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ARTICLE INFO ABSTRACT

Keywords: This study investigates airborne transmission dynamics between occupants in office rooms
Airborne transmission equipped with mixing ventilation (MV). The primary aim was to assess how different ventilation
Cross-infection configurations, air change rates (ACH), breathing patterns, and supply air temperatures influence
Breathing pattern cross-exposure and infection risks. The experimental setup involved two thermal manikins

Alr distribution simulating an infected and an exposed occupant within a climate chamber. The investigated

Ventilation parameters included four ACH levels (1.2, 2, 4 and 6.6 h, representing four EN 16798-1
ventilation categories), two MV configurations (near-ceiling and near-floor inlets), two breathing
patterns (nose and mouth breathing), and two supply air temperatures (19 °C and 21 °C). Carbon
dioxide (CO2) was used as a tracer gas to simulate exhaled aerosols, enabling precise measure-
ments of effectiveness (¢,), intake fraction (IF), and infection probability (P). The findings indicate
that higher ACH do not uniformly improve ¢, but are linked to reduced cross-exposure risk. The
near-floor inlet MV configuration significantly outperformed the near-ceiling configuration in
reducing IF and P by 15-41 % under most investigated scenarios. Additionally, mouth breathing
increased IF and P compared to nose breathing, especially at higher ACH (2, 4, and 6.6 h™!). The
results also showed that lower supply temperatures do not always correlate with higher IF and P,
as MV configuration and breathing patterns significantly influence outcomes. This research
provides insights into optimizing ventilation strategies for safer indoor environments, empha-
sizing the importance of airflow dynamics, breathing patterns, and supply temperature in
ventilation design.

Acronyms

ACH Air change per hour

BZ Breathing zone

CRE Contaminant removal effectiveness

COy Carbon dioxide

Cq Concentration at any of inside the room

Chikg Background concentration of the room before dosing from the infected manikin
Ce Concentration at exhaust of the room

Cexp Concentration at the breathing zone of the exposed occupant
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Cs Concentration at supply of the room
Cinf Concentration at the exhalation of the infected manikin
D Dilution ratio

€ Personal exposure indices

&y Ventilation effectiveness

IAQ Indoor air quality

IF Intake fraction

MV Mixing ventilation

NC Near-ceiling

NF Near-floor

P Probability of infection

I Number of infectors

q Quanta emission rate

D Breathing rate of healthy occupants
Q Space ventilation rate

1. Introduction

Individuals typically spend 80-90 % of their time within indoor environments, which are often characterized by limited space and
variable levels of ventilation. Such conditions can potentially elevate the risk of airborne transmission, making these environments
critical areas of focus for understanding and mitigating disease spread [1]. Therefore, effective and thoughtfully designed ventilation
systems are crucial for maintaining a high indoor air quality (IAQ). Factors such as airflow dynamics, type of mixing ventilation
configuration, and air change per hour (ACH) play a vital role in this context [2]. The intricate interplay between these factors is
paramount for occupant well-being and productivity [2]. Moreover, by optimizing these systems for efficiency, there is a significant
opportunity to enhance IAQ while simultaneously reducing energy consumption. This dual benefit underscores the importance of
innovative approaches in ventilation system design [3].

In indoor environments, airborne cross-infection between an infected individual and an exposed person occurs through direct and
indirect transmission routes [4]. Direct transmission arises when the exhaled air of the infected individual is inhaled by the exposed
person after entering and commingling with the exposed person’s breathing zone air. In contrast, indirect transmission occurs when
the exhaled air from the infected person diffuses and blends with the room air prior to reaching the breathing zone, subsequently being
inhaled by the exposed person. The risk of cross-infection through direct transmission is subject to several variable parameters,
including air distribution, the spatial separation between individuals, their positions and orientations, respiratory patterns, activity
levels, and occupant mobility. Conversely, the risk of cross-infection via indirect transmission primarily hinges on the occupied space’s
volume and the rate of the ventilation supply airflow [5].

Mixing ventilation (MV) is the most widely-used mechanical system in both literature and practice, particularly in office spaces,
owing to its versatility and effectiveness in achieving thermal comfort [6]. The widespread utilization of MV systems can be attributed
to their ability to maintain uniform conditions throughout enclosed spaces, fostering a homogenous distribution of temperature and air
quality parameters [7]. Several factors directly affect MV’s performance on IAQ, such as supply flow rates, location of MV air ter-
minals, indoor heat sources including the human thermal plume, and breathing pattern [8-12]. Ye et al. [11] reported that increasing
the supply air flow rate of an MV system effectively mitigated the background aerosol concentration while it had a limited effect on the
local concentration. Yet, other studies reported that increasing the supply flow rate for MV might not always be proportional to
reducing the concentration of contaminants [8,11,13-15]. The location of MV ventilation air terminals can also affect the IAQ.
However, the literature shows only a limited number of studies in this regard. For example, Licina et al. [16] reported that airflows
originating from the front and the side exhibit greater efficacy in reducing exposure risk than airflow operating from above (ceiling
supply). Additionally, Berlanga et al. [17] experimentally studied four MV configurations (wall grill, swirl diffuser, low-exhaust, and
high-exhaust) on exposure risk in a hospital ward. Their study reported that a swirl diffuser achieved lower exposure risk than other
MV configurations. Further studies illustrated that the location of supply air terminals could impact the dilution of contaminants, and
the proximity of supply inlets to infected occupants results in enhanced air dilution around the infected, thereby reducing the
transmission of aerosols [13,18-20]. Nevertheless, it has been demonstrated that high supply air flow rates might increase the diffusion
of aerosols, contingent upon the positioning of supply terminals [13,15,21]. Thus, defining an optimal supply flow rate contingent
upon the spatial arrangement of the MV air terminals becomes imperative.

Another crucial parameter that could influence the distribution of airborne contaminants within the occupants’ microenvironment
is the indoor air temperature [22]. This plays a crucial role in the development of the human body convective boundary layer and the
thermal plume; a higher temperature differential between the human body and the ambient environment correlates with an increased
expansion of the convective flow in the microenvironment encasing the body [23]. Consequently, the growth of the convective flow
can carry or transport more contaminants. For example, Ai et al. [8] reported that the cross-exposure risk between two standing
occupants exhibited a lower magnitude at a lower indoor temperature (22 °C) in comparison to higher indoor temperatures (23 °C and
24 °C). Additionally, in environments where the indoor air movement is minimal (as in MV system), the thermal plume generated by
humans becomes the predominant airflow within the immediate surroundings of an individual. For example, Zhong et al. [24] reported
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that for a thermal manikin, it was observed that the direct exposure to particulate matter was increased by 200 % in comparison to
non-thermal manikin (unheated manikins), whereas the indirect exposure reduced by 60 %. Consequently, the total exposure expe-
rienced a 69 % increase in comparison to scenarios using non-thermal manikin (unheated manikins).

