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 21 
Abstract 22 
SARS-CoV-2 can spread by close contact through large droplet spray and indirect contact via contaminated 23 
objects. There is mounting evidence that it can also be transmitted by inhalation of infected saliva aerosol 24 
particles. These particles are generated when breathing, talking, laughing, coughing or sneezing. It can be 25 
assumed that aerosol particle concentrations should be kept low in order to minimize the potential risk of 26 
airborne virus transmission. This paper presents measurements of aerosol particle concentrations in a gym, 27 
where saliva aerosol production is pronounced. 35 test persons performed physical exercise and aerosol 28 
particle concentrations, CO2 concentrations, air temperature and relative humidity were obtained in the room of 29 
886 m³. A separate test was used to discriminate between human endogenous and exogenous aerosol particles. 30 
Aerosol particle removal by mechanical ventilation and mobile air cleaning units was measured. The gym test 31 
showed that ventilation with air-change rate ACH = 2.2 h-1, i.e. 4.5 times the minimum of the Dutch Building 32 
Code, was insufficient to stop the significant aerosol concentration rise over 30 minutes. Air cleaning alone 33 
with ACH = 1.39 h-1 had a similar effect as ventilation alone. Simplified mathematical models were engaged to 34 
provide further insight into ventilation, air cleaning and deposition. It was shown that combining the above-35 
mentioned ventilation and air cleaning can reduce aerosol particle concentrations with 80 to 90% depending on 36 
aerosol size, compared to ventilation alone. This combination of existing ventilation with air cleaning is energy 37 
efficient and can also be applied for other indoor environments. 38 
 39 
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 41 
1. Introduction 42 
In the second week of 2021, the European Centre for Disease Prevention and Control reported 94,582,873 43 
cases of SARS-CoV-2 including 2,036,713 deaths, world-wide [1]. It has been suggested that this virus can be 44 
transmitted by respiratory droplets and by contact routes [2-7]. Direct transmission can occur when infective 45 
droplets produced by activities such as talking, laughing, coughing or sneezing reach the mucosae (mouth and 46 
nose) or conjunctiva (eyes) of another person. Indirect or contact route transmission can occur via handrails, 47 
keyboard buttons and other objects, where virus is deposited after contact with an infected person. There is 48 
mounting evidence that the virus can also be transmitted by inhalation of saliva aerosol particles because the 49 
virus has been found in small aerosol particles that can remain in the air for hours, and it has been shown to 50 
maintain viability in such aerosols [8-12]. Therefore, precautionary measures should not only be applied for the 51 
direct transmission route and the contact route, but also for the airborne route. 52 

Respiratory droplets are generated from the fluid lining of the respiratory tract during expiratory 53 
activities such as breathing, talking, laughing, coughing and sneezing [13-16]. A single sneeze can produce 54 
10,000 droplets or more [17]. A cough can produce from 100 up to 1000 droplets or more. Talking can produce 55 
about 50 droplets per second [18]. On an hourly or daily basis however, normal mouth breathing is assumed to 56 
generate more aerosol particles than coughing or sneezing because the latter are intermittent events [13,19-22].  57 



 

2 
 

Expired droplet sizes can range from about 0.1 m to 1 mm [16]. Large droplets will generally settle 1 
rather quickly due to gravity and therefore can only contribute to virus transmission between individuals in 2 
close proximity. This is why “social distancing” has been introduced in countries around the world, although 3 
there is no strict consensus on the distance to be kept and the currently used 1.5 m, 1.8 m or 2 m distance is 4 
actually a compromise between avoiding large droplet spray and practical feasibility in keeping this distance in 5 
daily life. Small droplets however, and their residues or droplet nuclei after evaporation, can remain suspended 6 
in the air for a much longer time and could transfer SARS-CoV-2 over larger distances [16,23-25].  7 

There is no clear consensus in the scientific literature on the diameter separating large droplets from 8 
small droplets or aerosol particles. Large droplets were initially defined as those with diameter larger than 100 9 
m by Wells [23]. In line with this definition, Hinds [26] defines aerosols as a suspension of solid or liquid 10 
particles in a gas with particle size from 0.001 to over 100 m. Others however have labeled droplets larger 11 
than 5 m [27,28] or 10 m [29] as large droplets. Nicas et al. [30] suggested a particle with a diameter of a 12 
few tens of m or larger to be a droplet. Xie et al. [25] revisited the Wells evaporation-falling curve and 13 
defined the critical droplet size as the diameter of a droplet that has completed evaporated at the time it hits the 14 
ground, falling from 2 m height. They found that a saline water droplet can have a critical diameter of about 30 15 
m to nearly 100 m, depending on the drop ejection speed and the ambient temperature and relative humidity 16 
(RH). It is assumed that the consideration of different RH led to the different critical diameters from different 17 
studies [16,22,25].  18 

