
conditions of room ventilation rates were the same.  

(e) In addition, among five points in a vertical height in the center of 
the room, for each case, the sensor at the lowest point (C1) 
recorded the lowest CO2 concentration while the sensor at the 
highest point (C5) measured the highest values. 

3.3. Bed-level CO2 spatial distribution 

Fig. 5 presents five illustrative examples of the CO2 spatial distri
bution at bed level (all results are shown in Fig. A4, and Fig. A5). Based 
on Fig. 5a, b, and Fig. 5c, the CO2 distribution can be visually compared 
in 3 different sleep positions (supine & lateral-to-corridor & lateral-to- 
wall position) for the same baby age (30 months) and room ventila
tion rate (55 m3/h). Combined Fig. 5a with Fig. 5d, the difference in CO2 
distribution in two different ventilation rates (55 & 250 m3/h) can be 
compared under the same baby age (30 months) and sleep position 
(supine). Similarly, both Fig. 5a and e depict the difference in CO2 dis
tribution for two different baby ages (12 & 30 months) under the same 
room ventilation rate (55 m3/h) and sleep position (supine). Last but not 
least, Fig. 5f integrates the results of all CO2 distribution for the above 
five cases. Five features of Fig. 5 that are generally true for most tested 
cases are highlighted, as follows: 

(a) Across three different sleep positions, a relatively high CO2 con
centration (up to 7996 ppm, see Fig. 5c) was reported in the point 
through which the exhaled airstream passed. To be more specific, 
these locations inside the No.3 bed included three points (S3C, 
S3HC, S3HCW, see Fig. 3a for detailed placement) for the supine 
position, two points (S2LO, S3LO) for the lateral-to-corridor po
sition, and two points (S2LW, S3LW) for the lateral-to-wall po
sition. In the subsequent analysis, the results of these 
aforementioned spatial points in the specific sleep positions were 
excluded, considering that these measurements almost were the 
direct CO2 concentration of the exhaled air stream, which can 
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distort the final insight and interpretation of the CO2 dispersion 
inside the bed. The difference in mean in-bed CO2 concentration 
with and without removing some of the sensors for each case is 
shown in Fig. A6.  

(b) All the sensors placed inside the No.3 bed detected at least 50 
ppm higher CO2 concentration levels above the background level 
in five cases (see Fig. 5a–e), with mean CO2 values of all the in- 
bed sensors, apart from the sensors excluded as described in 
(a), being up to 495 ppm above the background level in a case 
(see Fig. 5b), and with a standard deviation of mean CO2 values of 
all in-bed sensors being up to 294 ppm in a case (see Fig. 5c). 
Among the five cases presented in Fig. 5, mean CO2 concentration 

in the wall-side space of the No.3 bed (S1W, S2W, S2LW, S3W, 
S3LW, S4W) was 124 ppm higher than that in the openings-side 
space of the No.3 bed (S1O, S2O, S2LO, S3O, S3LO, S4O), with 
a difference being up to 453 ppm in the case LWall-30m-55 (see 
Fig. 5c).  

(c) A statistically significant difference in CO2 spatial distribution 
inside the No.3 bed among three different sleep positions (F (2, 
59) = [8.34], p < 0.001) was found, by performing a one-way 
ANOVA analysis among the cases of Fig. 5a, b and c. The Bon
ferroni post-hoc tests for multiple comparisons found that the 
mean value of CO2 concentration was significantly different be
tween supine and lateral-to-corridor positions (p = 0.000) and 

Fig. 4. Measured mean CO2 concentration above the background level at room level (corridor at 5 different heights, exhaust air) and inside 11 beds (except for the 
No.3 bed) in 12 cases. Each subplot contains four cases under the same sleep position. For example, (d) shows the CO2 levels in four cases [(Supine-30m-250), 
(Supine-30m-55), (Supine-12m-250), and (Supine-12m-55)]. 
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between supine and lateral-to-wall position (p = 0.041). For the 
lateral-to-corridor and lateral-to-wall sleep position, the differ
ence was not significant (p = 0.4). However, the difference in 
mean CO2 concentration between these two sleeping positions 
was 112 ppm, which is more than the uncertainty of CO2 mea
surement (50 ppm). In addition, Fig. 5f shows a much larger 
variety of CO2 concentration in these two conditions [SD = 276 
ppm for the lateral-to-corridor position (F05), SD = 301 ppm for 
the lateral-to-wall position (F09)] compared to the case “supine- 
30-55 (F01)” (SD = 16 ppm).  