Similar to the convective airflow in the vicinity of the human body, the flow around indoor heat sources located near the occupants
can have a large impact on the cross-transmission of airborne contaminants between occupants. The literature reports that the presence
of heat sources near the infected or exposed occupant can substantially impact the exposure risk [9,25]. Peng et al. [25] conducted
experimental inquiries into the impact of heat sources (table lamps) on contaminants removal effectiveness (CRE) between two
manikins within a 37.8 m® climate chamber. Their investigation revealed that under active source conditions (with heat), the CRE was
approximately 1.3, whereas under passive source conditions (without heat), it ranged between 0.68 and 0.82. Xie et al. [9] conducted a
numerical exploration into the impact of heat sources on airborne exposure between two occupants within a 38.4 m® room. Their
findings revealed that the average inhaled contaminants and infection risk in the presence of heat sources were approximately 2 and
1.79 times higher, respectively, compared to scenarios without heat sources. Therefore, excluding the heat sources while evaluating
the exposure to respiratory aerosols could give unrealistic results.

In addition to air convection surrounding the human body and other indoor heat sources, the breathing pattern can also largely
influence the potential for cross-infection via direct transmission. For example, Villafruela et al. [26] numerically studied the effect of
breathing patterns (mouth breathing and nose breathing) on the exposure to airborne contaminants between two standing occupants.
Their study reported that the breathing pattern can significantly impact the microenvironment around the occupant. Liu et al. [22]
experimentally investigated the transmission of respiratory droplets over short distances using two breathing manikins. Their study
reported that at short spreading distance of 0.8 m between the two manikins, the exposure risk under mouth breathing was about 2.4
times higher compared to nose breathing. Qian et al. [27] experimentally investigated the impact of mouth and nose breathing on IAQ
in a two-bed hospital ward equipped with MV. Their findings revealed comparable personal exposure indices (&) under both mouth
and nose breathing conditions when the bed separation distance was 1 m. However, at reduced separation distances (0.5 m), mouth
breathing exhibited a 7 % higher ¢, compared to nose breathing.

The above-mentioned studies highlight the impact of the different parameters on the performance of MV. However, there are
several gaps in the literature [28]. An important gap is that most previous studies on the effect of the location of MV air terminals on
IAQ were conducted in hospital wards [20,30]; there is a lack of studies on the effect of locations of MV supply inlets and breathing
patterns on cross-exposure to respiratory aerosols in an office environment [31]. Additionally, some previous studies evaluated the
effect of MV configuration on exposure to contaminants under a fixed flow rate [19] or assessed the influence of air flow rate and
ventilation patterns exclusively concerning cross-exposure risk, sometimes with the absence of heat sources near the occupants [4,8].
Moreover, numerous previous studies on respiratory aerosol exposure have utilized heated dummies, which do not adequately mimic
the complex intricacies of the human body, unlike thermal manikins. Heated dummies, often designed with simplistic rectangular or
circular shapes, fall short in capturing the detailed thermal and geometric characteristics essential for an accurate assessment of
cross-exposure risks. This limitation underscores the need for employing thermal manikins that more realistically represent human
body dynamics in aerosol dispersion studies. It is imperative to note that the geometric characteristics of the human body significantly
influence the convective boundary layer and thermal plume dynamics, consequently impacting the assessment of cross-exposure risks.
Thus, utilizing heated dummies may overlook critical nuances inherent in human physiology, potentially leading to inaccuracies in risk
assessment associated with airborne transmission [12,24,29]. Further, when investigating the effects of the breathing pattern, the
existing literature often focuses on standing or lying positions, primarily concentrating on short distances (>1 m). There is a lack of
studies that focus on the impact of breathing patterns in seated positions, particularly at greater separation distances, especially within
configurations that replicate real office environments.

To address these gaps, the current study aims to empirically examine the cross-exposure and infection risk between occupants in an
office setup; the experiments were carried out in a controlled climate chamber using two thermal manikins. The emphasis of the study
was placed on (a) the effect of ACH on the IAQ, (b) the influence of supply location for MV on the spread of exhaled aerosols between
occupants, (c) the effect of breathing patterns on exposure to the exhaled contaminants between occupants, and (d) the effect of supply
temperature on IAQ.

2. Methodology

2.1. Experimental apparatus and setup

The experiments took place in the climate chamber of the Department of Building Physics at the Bauhaus-University Weimar. This
chamber, measuring 3 x 3 x 2.44 m, is a room-in-room construction enclosed within a laboratory hall to ensure isolation from the
outdoor environmental conditions. It comprises insulated sandwich panels with a heat transfer coefficient of U = 0.27 W/m?K, of-
fering high thermal insulation from the laboratory hall. The interior surfaces of the chamber are equipped with water-bearing capillary
tubing positioned below the floor tiles and the gypsum plaster of the walls and ceiling. Thus, the temperature within the chamber is
controllable through the temperature regulation of each interior surface separately. However, in this study this system was switched
off. The chamber is equipped with a mixing ventilation system that employs two supply air inlets to introduce fresh or recirculated air
at an adjustable flow rate into the chamber (see also Fig. 2 (a)). The air inlets are positioned at one of the corners of the chamber; each
inlet comprises a set of six pipes with a diameter of 0.045 m. Simultaneously, the chamber employs two exhaust air outlets with di-
mensions and characteristics identical to those of the inlets. These outlets are situated at the opposite corner of the inlets. Each inlet
and outlet duct are equipped with a valve to regulate the aperture percentage or to entirely close the duct. The ventilation system of the
climate chamber offers five different ventilation rates (27.2, 43.9, 62.2, 89.6, and 146 m°/h), corresponding to ACH of 1.2, 2, 2.8, 4,
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and 6.6 h™!, respectively. In this study, the temperature of the chamber is controlled by the supply temperature of the ventilation
system. However, due to internal loads the air temperature is higher especially at low ventilation rates.