Large droplets settle rapidly due to gravity and small droplets evaporate quickly to the size of droplet 19 
nuclei, which settle very slowly and can remain suspended in the air for a long time [30]. Nicas et al. [30] 20 
estimated that expired aerosol particles rapidly evaporate to a diameter slightly below half of the initial 21 
diameter if the concentration of non-volatile components is assumed to be 88 g/L. For a particle of 20 m at 22 
RH = 30 and 70%, it would take only 0.17 s and 0.4 s, respectively, to evaporate to an equilibrium diameter of 23 
10 m [30]. Morawska et al. [31] stated that a 5 μm droplet of pure water evaporates in 0.8 s at 97% RH and a 24 
3 m droplet in less than 0.33 s. Holmgren et al. [32] found that the droplet diameter reduced by a factor 0.42 25 
in 75% ambient RH and that evaporation is a very fast process, in line with Nicas et al. [30].  26 

After expiration, the movement of the aerosol particles in the enclosure is initially influenced by the 27 
expiratory jet, which is a moist and turbulent buoyant gas cloud [25,33,34]. Evidently this jet is much less 28 
pronounced for breathing than for coughing and sneezing. After the influence of the expiratory jet, the indoor 29 
airflow patterns take over. Indoor airflow patterns can be very complex [35-43]. A person is also a source of 30 
heat and vapor and a – mainly thermal – convective plume is present around each person that yields a clear 31 
upward airflow near their body [22,44]. The movement of the aerosol particles is therefore determined by the 32 
interaction between the expiratory jet, the human thermal plume and other sources that affect the indoor 33 
airflow pattern, such as the ventilation system, thermal plumes from appliances and other heat sources, and the 34 
movement of people in the enclosure.  35 

The droplet nuclei are submicrometer to approximately 10 m in size and can remain suspended in the 36 
air for hours while each carrying multiple virions [16], and van Doremalen et al. [9] demonstrated an 37 
approximately one-hour viability half-life of the SARS-CoV-2 virus. Therefore, precautions against COVID-38 
19 transmission should also address the potential aerosol or airborne transmission route. It can be assumed that 39 
aerosol particle concentrations in indoor environments should be kept low in order to minimize the potential 40 
risk of virus transmission. Respiratory aerosol particle concentration build-up in indoor environments can be 41 
pronounced, certainly when ventilation is insufficient.  42 

The role of building ventilation in the airborne transmission of infectious agents was reviewed by Li et 43 
al. [45]. They concluded on the existence of an association between ventilation, air movement in buildings and 44 
the spread of infectious diseases such as influenza and SARS. However, they also indicated the lack of data to 45 
specify the minimum ventilation requirements in buildings such as hospitals, schools and offices to avoid the 46 
airborne spread of infectious diseases. Ai and Melikov [22] reviewed the airborne spread of expiratory droplet 47 
nuclei between the occupants of indoor environments. They highlighted the importance of indoor airflow 48 
patterns and stated the need for future research in three specific areas: the importance of the direction of indoor 49 
airflow patterns, the dynamics of airborne transmission and the application of computational fluid dynamics 50 
(CFD) simulations to obtain more detailed insights. 51 

In the second half of the year 2020 during the COVID-19 pandemic, an increasingly large number of 52 
international organizations and national government authorities have stressed that “sufficient ventilation” 53 
should be ensured [46-49]. However, to the best of our knowledge, there are three main questions for which, to 54 
date, no clear quantitative answer has been provided. First, it is not clear how much ventilation is required to 55 
keep aerosol concentrations limited. Clearly, this will depend on the number of persons per unit surface area, 56 
on the physical and respiratory activity of these persons, on their physiological characteristics in terms of 57 
aerosol particle emission and on the ventilation efficiency. Especially concerning human aerosol particle 58 
emission during various types of activities, the information available in the scientific literature is rather scarce. 59 
Second, in terms of exposure, it is not yet known which limit of aerosol concentrations can be considered safe. 60 
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In other words, it is not yet known which level of potentially infected aerosol particle concentrations for which 1 
duration can be a risk for which people with which type of immune system. Third, in case ventilation is 2 
insufficient, it is not clear to what extent air cleaning can be engaged to bring the aerosol particle 3 
concentrations below a certain threshold value. The present study attempts to provide information that can help 4 
in answering the first and third question. The study does not explicitly focus on infection risk but on ventilation 5 
and air cleaning as measures to limit the build-up of aerosol concentrations in the indoor environment of a 6 
gym.  7 