(d) Both Fig. 5a and d show a similar CO2 distribution pattern under 
the same sleep position (supine), though there was a statistically 
significant difference in mean CO2 concentration [t (19) = 17.48 
(p = 0.000)] between the case at the room ventilation rate of 55 
m3/h (M = 194 ppm, SD = 16 ppm) and the case at the room 
ventilation rate of 250 m3/h (M = 106 ppm, SD = 25 ppm) by 
using a paired samples t-test analysis. 

(e) There was a statistically significant difference in mean CO2 con
centrations [paired samples t-test, t (19) = 29.252, p = 0.000] 
between the cases with a BTBM aged 30 months (M = 194 ppm, 
SD = 16 ppm) and the cases with a BTBM aged 12 months (M =
119 ppm, SD = 20 ppm), which corresponds to Fig. 5a and e. 

3.4. Inhalation, bed-level, and room-level CO2 concentration 

Fig. 6 shows mean CO2 values above the background level for 
inhalation, bed level, room center, and exhaust air from the 12 cases. For 
the mean CO2 values at bed level, sensors directly facing the exhaled 
airstream were excluded from the dataset that consists of the mean CO2 
values of each sensor in each case (see Fig. A6), as mentioned in Section 
3.3. The error bars present the standard deviation across the mean 
values of each sensor selected in a case. For the CO2 concentration at 
room level, results of the sensor (C3) at a height of 118 cm in the 

corridor are presented in Fig. 6, taking into account that this sensor was 
located directly in front of the No.3 bed (centrally in the room), which is 
in compliance with the CO2 measurement protocol from ISO16000-26 
[62] and ANSI/ASHRAE 62.1–2019 [59]. Five main aspects that are 
generally applicable to most cases in Fig. 6 are pointed out as follows:  

(a) The inhaled CO2 concentration in all cases was the highest among 
all the measured locations, with a mean positive difference in the 
CO2 value of 1010 ppm, 1150 ppm, and 1165 ppm, relative to the 
bed level, the room center, and the exhaust air, respectively. 
Across all cases, the inhaled CO2 concentration inside a semi- 
closed baby bed is, on average, three times higher than the CO2 
concentration in the exhaust, with one case even being up to 10 
times higher than the value in exhaust air (see Fig. 6f).  

(b) Across all cases under three sleep positions, the highest mean 
inhaled CO2 concentration was found in lateral-to-wall sleep 
positions (2243 ppm above the background level), followed by 
the lateral-to-corridor positions (1039 ppm), and the supine sleep 
positions (462 ppm). In particular, in two cases (LWall-30m-55, 
LWall-30m-250), inhaled CO2 levels were as high as 3971 ppm 
and 3910 ppm above the background level, respectively (see 
Fig. 6e and f).  

(c) There is no statistically significant difference in CO2 inhalation 
between cases under two room ventilation rates [paired samples 
t-test, t (5) = − 0.997, p = 0.365]. Slightly higher mean CO2 
inhalation was recorded in the cases under the high room venti
lation rates (250 m3/h) as compared to the low room ventilation 
rate (55 m3/h), with a mean value of 1336 ppm and 1161 ppm 
above the background level, respectively.  

(d) An apparent difference in mean CO2 inhalation between cases 
with different baby ages was found [paired samples t-test, t (5) =
− 2.594, p = 0.049], with a mean value of 475 ppm and 2021 ppm 

Fig. 5. CO2 dispersion (values above the background level) inside the No.3 bed under five combinations (cases) of experimental conditions. (a) Supine-30m-55; (b) 
LCorridor-30m-55; (c) LWall-30m-55; (d) Supine-30m-55; (e) Supine-12m-55; (f) A boxplot of CO2 values inside the No.3 bed, where outliers were not illustrated for 
better visualization. The legends in the five subplots [(a)–(e)] have the same scale. Specifically, there are four colors of bubbles in each legend, corresponding to four 
different CO2 levels above the background level: green, yellow, orange, and red colored bubbles indicate CO2 concentration ranging from 0 to 400 ppm, 400–600 
ppm, 600–1600 ppm, and >1600 ppm, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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above the background level for the cases with a BTBM aged 12 
months and 30 months, respectively.  