To replicate an office environment, an office setup was arranged in the climate chamber with two thermal manikins with complex
male body shape (1.76 m tall in the standing position) (Figs. 1 and 2a). The manikins were seated face-to-face given this position’s
prevalence in office environments. Previous research has indicated that this specific seating configuration exhibits a higher infection
risk than face-to-back or side-to-side sitting positions [30-33]. The separation distance between the nose tips of the two manikins was
1.3 m, which has been employed in prior research investigations replicating office environments [34,35]. Each thermal manikin faced
a PC monitor with dimensions of 0.34 m (height) x 0.45 m (length) x 0.03 m (width), common for PC screens in office settings; each
monitor was connected to a PC workstation measuring 0.4 m x 0.18 m x 0.4 m and placed below the desk. Both manikins were
operated using the so-called comfort mode, which simulates the heat generation from a seated calm occupant. This mode was selected
for this study as it is widely used in the literature [36-38]. As the measurements are also intended to validate future numerical models,
the manikins were seated on open chair frames without clothing or hair to simplify the geometric modelling [39,40].

To study cross-exposure, the first manikin simulated an exposed person; this manikin has 22 body segments. The breathing system
of the exposed manikin was switched off, as it has been shown in the literature that the breathing patterns of a healthy occupant have a
negligible impact on the assessment of exposure levels [41]. The second manikin simulated an infected person; this manikin has 28
body segments and is equipped with artificial lungs (air pumps with a capacity of 73 L/min) to replicate the respiration process. These
lungs can be connected to either the nostrils or the mouth of the manikin, allowing flexible control of the breathing pattern (Fig. 2 (c)).
The breathing system of the infected occupant was set to continuous isothermal breathing with a pulmonary ventilation rate of 6.4
L/min [36]. This was selected because the literature indicates that the infected occupant’s sinusoidal breathing pattern has a negligible
impact on assessing exposure levels compared to continuous breathing [41]. The nostrils feature circular openings, each with a
cross-sectional area of 50 mm?. The two jets from the nostrils were oriented at a 30° angle from each other and inclined at a 45°
downward angle from the horizontal plane; the mouth featured a 100 mm? ellipsoidal opening. Thus, the characteristics of nostrils and
mouth align with the descriptions provided in the literature [42,43].

2.2. Quantified parameters and instrumentation

Carbon dioxide (CO) was selected as a tracer gas to simulate virus-laden droplet nuclei exhaled by the infected manikin. Note-
worthy distinctions exist between tracer gases and airborne particles; particles undergo loss from air streams due to deposition and
filtration processes, while the tracer gases do not partake in analogous physical mechanisms. This deviation in behavior necessitated an
in-depth exploration of transport dynamics and ramifications for indoor air quality. Numerous investigations have investigated the
differences between indoor airborne particles and tracer gases in the context of person-to-person exposure, highlighting the use of
tracer gas for investigating cross-exposure risks during non-violent respiratory activities such as breathing and speaking [44-46].
Furthermore, prevailing particle sizes during breathing predominantly fall below 1 pm [47]. Consequently, in this study, CO; served as
the tracer gas to examine person-to-person exposure risks, aligning with the previous studies.

Throughout the experiments, CO2 was introduced at a flow rate of 3 mL/s into a mixer box connected to the exhalation tubing of the
infected manikin, as illustrated in Fig. 2 (c). The dosing was conducted using an INNOVA multichannel sampling and monitoring
system to ensure precise control of the introduced tracer gas into the mixer box. Two distinct instruments were employed for measuring
the CO5 concentration: ALMEMO CO5 sensors and the INNOVA monitor. The CO, sensors were used to measure the CO, concentration
within the breathing zone (BZ) of the exposed occupant (Cexp), Which was measured at a distance of 0.5 cm from the mouth [43]. These
sensors detect CO, concentrations from 0 to 5000 ppm using the non-dispersive infrared (NDIR) principle with a 2-beam infrared
measuring cell. The air pressure dependence of the CO, measurement is compensated by a built-in air pressure sensor element. The CO,
sensor exhibited an accuracy of £50.0 ppm; the response time of this sensor is around 1 min for instantaneous values. On the other
hand, the INNOVA monitor was used to measure the CO5 at five locations: the concentration in the supply inlet (C;), the concentration
in the exhaust outlet (C,), the exhaled concentration from the infected manikin (Cins) (as shown in Fig. 2 (¢)), and the concentration at
two control points in the room (marked as P1 and P2 in Figs. 1 and 2 (a) & (b)). These points were located close to each manikin,
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Fig. 1. The experimental setup in the climate chamber.
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Fig. 2. A schematic sketch of (a) experimental configuration in the climate chamber; (b) top view of the measurement setup; (c) breathing system of the infec-
ted manikin.

positioned at a height of 1.1 m from the floor, with a distance of about 45 cm from the adjacent walls. The INNOVA monitor (operating
based on the photoacoustic principle) achieved a sampling rate of 3.3 min per data set and has an expanded uncertainty equal to 3 % of
the reading. It should be noted that the sampling rate of the INNOVA monitor is related to the number of activated channels, which
were six during the experiments (from which only five channels were used for the data analysis)

The experiments were executed under virtually steady-state conditions, wherein the room air temperature was stabilized within
+0.1 K. Additionally, the concentration-time curve at the ventilation exhaust demonstrated a slope of less than 10 mg/m?> (5.5 ppm)
per 10 min. To attain a time-independent mean value during the experiments, it was imperative to amass a sufficient volume of
samples. In Ref. [43], the recommended minimum required sample quantity from the INNOVA system for assessing exposure risk is 15
samples. Hence, in this study, 20 samples from the INNOVA were collected for each experiment. As the sampling interval for the
ALMEMO CO; sensor was 1 s, while it was 3.3 min for INNOVA (with five sampling channels activated corresponding to five sampling
locations), the time required by the INNOVA to accumulate the targeted 20 samples offered a substantial window for the ALMEMO CO,
sensor to establish a time-independent mean value with approximately 2000-3000 samples. In each experiment, a quasi steady-state
was achieved approximately 105 min after the infected manikin commenced CO, dosing. To calculate exposure and assess the risk of
infection, it took about 67 min to collect 20 samples using the INNOVA system. The experimental time schedule is shown in Fig. 3.

-180 min 0 min 105 min 172 min
Climate chamber stabilization Quasi steady-state concentration at BZ, P1, and P2 Evaluate &, IF, and P

PC-on Breathing-on Start of real End ofreal

Manikins-on O, Do;ing measurement measurement

MV-on

Fig. 3. The time schedule of the experiments.
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2.3. Experimental conditions

As Liu et al. [48] demonstrated superior performance of wall-supplied MV over ceiling-supplied MV regarding CRE, for this study,
wall-mounted MV supply was also used. The experiments were performed using two different MV configurations: near-ceiling and
near-floor inlet, both with near-ceiling exhaust (Fig. 2, a). In addition to altering the configuration of the MV system, three additional
parameters were varied: (a) ACH, (b) breathing pattern, and (c) supply temperature. The formulation of these experimental conditions
was predicated on achieving a balance between available experimental resources and the primary objective of evaluating the char-
acteristics of airborne transmission within different configurations of the indoor environment. Four ACH were investigated in this
study: 1.2, 2, 4, and 6.6 h_l, which were chosen to align with the ventilation categories defined in EN 16798-1 [49] (Table 1). As for
the breathing pattern, both nose breathing and mouth breathing were studied as they both correspond to the quiescent breathing
associated with seated occupants engaged in typical office tasks. Additionally, two supply air temperatures, namely 19 °C and 21 °C,
were considered to evaluate the impact of supply temperature on IAQ. The average temperature of all body segments of the exposed
manikin was 33 °C and 33.4 °C under a supply temperature of 19 °C and 21 °C, respectively. A total of 24 different scenarios were
investigated in this study. A comprehensive overview of the experimental scenarios and conditions is shown in Table 2.

2.4. Evaluation indexes

2.4.1. Ventilation effectiveness (e,)

The ventilation effectiveness (e,) is a critical metric used in assessing the efficiency of ventilation systems within enclosed spaces.
The ¢, serves as a quantitative measure to evaluate the dispersion and dilution of contaminants within a given environment. The
steady index of the &, was first proposed by Sandbere [50] to express how the system’s ventilation ability varies between different
parts of a room. For MV, the ¢, values typically range from 0 to 1, with higher values indicating more effective ventilation in reducing
contaminant concentration levels within occupied spaces. The ¢, is widely utilized in building design, HVAC engineering, and indoor
air quality research to evaluate the performance of ventilation strategies and optimize their efficacy [51,52]. The ¢, is calculated as
follows:

o

C. -
£y =—

o e

9|

Where C,,C;, and C, are the average concentration at the exhaust, supply, and any point inside the climate chamber. In this study, the
ventilation effectiveness was monitored at P1 and P2 to evaluate IAQ in the room.

While ¢, serves as a valuable metric for evaluating ventilation system efficacy, it does not inherently determine the system’s
effectiveness in mitigating exposure to airborne contaminants. For instance, a study by Chen and Zhao [53] demonstrated that while ¢,
can improve air distribution, it does not guarantee effective removal of viral contaminants or reduction in infection risk. Additionally,
research by Rudnick and Milton [54] emphasized the complex interplay between ventilation rate, airflow patterns, and other factors
such as occupancy and airborne contaminates distribution, which can influence the effectiveness of ventilation systems in reducing
airborne pathogen transmission. Therefore, the literature recommends complementing ¢, with other air quality metrics to compre-
hensively evaluate the ability of ventilation systems to mitigate infection risk and remove airborne contaminants [53,54]. Therefore,
this study also employs the evaluation of exposure risk and infection risk to comprehensively evaluate the influence of ACH, MV
modes, breathing pattern, and supply temperature on mitigating the risk of airborne contaminants.

2.4.2. Exposure risk

The assessment of exposure to exhaled contaminants within the BZ of the exposed manikin was conducted through the utilization of
intake fraction (IF). The IF is defined as the ratio of the contaminants inhaled by an exposed occupant to the contaminants exhaled by
the infected occupant [55]. The greater the IF, the greater the exposure risk [5]. IF can be calculated as follows:

O
s

e;

Cinf

IF=

(2)

where C., and Cy¢ are average concentrations measured at the BZ of the exposed manikin and exhalation of the infected manikin
subsequent to achieving a stabilized concentration. However, considering the presence of CO; in the ventilation supply air, the
calculation of the IF in Equation (2) necessitates the use of a background-corrected ratio, as follows:

Table 1
The investigated ACH and their corresponding EN 16798-1 ventilation categories [49]. The ACH ranges reported in parentheses are determined based on the number of
occupants and the area of the climate chamber.

Climate chamber ACH [h™!] Corresponding EN 16798-1 ventilation category
1.2 Category IV (1.1-1.7 h™1)

2 Category I1I (1.6-2.5 h™!)

4 Category II (2.8-4.4 h™1)

6.6 Category I (4-6.2 h™1)
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Table 2
The experimental scenarios investigated in this study.
Scenarios MV configuration Breathing pattern Supply Temperature [°C] ACH [h™]
1-4 Near-ceiling inlet Nose 21 1.2, 2, 4, and 6.6
5-8 Near-ceiling inlet Mouth 21 1.2, 2, 4, and 6.6
9-12 Near-floor inlet Nose 21 1.2, 2, 4, and 6.6
13-16 Near-floor inlet Mouth 21 1.2, 2, 4, and 6.6
17-18 Near-ceiling inlet Nose 19 2 and 4
19-20 Near-ceiling inlet Mouth 19 2 and 4
21-22 Near-floor inlet Nose 19 2 and 4
23-24 Near-floor inlet Mouth 19 2 and 4
Cexp—Cpy
IF = =2 ©))

Cinf

where Cy, represents the average background CO, concentration at the BZ of the exposed manikin prior to initiating CO, dosing
through the infected manikin. The determination of the Cy, value was conducted subsequent to achieving a stabilized concentration,
maintained for an average duration of 5 min, preceding the start of the infected manikin’s breathing. The employed methodology,
consistent with numerous prior studies [56,57], entails measuring the naturally occurring background CO-, levels at each measuring
point within the chamber before the initiation of the manikin’s breathing. Subsequently, these initial background levels were sub-
tracted from the total CO, concentration at each measurement point post-dosing, once a state of stabilization was achieved. It is
essential to highlight that Cyr was measured within the breathing tubing of the infected manikin (Fig. 1, left) and not within the room
itself. Consequently, the background concentration in the room was not subtracted from C;;y when calculating IF.

2.4.3. Infection risk

Riley et al. [58,59] introduced the Wells-Riley equation in 1978 as a framework for investigating the airborne transmission of
measles. Unlike exposure risk, this approach requires the quanta emission rate of a specific virus. Therefore, this study evaluated the
relationship between ventilation and probability of airborne infection of SARS-CoV-2 as an example virus that is often used in recent
studies. The probability of infection can be calculated using the following equation:

7quopot

P=1-¢ Q 4)

where P is the probability of infection; I number of infected occupants; g quanta emission rate by the infected occupants (quanta/h); p
breathing rate of healthy occupants (rn3/h); t is the exposure time interval (h); and Q is the space ventilation rate (m3/h).