(e) In addition, among all cases, the mean CO2 values at bed level 
(sensors directly facing the exhaled air were excluded) were 155 
ppm higher than that in the exhaust air, with a statistically sig
nificant difference between them [paired samples t-test, t (11) =
4.923, p = 0.000]. Although there was a statistically significant 
difference [t (11) = 5.496, p = 0.000] in mean CO2 values be
tween the corridor sensor (C3) and the air exhaust among 12 
cases, both populations mean values were almost the same (98 & 
83 ppm). 

4. Discussion 

4.1. CO2 dispersion from a semi-enclosed baby bed 

In this study, the extent to which the emissions constantly generated 
by a sleeping baby can be removed out of a semi-enclosed baby bed via 
room-level ventilation was explored. Scenarios that realistically mimic 
regular bedroom conditions in Dutch daycare centers were used. In 
order to present a more realistic context with more credibility, three 
types of variables in our cases were added, including different sleeping 

positions, the ages of the baby, and room ventilation flow rates. Results 
showed that all three factors, i.e., sleep position, ventilation rate, and 
baby age, significantly affected the CO2 distribution inside the baby bed 
by using the control variate method. More specifically, the mean CO2 
concentration inside the No.3 bed was remarkably high, with a case 
being up to 495 ppm above the background level (see Section 3.3), and 
mean CO2 concentration among all cases was higher than that in the 
exhaust air, in one case by as much as 332 ppm (see Fig. 5c). This 
demonstrates the existence of excess CO2 concentration inside a semi- 
enclosed bed while a baby is sleeping. Also, the difference between 
the concentration of CO2 in the corridor and the exhaust was not sig
nificant. It is, therefore, reasonable to state that the air, especially inside 
a semi-enclosed bed, is not well-mixed under the room-level ventilation. 
Notably, in the case of a semi-enclosed bed, the CO2 accumulation and 
inhomogeneity in space appears even higher when compared to other 
scenarios, such as classroom and office settings [45,60]. 

4.2. Inhalation exposure to CO2 concentration inside a semi-enclosed 
baby bed 

The CO2 inhalation of a baby sleeping inside the bed was investi
gated by using a designed breathing system in our study. It was well- 

Fig. 6. Mean CO2 concentrations (above the background level) in inhalation, bed level, room center, and exhaust air under 12 combinations of different conditions 
(ventilation rate [55 m3/h & 250 m3/h], sleep position [lateral-to-wall & supine & lateral-to-corridor], ages [12 months & 30 months]). Y-axis uses a logarithmic 
scale due to the large difference in CO2 values between inhalation and other locations. 
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acknowledged that the breathing thermal baby model only has one 
facial profile geometry and a fixed breathing pattern, while real-life 
human individuals differ from each other [45,50]. However, in light 
of the infeasibility of investigating the CO2 inhalation of a real baby, a 
BTBM is regarded an effective alternative. According to the results of 
this study, it is a concern that the concentrations of CO2 inhaled by in
fants are very high, on average, 3 times higher than the values in the 
exhaust air. As CO2 exhalation rates applied were realistic and well 
commissioned in the current study, the absolute values are also of in
terest. The mean inhaled CO2 concentration was 1647 ppm (absolute 
values) among all cases, and in two cases (see Fig. 6e and f), the inhaled 
CO2 concentration was even more than 4300 ppm (absolute values) 
when sleeping inside a baby bed. It was found that different sleeping 
positions had an effect on the CO2 uptake, with the worst being sleeping 
in a lateral-to-wall position, which was 1781 ppm higher than a supine 
position. Unexpectedly, the mean CO2 inhalation in a lateral-to-corridor 
position was generally higher than that in a supine position, possibly due 
to room draft-induced air flow from the corridor toward the face. 
Furthermore, the airflow may be responsible for the higher CO2 inha
lation at higher ventilation rate (250 m3/h), compared to the cases at 
lower ventilation rate (55 m3/h), especially in the case where the BTBM 
was positioned in a lateral-to-corridor position (see Fig. 6c and d, i and 
j). The phenomenon that the personal exposure may, paradoxically, be 
elevated when multiple airflow interacts in the breathing zone was 
confirmed by Bivolarova et al. [41]. The current study demonstrated 
that older babies (30 months) inhaled much more CO2 than young ones 
(12 months) due to a higher CO2 exhalation. The higher tidal volume 
(from the 30-month-old BTBM) apparently was not able to dilute the 
exhaled CO2 sufficiently to arrive at conditions experienced by a 
12-month-old baby. In summary, the study shows that CO2 distribution 
inside a semi-enclosed baby bed is affected by various factors and 
highlights the importance of considering personal exposure differences 
(namely, sleep positions, and infants’ ages) when configuring room- 
and/or bed-level ventilation. 