According to Equation (4), the Wells-Riley model exclusively evaluates the collective probability of infection, assuming a homo-
geneous distribution throughout the confined space. Consequently, its application is restricted to situations characterized by perfect
spatial homogenization, rendering it inadequate to estimate infection risk in scenarios with non-mixed conditions [5,60]. However,
real-world environmental contexts exhibit non-uniform air dispersion dynamics, leading to disparate distribution patterns of infectious
pathogens. Hence, the spatial accuracy constraints inherent in the Wells-Riley model when estimating infection risk may lead to either
overestimation or underestimation of airborne infection risk. Considerable efforts have been dedicated to utilizing the Wells-Riley
model for evaluating infection susceptibility in environments characterized by non-uniform conditions [61-63]. In this investiga-
tion, the dilution-based assessment technique introduced by Zhang and Lin [64] was employed to obtain the quanta distribution in the
climate chamber. The dilution ratio (D) was used to calculate the inhaled quanta at the BZ of the exposed manikin using the following
equation:

D=—"_ 5)
Cexp — Ciig
Consequently, the Wells-Riley model can be adapted to:
-~ Teqet
pP=1 exp( 5 ) (6)

The value of t is taken as 1 h’ which is the most common used value to evaluate the infection risk in the literature [62,65]. As for q,
the previous studies involving the assessment of the infection risk of SARS-CoV-2 utilized different q values for calm breathing. A study
by Liu et al. [66] employed a q value of 36.6 quanta/h for evaluating the infection risk in multi-room building. Su et al. [67] and Qin
et al. [68] utilized a lower value of 10.5 quanta/h for assessing the risk of SARS-CoV-2 in a densely occupied spaces. According to Dai
and Zhao [69], q spans from 14 to 48 quanta/h under calm breathing. This upper limit (48 quanta/h) was used by several studies in the
literature such as Dai et al. [70], Fageha and Alaidroos [71], Hatif et al. [72], Park et al. [73], and Zhang et al. [62]. Hence, in
alignment with these studies, this study also uses a q value of 48 quanta/h to evaluate the infection risk of SARS-CoV-2.
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3. Results and analysis

3.1. Ventilation effectiveness (&)

Fig. 4 illustrates the impact of ACH, MV configuration, breathing pattern and the supply temperature on ¢, at P1. The analysis
shows a clear trend: as ACH increases, ¢, decreases, indicating a negative correlation. Specifically, at an ACH of 1.2 h™%, &, ranged from
0.69 to 0.79. Increasing ACH to 2 h™! reduced ¢, to a range between 0.57 and 0.69. A further increase to 6.6 h~!, a 5.5-fold increase,
significantly lowered ¢, to a range between 0.22 and 0.34. The study also examined how MV configuration affects ¢,. At lower ACH
rates, a near-ceiling inlet generally produced slightly higher ¢, values, with a difference ranging from 0.05 to 0.1 compared to a near-
floor inlet. However, at higher ACH levels (4 and 6.6 h™?), the near-floor inlet configuration was more effective, surpassing near-ceiling
configurations by approximately 0.05-0.11. Regarding the influence of breathing patterns and supply temperature on ¢,, the results
indicated that breathing patterns did not significantly influence ¢, values. Similarly, variations in supply temperature showed no
substantial impact on &, at ACH of 2 h™!. However, at an ACH of 4 h™1, reducing the supply temperature from 21 °C to 19 °C led to a
slight increase in ¢, values, ranging from 0.02 to 0.06.

Fig. 5 shows the values of ¢, across all investigated scenarios at P2. The results indicated that the values of ¢, generally increased
with larger ACH in most cases. However, the scenario involving a near-floor inlet and nose-breathing with a supply temperature of
21 °C exhibited significant variability. This may be attributed to various parameters which are explained in the last paragraph of this
subsection.

The results showed that increasing the ACH from 2 h™! to 6.6 h™! caused &, values to increase from a range of 0.86-1.04 to
1.16-1.39, respectively. Notably, ¢, values at position P2, which ranged from 0.79 to 1.39, exceeded those at P1 (0.69-0.79) by
0.1-0.6. The significance of these findings will be discussed in the following paragraph. Additionally, ¢, values at P2 often surpassed
the typical values around 1 for conventional MV systems [6], even at lower ACH levels. Regarding the impact of different MV modes,
the near-ceiling inlet generally performed better than the near-floor inlet across all ACH rates, except under two specific conditions: at
an ACH of 1.2 h~! with nose breathing, where the difference was marginal (about 0.03), and at an ACH of 6.6 h~! with nose breathing,
where the near-floor inlet outperformed the near-ceiling by 0.23 (¢, of 1.39 compared to 1.16). This variance is likely attributable to
random errors, which are often induced by uncontrollable factors, such as environmental conditions, as discussed in detail in the final
paragraph of this subsection. Similar to findings at P1, neither breathing patterns nor supply temperature significantly affected the ¢,
values at P2.

The variation in ¢, between positions P1 and P2 can be attributed to several fluid dynamics’ factors. Firstly, the placement of supply
inlets and exhaust outlets is crucial. In the case of a near-ceiling inlet, the supply is positioned at a height of 2.4 m, while for a near-floor
inlet, it is at 0.2 m. Both are closer to P1 (as shown in Fig. 2a). The exhaust outlet for both modes is positioned at 2.4 m and is closer to
P2. This configuration, in which the supply inlets are on one side of the room and the exhaust outlet is on the other side of the room,
creates a directional airflow pattern which results in a more efficient distribution of fresh air towards the far side of the room where P2
is located. This resulted in increased values of ¢, at P2 compared to P1. Secondly, P1 is situated at a height of 1.1 m, which is either
below or above the path of clean supply air jets from the near-floor and near-ceiling inlets, respectively. This positioning results in
reduced ventilation effectiveness at P1 as the clean supply air mixes with the room’s contaminated air before reaching this point.

3.2. Intake fraction (IF)

Fig. 6 presents the average IF values for the exposed manikin across various scenarios. The analysis indicates a significant reduction
in IF values with increased ACH. Specifically, increasing the ACH to 2 h ™! reduced the IF by 24.4 %-62 % across all scenarios compared
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Fig. 4. The average ventilation effectiveness (¢,) at P1. NC refers to near-ceiling inlet while NF refers to near-floor inlet; the error bars represent the standard deviation
of the measurements.
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Fig. 6. The average intake fraction (IF) at the breathing zone of the exposed manikin under all investigated scenarios. NC refers to near-ceiling inlet while NF refers to
near-floor inlet; the error bars represent the standard deviation of the measurements.

to an ACH of 1.2 h™!. For example, under conditions of a near-ceiling inlet, nose breathing, and a supply temperature of 21 °C,
increasing the ACH to 2 h™! decreased the IF by 37.2 % (from 5.02 x 10~ to 3.29 x 10~%). Further increasing ACH to 4 h~! resulted in
an additional reduction of IF values by 69.3 %-79.9 % relative to an ACH of 1.2 h™L. For instance, for the conditions described above
(near-ceiling inlet, nose breathing, and supply temperature of 21 °C), raising the ACH to 4 h™! led to a tripling of the IF reduction (from
5.02 x 1073 t0 1.6 x 10~3). The highest ventilation rate tested, 6.6 h!, decreased the IF by 75.5 %-80.2 % in all investigated cases. For
instance, under the aforementioned conditions, an ACH of 6.6 h~! reduced the IF by nine-fold (from 5.49 x 1073 t0 0.61 x 107%)
compared to an ACH of 1.2 h™L.