In comparison to other similar studies that investigated the CO2 
inhalation [44,46,63,64] of occupants inside the room, higher levels of 
CO2 inhalation inside a semi-enclosed bed were found in the current 
study. For example, Kierat et al. [44] reported around 1000 ppm CO2 
inhalation in absolute values by using a breathing thermal manikin to 
simulate an adult in a sitting position in the center of a room. With re
gard to health outcomes, the impact of CO2 exposure on human health, 
comfort, and sleep quality remains a contentious topic in the contem
porary scientific literature [65–68]. Delving into the physiological ef
fects of CO2 on individuals [69], it is important to highlight a study [70] 
that conducted experiments with human subjects to examine the influ
ence of CO2 concentrations in inhaled air on CO2 emission rates. The 
study discovered that elevated CO2 concentrations in the inhaled air 
resulted in a reduction of respiratory excreted CO2. While existing evi
dence is limited, it suggests that CO2 levels below 5000 ppm may have 
minimal influence on adults’ acute health symptoms and physiological 
outcomes. It is critical to note, however, that current research has not yet 
explored the implications of high CO2 concentrations on children, 
particularly babies and toddlers [65]. Furthermore, several studies 
[71–73] found, inside the crib, much higher concentrations of adverse 
chemicals released from beddings, mattresses, and diapers worn by in
fants, compared to the bulk bedroom air. Combined with these findings, 
the excess CO2 inhalation potentially raises a real issue for infants’ 
health. In fact, in contemporary society, there are many scenarios which 
are similar to the sleeping environment in a semi-enclosed baby bunk 
bed, such as airport sleeping boxes, train soft sleeper compartments, and 
capsule hotels. The outcomes, therefore, also indicate a concern about 
personal exposure to air contaminants in all of these “miniature sleeping 
spaces” [74]. 

4.3. Is it possible to assess the inhaled CO2 concentration by using sensors 
at fixed locations? 

As stated in Section 4.1, the assumption of complete mixing of room 
air rarely occurs and is usually unevenly distributed. This appears to be 
exaggerated in bedrooms in DCCs. When CO2 is used as an indicator of 
indoor air distribution, it is more reliable to assess the concentration of 
CO2 in the air inhaled by occupants by measuring as close as possible to 
the breathing zone [44]. However, in reality, it is not feasible to take 
measurements of the inhaled CO2 of occupants, not even in the vicinity 
of the breathing zone, especially for infants sleeping inside beds. Based 
on the results of this study, a further analysis was performed to inves
tigate whether it would be possible to find a proper location where the 
measured CO2 concentration is representative for the inhaled CO2 con
centration of a baby sleeping inside the bed. Pearson Correlation Coef
ficient (ρ) was used to analyze the linear relationship between the CO2 
values measured in the different locations and the inhaled air in the 
cases under the same sleep positions. Also, the ratio of CO2 levels 
measured at a certain point to the inhaled CO2 levels in each case was 
computed. Fig. 7 elucidates the qualitative and quantitative relationship 
between all sensors and inhalation and reinforces several of the results 
found in the preceding Section 3.4. As shown in Fig. 7, the markers 
(circle, triangle, or square) with green color indicate a strong correlation 
under a specific sleep position; the marker close to 1 (X-axis value) 
means the CO2 values measured by a sensor are close to the inhaled CO2 
concentration for a specific case. 

First, it shows that all the sensors at the room level (C1, C2, C3, C4, 
C5, Exhaust) do not reliably assess the inhaled CO2 values. The corre
lation is weak, and most sensors have quantitative ratios of less than 0.5 
to the CO2 inhalation. Second, all the sensors inside the bed have better 
correlations with the CO2 inhalation under the supine sleep position, 
followed by the lateral-to-corridor position, and the lateral-to-wall po
sition. The third key finding is that there is one sensor (S2CO) that re
ports a good correlation (ρ > 0.7) with the inhaled CO2 values under all 
sleep positions, with a ratio higher than 0.5 in most cases. This dem
onstrates that it is possible to qualitatively assess the inhaled CO2 con
centration by using sensors at fixed locations inside the bed, but not at 
the room level. But it should be noted that this finding is based on the 
limited number of cases for which the breathing thermal baby model 
was used. In reality, various factors such as multiple sleeping positions, 
different ventilation flows in the room, and individual differences in 
infants can affect the results. 

In comparison to the results of previous studies [44,45,75], for 
instance, Kierat et al. [44] measured CO2 concentration at nine locations 
close to the face of a breathing adult manikin in a sitting position. They 
found that it would be possible to accurately assess CO2 exposure by 
placing sensors at locations, such as, between the center of the chin and 
the mouth, or at the left (or right) corner of the mouth, or next to and 
above the nostrils. Similarly, Pantelic [45] tested six different locations 
close to the face of a subject, and they concluded that the sampling 
location at 0.5 cm from the tip of the nose would be suitable for 
measuring CO2 exposure. This implies that CO2 measurements at the 
room level cannot be equivalent to the breathing zone. However, the 
standard ISO16000-26 [62] states that the sampling location for CO2 
monitoring should be in the center of the room, 1.0–1.5 m above the 
ground, which can represent the breathing zone of the occupants. Also, 
ANSI/ASHRAE 62.1–2019 [59] defines the breathing zone as the region 
within an occupied space between planes (0.75 and 1.8 m) above the 
floor and more than 0.6 m from the walls or fixed air-conditioning 
equipment. These inconsistent conclusions raise the need to clarify the 
definition of the occupants’ breathing zone and monitoring protocols in 
different scenarios whenever using CO2 concentration as an indicator of 
outdoor air ventilation rates, perceived air quality, ventilation perfor
mance, or infection risks in the future [60,76–79]. Most importantly, the 
current results demonstrate that all our previous knowledge with respect 
to CO2 monitoring, which assumes a high correlation between what we 
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measure in the room and what we inhale, may be invalid. Different 
situations (such as room features, ventilation configurations, occupants’ 
activities, etc.) will have different correlations and therefore one should 
always be aware of that and try to reveal that relation [80–82]. 

4.4. Limitation & outlooks 

In addition to some of the considerations mentioned in the discussion 
above, some limitations of this study should be taken into account. 

(a) In terms of the baby model, first, the simulation of baby respi
ration assumes a mean stable breathing airflow in two phases, i. 
e., inhalation and exhalation. In reality, the process of one 
inhalation or exhalation has the characteristics of gradual in
crease, achieving peak, subsequently gradual decrease, and 
finally a short pause [83,84]. Also, inhalation through the nose 
has only one nostril, which affects the realistic inhalation of air, 
and therefore, CO2 concentration. Third, because of practical 
limitations, the temperature of the exhaled air was set to the 
ambient air temperature (around 25 ◦C), rather than being heated 

Fig. 7. Correlation of CO2 concentration measured by all sensors related to CO2 inhalation under the same sleep position. The Pearson Correlation Coefficient (ρ) of 
each sensor with the corresponding inhalation value is indicated by the color. The marker identifies the sleep position. The normalized CO2 concentration is the ratio 
of CO2 concentration (above the background level) measured at a certain point to the CO2 concentration in the inhaled air. A ratio of 1.5 or greater is plotted at 1.5 
(X-axis). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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to the core temperature (around 36.5 ◦C) [53]. But it is worth 
mentioning that based on the study [48], the humidity and 
temperature treatment of exhaled air might increase the amount 
of air re-inhaled by the manikin. Additionally, a comparative 
analysis was conducted between the CO2 levels inhaled by the 
infant model in the room and those reported in existing literature, 
revealing similar CO2 inhalation levels (see Fig. A7 and Tab. A3).  