The changes in IF when increasing ACH can be attributed to three significant effects of higher ACH on the distribution of exhaled
airborne contaminants. The first effect is increasing dispersion, attributed to the heightened indoor air movement. The second effect is
the enhanced dilution due to the increased indoor air replacement. The third effect is altering the flow interaction within the BZ due to
the expanded spread of the supply flow. These three effects collectively influence the mean IF index at various ACH values, thereby
determining the risk of cross-exposure risk.

The location of the supply air diffuser can have an influence on the cross-exposure risk. The result showed that transitioning from
near-ceiling inlet to near-floor inlet under ACH of 1.2 h™! (with nose breathing and supply temperature of 21 °C) slightly increased the
IF from 5.24 x 1073 to 5.49 x 1073, Yet, under all other investigated scenarios, the near-floor inlet showed improved IF values. The
results also highlighted that the higher ACH, the more efficient near-floor inlet is compared to near-ceiling inlet in mitigating the
exposure risk to airborne contaminants. Specifically, adapting near-floor inlet at an ACH of 6.6 h™! reduced the IF values by 1.7 times
(1.04 x 1073 t0 0.61 x 10’3) under nose breathing.
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The effect of the MV configurations reported in this study on the spread of the exhaled contamination can have different reasons.
Firstly, there was an improvement in contaminants removal efficiency, as the supply flow jet in the case of the near-floor inlet was
positioned below the level of the head and the BZ of the infected manikin. This facilitated the movement of clean air from the lower
region of the room to the upper region, contrasting with the air movement from the room’s upper region to the room’s upper region in
the case of a near-ceiling inlet. Secondly, altering the flow interaction within the BZ of the infected manikin occurred due to air
movement from the lower region of the room. These combined effects influenced the mean IF index at different ACH values, thereby
determining the risk of cross-exposure risk.

In addition to ACH and MV configuration, the choice between mouth and nose breathing significantly affected the spread of
airborne contaminants, and consequently, the IF at the BZ of the exposed manikin. As shown in Fig. 6, under low ACH (1.2 h™ 1), the MV
ventilation pattern significantly influences which breathing pattern poses the highest exposure to airborne contaminants. At alow ACH
of 1.2 h™}, the type of breathing pattern markedly affects exposure levels. For instance, under a near-ceiling inlet, mouth breathing
resulted in an IF that was 11.5 % higher than nose breathing. Conversely, under a near-floor inlet, mouth breathing led to a 14.4 %
lower IF compared to nose breathing, demonstrating that at lower ACH levels (1.2 h™!), the IF associated with mouth breathing is not
consistently higher than that with nose breathing. As ACH increases to 2 h™1, the disparity between the breathing patterns becomes
more pronounced, with mouth breathing leading to IF values 28 %-70.3 % higher than those associated with nose breathing across all
scenarios. For example, adopting the highest recommended ventilation rate (ACH of 6.6 h™!) showed that mouth breathing had
significantly higher IF values than nose breathing with an increase range of 31.7 %-65.2 % across all investigated scenarios. Thus, our
study showed that the difference in IF across breathing modes is more significant at higher ventilation rates.

When inspecting Fig. 6, it is clear that mouth breathing generally leads to a greater dispersion of contaminants compared to nose
breathing. This distinction is attributed to the airflow dynamics and release of contaminants associated with each breathing pattern.
For example, nose breathing typically involves a slower and more controlled airflow, which tends to result in reduced dispersion of
contaminants compared to the faster and more turbulent airflow associated with mouth breathing. These differing breathing patterns
collectively influence the mean IF across various MV configurations and ACH, thereby influencing the risk of cross-infection. There-
fore, considering the effects of breathing patterns on contaminant spread is essential for correct evaluation of airborne transmission in
indoor environments. However, it is essential to acknowledge that in real-world scenarios, the control over whether an individual
breathes through the nose or mouth is unattainable. Nonetheless, when conducting studies aimed at optimizing the indoor environ-
ment, the choice of the implemented breathing pattern is imperative. Understanding which breathing pattern contributes to a higher
infection risk allows for the selection of worst-case scenarios, thereby enabling a comprehensive assessment of the efficacy of various
ventilation systems and other environmental scenarios. This underscores the significance of carefully considering the type of breathing
pattern in empirical studies as well as in numerical simulations for accurate and informed analyses of infection transmission dynamics.

Fig. 6 also demonstrates the significant role of supply air temperature in ventilation systems on the spread of exhaled air and the
potential for cross-infection. The impact varies significantly with the MV configuration and ACH. At an ACH of 2 h™!, the MV
configuration crucially influences the relationship between supply temperature and IF for the same breathing pattern. For instance,
under conditions of a near-ceiling inlet, the IF at a supply temperature of 19 °C was 4.3 %-17.7 % higher than at 21 °C for both nose and
mouth breathing scenarios. In contrast, under near-floor inlet conditions, a supply temperature of 19 °C resulted in a 21.7 % decrease
in IF for mouth breathing but a 29.9 % increase for nose breathing.