(b) In order to take a high spatial-resolution measurement of CO2 
dispersion, a number of CO2 sensors (23 units) and the rack of 
sensors were placed inside the bed, which may affect the realistic 
CO2 inhalation. Therefore, after the formal cases, four additional 
tests were performed to check the extent to which the sensors 
placed inside the bed affect the CO2 dispersion and inhaled CO2 
concentration. During the additional cases, 17 out of 23 Vaisala 
CO2 sensors were removed from the No.3 bed, as shown in Fig. C1 
in Appendix C of the Supplementary material, and the rest of 
experimental conditions were the same as that in the formal cases 
(see Tab. C1). The results from these four additional cases showed 
no statistically significant differences to the corresponding formal 
cases (see Tab. C2), which means that there was no significant 
effect of the large number of sensors inside the No.3 bed on CO2 
dispersion. However, as shown in Fig. C2, slightly lower mean 
inhaled CO2 values in all additional tests were observed than that 
in the corresponding formal cases, with an average difference of 
74 ppm among the four tests (higher than 50 ppm). This 
demonstrated that, still, there was a slight effect of a large 
number of sensors inside the No.3 bed on the inhaled CO2 values.  

(c) Additionally, in this study, it was mainly intended to investigate 
the dispersion of CO2 emitted by a baby sleeping in a semi- 
enclosed bed, taking into account different conditions in three 
variables, i.e., three different sleep positions, two different 
ventilation rates, and two types of ages, respectively, but the 
interaction effect of these three factors on the CO2 dispersion was 
not explored in the current study due to the limited number of 
cases, and the fact that the baby model used was the only subject. 
However, it can be visually observed that different sleeping po
sitions and infant ages have more pronounced effects on CO2 
inhalation relative to different ventilation rates, based on the 
limited cases, as shown in Fig. 6.  

(d) The research verified poor ventilation conditions at the bed-level 
within a semi-enclosed baby bed, highlighting the necessity to 
enhance the design of such baby beds. However, this study only 
examined a single baby sleeping in the bedroom under one air 
distribution approach, specifically, mixing ventilation. Addi
tionally, a higher CO2 concentration was observed in Bed No. 9 
(situated opposite Bed No. 3) in four cases, as detailed in Section 
3.2 and Fig. 4d, which suggests the potential for CO2 cross- 
contamination between beds. Consequently, more investigation 
is required to examine CO2 exposure and dispersion when mul
tiple infants sleep in bedrooms with varying ventilation systems, 
as well as to identify appropriate solutions. 

5. Conclusion 

This study applied a full-scale bedroom setup based on a field survey 
in 17 Dutch daycare centers to investigate the CO2 dispersion and 
exposure from a breathing thermal baby model sleeping inside a semi- 
enclosed baby bed. The main findings are as follows: 

(a) Excess exhaled CO2 concentration was found to accumulate in
side a semi-enclosed bed in most cases, and to be unevenly 
distributed in beds under mixing ventilation mode, which in
dicates that the bed-level ventilation conditions are insufficient 
and cannot be maintained by using a mixing ventilation mode at 
the room level only.  

(b) Across all cases, the concentration of CO2 inhaled by infants was 
high, on average, with a factor of three of the measured values in 
the room exhaust, which potentially poses a health issue, or affect 
other outcomes, to infants sleeping in the beds. 

(c) The sleep positions had a significant impact on the CO2 accu
mulation and inhalation inside the bed, with the worst being 
sleeping in a lateral-to-wall position, followed by the lateral-to- 
corridor, and the supine position. A high ventilation rate (250 
m3/h) contributes to removal of the CO2 emissions from the bed 
but can also lead to elevated CO2 inhalation, compared to the 
cases of 55 m3/h. Older babies emit more amount of CO2, which 
causes more CO2 to be inhaled and accumulated inside the bed.  

(d) It is possible to qualitatively assess the CO2 exposure of babies by 
placing sensors inside the bed. This is not possible at room level. 
For the current study, the location (S2CO) which was parallel to 
the baby’s head and close to the opening side of the bed can well 
qualitatively monitor the inhaled CO2 concentration even under 
different sleep positions, ventilation rates, and baby ages.  

(e) To conclude, the current study confirms the unfavorable status of 
the ventilation conditions inside a semi-enclosed baby bed and 
highlights the need to improve the air quality inside the baby bed. 
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