Increasing ACH from 2 h™" to 4 h™! showed no significant difference in IF between the supply temperatures of 21 °C and 19 °C for
both MV configurations under nose breathing patterns. However, a slight increase in IF was observed under mouth breathing at 19 °C.
These findings indicate that a lower supply temperature does not consistently correlate with higher cross-infection risks. The influence
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Fig. 7. The average values of infection probability (P) calculated for the exposed manikin under all investigated scenarios. NC refers to near-ceiling inlet while NF
refers to near-floor inlet; the error bars represent the standard deviation of the measurements.
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of supply temperature on IF is complex, mediated by factors such as changes in the convective boundary layer intensity and the thermal
plume around the human body, along with alterations in the direction of breathing flows. For example, the average indoor air tem-
perature at 1.1 m and near-ceiling inlet with an ACH of 4 h~! was 25.6 °C (+0.05) and 26.5 °C (+0.06) under the supply temperature of
19 °C and 21 °C, respectively. Additionally, the average temperature of all body segments of the exposed manikin was 33 °C and
33.4 °C under a supply temperature of 19 °C and 21 °C, respectively. A smaller temperature differential between the indoor air
temperature and the surface of the thermal manikin tends to result in a thicker boundary layer because the driving force for convective
heat transfer (the temperature gradient) is reduced. Additionally, a thicker boundary layer can act somewhat like a "protective’ layer
around the human body, potentially slowing down the movement of contaminants towards the body. This is because the boundary
layer serves as a region of slowed airflow near the surface, where the velocity gradient changes from zero at the surface (no-slip
condition) to the free-stream velocity further away from the surface. Therefore, the increase in indoor air temperature to 26.5 °C with a
manikin surface temperature of 33.4 °C (compared to the previous condition of 25.6 °C indoor and 33 °C surface temperature) suggests
an increased thickness of the boundary layer which as a result reduced the exposure risk. Finally, the results showed that under most
cases lower supply air temperatures tend to result in a slight increased dispersion of contaminants, potentially leading to elevated
contaminant levels between occupants. This disparity in contaminant distribution is influenced by the airflow and contaminant release
dynamics associated with each breathing pattern, underscoring the importance of considering supply air temperature and breathing
patterns when assessing cross-exposure risks.

3.3. Infection probability (P)

The implemented infection probability index (P) in this study measures the probability of infection on a scale from O to 1, where 1
represents a 100 % infection risk. For clearer understanding, P values are expressed as percentages. Fig. 7 shows the average values of P
across all investigated cases. The findings showed that increasing the ACH resulted in trends similar to those observed in IF values. For
example, at an ACH of 1.2 h ™!, P values ranged from 20.2% to 24.5 % across all cases. Increasing the ACH to 2 h ™! led to a decrease in P
values to between 9.5 % and 18.3 %, reflecting a reduction of 22.3 %-34.5 % from the lower ACH (1.2 h™). At the highest tested ACH
of 6.6 h™!, P values further dropped to between 2.9 % and 6.4 %, depending on the specific ventilation mode and breathing pattern
analyzed. This data highlights the effectiveness of increased ventilation rates in significantly lowering the probability of infection.

The analysis also highlights the significant role of MV configurations in mitigating infection risk. The near-floor inlet configuration
consistently proves to be more effective than the near-ceiling counterpart across various ACH. For example, at an ACH of 2 h™},
switching to a near-floor inlet from a near-ceiling inlet resulted in a reduction of P values from 14.6%-18.3 % to 9.5%-15.7 %. The
efficiency of the near-floor inlet increased with higher ACH levels. At an ACH of 6.6 h™!, using a near-floor inlet under the nose
breathing scenario led to a decrease in P values from 4.9 % to 2.9 %. This trend underscores the enhanced capability of near-floor inlets
to mitigate infection risk from airborne contaminants as ventilation rates increase.

The analysis also highlights the significant role of breathing patterns in determining infection risk. It reveals that mouth breathing
generally leads to higher P than nose breathing, especially at higher ACH (2, 4, and 6.6 h™?). For instance, at an ACH of 2 h™! with a
near-floor inlet, mouth breathing increased the P value from 15.7 % to 18.3 % compared to nose breathing. This trend intensified with
an increase in ACH to 6.6 h™!, showing a larger difference in P values between mouth and nose breathing. However, an exception was
noted at a lower ACH of 1.2 h™! with a near-floor inlet, where mouth breathing resulted in a lower P value than nose breathing, as
illustrated in Fig. 7. This indicates that mouth breathing does not consistently pose a higher risk of cross-infection compared to nose
breathing, particularly under certain ventilation configurations. This finding highlights the complex interplay between breathing
patterns and ventilation systems in modulating infection risk.

Regarding the influence of supply temperature on the values of infection risk, our study showed that lower supply temperatures
resulted in higher infection risk compared to higher supply temperatures, especially at lower ACH (2 h™!). For instance, under an ACH
of2h !anda near-ceiling inlet with nose breathing, the P value at a supply temperature of 19 °C was 19.2 % higher than at 21 °C,
increasing from 14.6 % to 17.4 %. However, when the ACH was increased to 4 h™!, there was no significant difference in P values
between the two temperatures for both MV configurations and nose breathing patterns. A notable difference was observed under the
near-ceiling MV configuration with mouth breathing, indicating that infection risk varies significantly with different breathing pat-
terns. Therefore, the correlation between lower supply temperatures and increased infection risk is not uniform across all conditions.
Instead, the MV configuration and breathing patterns significantly influence how different supply temperatures impact the risk of
cross-infection.

4. Discussion

The results of our study showed that ¢, values varied significantly between different measuring points due to factors such as the
positioning of the supply inlet and exhaust outlet, as well as the location of the measuring point. For instance, at P1, increasing the ACH
from 1.2 t0 6.6 h™! led to a decrease in ¢, from 0.75 to 0.55, while at P2, the same increase in ACH resulted in an improvement in ¢, from
0.60 to 0.85. These findings highlight the non-uniform impact of ACH on ¢,, influenced by specific airflow dynamics at different points
within the space. This variability suggests that the ¢, index alone may not be sufficient for evaluating the efficiency of ventilation
systems in mitigating exposure and infection risk from airborne contaminants. Metrics such as IF and P should be used alongside ¢, for a
more comprehensive assessment of ventilation performance. These results are similar to previous studies conducted by Chen and Zhao
[53] were they demonstrated that while a higher ¢, can improve air distribution, it does not guarantee an effective removal of viral
contaminants or a reduction in infection risk.

Our findings also revealed a consistent correlation between increasing ACH and reductions in both IF and P. For example,
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transitioning from an AGH of 1.2 h-'-6.6 h-! reduced IF from 0.045 to 0.015 and P from 11 % to 3.5 % under near-floor inlet conditions
with nose breathing. These results differ from previous studies that suggested higher ACH could increase cross-exposure risk. A key
distinction in our study is the replication of a realistic office environment, including equipment such as PC monitors and workstations
as well as complex thermal breathing manikins, which may not have been fully represented in earlier research. This more accurate
setup likely contributed to the differing outcomes observed in our study [8,11,13]. Another reason is that the discrepancy may be
attributed to the complexity of flow interactions within the BZ, particularly at closer distances (less than 1.2 m), where linear
dependence on ACH changes may not apply [8,74]. The results also showed that even at the maximum ACH (6.6 h-!, Category I), the
minimum P value achieved was approximately 2.9 %, indicating that even the highest ventilation category recommended by EN
16798-1 might not be sufficient to achieve an infection risk lower than 1 %, as suggested by Dai and Zhao [69]. Therefore, conven-
tional MV systems should be combined with add-on devices such as personalized ventilation, portable air cleaners, and Upper-Room
Ultraviolet Germicidal Irradiation to further mitigate infection risk in indoor environments [47]. Additionally, adopting a moderate
ventilation category (e.g. Category III) in conjunction with add-on systems (e.g. air cleaners) might be a good approach to reduce
energy consumption compared to adopting MV alone with a better ventilation category (e.g. Category I).

Regarding the influence of the MV ventilation configuration, the study showed that the near-floor inlet configuration consistently
outperformed the near-ceiling inlet in reducing IF and P across all ventilation categories outlined in the EN 16798-1 standard. Spe-
cifically, IF values were 15-41 % lower, and P values were reduced by up to 65 % in the near-floor configuration compared to the near-
ceiling configuration. Specifically, switching to a near-floor inlet generally enhanced contaminant removal across all adapted EN
16798-1 ventilation categories for mouth breathing and across three categories (IIl, II, and I) for nose breathing. These results were
especially pronounced under high ACH scenarios, where the near-floor inlet was particularly effective in reducing contamination in the
BZ. These findings are consistent with previous studies that have demonstrated the efficacy of MV systems with near-floor supply and
near-ceiling exhaust configurations in reducing contaminant concentrations compared to setups with low-exhaust and high-supply or
high-exhaust and high-supply designs [13,19,20]. This underscores the critical role of ventilation design and configuration in miti-
gating airborne infection transmission, providing valuable insights for optimizing IAQ and enhancing occupant safety in various
settings. Such findings emphasize the importance of ventilation design and configuration in mitigating airborne transmission risks.

The breathing pattern also showed a notable impact on the values of IF and P. Our results challenge the conventional assumption
that mouth breathing consistently poses a higher risk of cross-infection compared to nose breathing across various ventilation con-
figurations. Specifically, in the context of EN 16798-1 Category IV ventilation (ACH of 1.2 h™1), we observed that only one config-
uration resulted in lower IF for mouth breathing compared to nose breathing. This occurred with a ventilation setup featuring a near-
ceiling inlet at an ACH of 1.2 h™, highlighting how ventilation design can significantly influence contaminant dispersion among
occupants. Moreover, as ventilation rates increased to those specified by EN 16798-1 Category I (ACH of 6.6 h™1), the differences in
infection risk between mouth and nose breathing became more pronounced. For example, under near-floor inlet conditions with an
ACH of 6.6 h™!, mouth breathing led to a 31.7 %-65.3 % higher IF than nose breathing. These findings underscore that the infection
risk for an exposed occupant is generally greater with mouth breathing, particularly at higher ventilation rates.

The analysis also indicated that lower supply temperatures consistently increased IF and P, particularly under near-ceiling inlet
configurations. For example, reducing the supply temperature from 21 °C to 19 °C increased IF by 12-18 % and P by 10-15 %. The
higher infection risk associated with lower supply air temperatures in a room occupied by two occupants can be attributed to several
factors. Firstly, in a near-ceiling inlet scenario, the contaminants concentration at the floor level is higher compared to a near-floor
scenario. Secondly, with stronger convection around the body, more contaminants are transported into the breathing zone from the
lower part of the room. The findings suggest that while lower temperatures can exacerbate infection risks, the specific ventilation
configuration and breathing patterns play a more critical role in determining these outcomes.

In conclusion, the findings of this study underscore the importance of considering multiple factors when designing ventilation
strategies to mitigate airborne transmission in indoor environments. However, it is important to point out that the reported results
were acquired using tracer gas as a surrogate for exhaled droplet nuclei. The dispersion behavior of larger particles may vary under
horizontal air supply flow conditions compared to tracer gas. Further, it must be noted that quiescent breathing implemented in this
study may not be a primary transmission source in office settings, where emissions from speaking, coughing, and sneezing, which
produce larger droplets, could dominate. Given the distinct ejected particle sizes and exhaled airflow patterns associated with these
activities compared to quiescent breathing, addressing this limitation necessitates further investigations and analysis. Finally, while
the findings of this study highlight the dispersion of exhaled air from the infected manikin into the indoor environment, the precise
time it takes to reach different room areas remains unknown as the study was conducted under steady-state. Understanding this
dissemination timeframe in relation to the typical survival duration of pathogens can be crucial for accurately assessing the risk of
cross-infection. Further research is warranted to address these limitations and refine ventilation guidelines for enhanced occupant
safety.

5. Conclusion

This study explored the dynamics of airborne transmission in an office environment, focusing on the influence of several factors on
IAQ, namely ACH, MV ventilation configuration, breathing pattern, and supply air temperature. The findings highlight several critical
insights with broader implications for improving the indoor environment and mitigating airborne infection risks.

Firstly, the results demonstrate that ¢, is highly sensitive to the spatial probing point and airflow patterns. This highlights the
complexity of airflow in indoor environments, where the placement of ventilation inlets and outlets, along with occupant positions,
can significantly affect air distribution and contaminant removal. This complexity suggests that relying solely on traditional metrics
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like ¢, may not be sufficient for evaluating ventilation performance. A combination of metrics, such as IF and P, is recommended for
future studies on this topic for a more comprehensive assessment of the risk of airborne transmission, particularly in environments with
varied airflow patterns. Secondly, the study underscores the consistent reduction of infection risk with increasing ACH, which im-
proves contaminant dilution and removal. However, this effect is not uniform across all conditions, emphasizing the importance of
ventilation design. For example, near-floor inlet configurations were more effective in displacing contaminated air from the BZ
compared to near-ceiling inlets. These findings reinforce established fluid dynamics principles and provide practical guidance for
ventilation system design, particularly in settings where IAQ is a priority.

Moreover, this study contributes new insights into how occupant behavior, specifically breathing patterns, affects infection risk.
This study illustrated that mouth breathing was generally associated with higher infection risk compared to nose breathing, especially
at higher ACH levels. These findings are highly relevant for other researchers conducting manikin measurements or CFD simulations,
in which the experimental and numerical configurations have a major influence on the acquired results.

This study also showed that the overall influence of ventilation configuration and occupant behaviour plays a more significant role
compared to the supply air temperature, even though lower supply temperatures were found to increase infection risk under certain
conditions. This emphasizes the need for a holistic approach to ventilation system design, one that integrates airflow dynamics,
occupant interaction, and thermal comfort considerations to effectively reduce airborne transmission risks.
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