The paper is structured as follows. In section 2, some more information about the state-of-the-art in 8 
aerosol particle production during physical exercise and about the state-of-the-art in ventilation and in air 9 
cleaning is provided. Section 3 contains a short study to discriminate between human endogenous and 10 
exogenous aerosol particles. Section 4 presents the measurement set-up and associated measurement results in 11 
the gym under study. In sections 5 and 6, simplified mathematical modeling is applied to provide insight into 12 
the effective ventilation, air cleaning and deposition fluxes, and to extrapolate the findings to scenarios with 13 
longer exercise sessions and more air cleaning units. Sections 7 (discussion) and 8 (conclusions) conclude the 14 
paper. 15 
 16 
2. Aerosol production, ventilation and air cleaning in gyms 17 
 18 
2.1. Gyms and aerosol particle production during physical exercise 19 
 20 
A gym is an environment that houses equipment and services for the purpose of physical exercise. A gym was 21 
selected as a case study for several reasons. First, respiratory aerosol particle production and aerosol particle 22 
inhalation in gyms is expected to be more pronounced than in many other indoor environments. Although there 23 
are only a few studies that provide some indirect indication of how physical exercise influences the emission of 24 
respiratory droplets, these studies are consistent in indicating an overall substantial increase in aerosol 25 
expiration due to more intensive breathing compared to tidal breathing. Johnson and Morawska [13] found that 26 
deep exhalation resulted in a 4 to 6-fold increase in aerosol particle concentration. Rapid inhalation produced a 27 
further 2- to 3-fold increase in concentration, while rapid exhalation had little effect on the measured 28 
concentration. Almstrand et al. [14] studied the effect of airway opening on aerosol particle production. Test 29 
subjects performed different breathing maneuvers in which the initial lung volume preceding an inhalation to 30 
total lung capacity was varied between functional residual capacity (FRC; the volume of air in the lungs at the 31 
end of passive expiration) and residual volume (RV; the volume of air in the lungs after full exhalation). The 32 
number of expired aerosol particles showed a 2 to 18-fold increase after exhalations to RV compared with 33 
exhalations without airway closure. Concerning inhalation during physical exercise, at least three aggravating 34 
factors are discerned: (i) the quantity of inhaled pollutants increases proportionally with the minute ventilation; 35 
(ii) most of the air is inhaled through the mouth and therefore by-passes the normal nasal mechanisms for 36 
filtration of large particles; and (iii) the increased airflow velocity carries pollutants deeper into the respiratory 37 
tract [50]. A second reason for selecting a gym as case study is that gyms have been identified as key locations 38 
for possible infection transmission and even potential ‘superspreading’ events [51-53]. For example, COVID-39 
19 outbreaks have been reported in 12 fitness dance classes in South Korea [53] and in a fitness center in 40 
Belgium [54] where aerosol transmission could have been a factor. Together with recent studies suggesting 41 
that asymptomatic carriers can transfer SARS-CoV-2 [55,56], these studies have fueled concerns on SARS-42 
CoV-2 spreading in fitness centers. A third reason is public health and economy. Sports have an important role 43 
in society in view of the health and well-being of the population and reducing the burden on healthcare 44 
services. Certainly during the COVID-19 pandemic, sports have been and still are undoubtedly important [57-45 
59]. However, due to the pandemic, authorities in many countries have ordered fitness centers and gyms to be 46 
closed and over the past months they have only gradually and partially reopened, and eventually in many 47 
countries closed again near the end of 2020. A long closure or a long reduced occupation density can 48 
negatively affect the health and well-being of the population. It can also have detrimental economic 49 
consequences, with bankruptcies and the associated negative consequences throughout the whole supply chain. 50 
As an example, in the Netherlands, fitness is the most practiced sport [60] with a total of 3,900 fitness centers 51 
that are registered at the main national branch organization and with an associated total revenue of 1.9 billion 52 
Euro in 2019 [61]. 53 

To the best of our knowledge, there is no study in the scientific literature that specifically focuses on 54 
respiratory aerosol production in fitness centers or gyms. There is even relatively little published research 55 
about air quality in fitness centers in general, as opposed to residential buildings and other types of public 56 
spaces such as schools and offices [62-64]. The few studies that are available in the scientific literature have 57 
measured particulate matter (PM) concentrations in fitness centers as part of indoor air quality studies, without 58 
focus on saliva aerosol particles. Indeed, PM concentrations in fitness centers can not only originate from 59 
respiratory activity (endogenous particles) but also from injection by the ventilation system, resuspension from 60 
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room and equipment surfaces after earlier deposition, resuspension from clothing, skin and hair, friction 1 
between fitness machine components, friction between clothing, etc. The latter are termed exogenous particles. 2 
Salonen et al. [64] provided a review of studies on contaminants in indoor sports facilities including fitness 3 
centers. The PM concentration levels in fitness centers were found to be highly influenced by the occupancy 4 
level, the type or intensity of the indoor activity and the ventilation type. Ramos et al. [65] measured higher 5 
PM concentrations for aerobic than for holistic classes. Aerobic included all the classes that involved power, 6 
strength, vigorous and fast movements, however excluding cycling. Holistic included all classes that involved 7 
meditation, stability and flexibility movements. The higher concentrations during aerobic classes were 8 
attributed to the activity patterns that promoted resuspension of particles [66-68]. PM10 concentrations 9 
measured in the same classroom and on the same day were also higher during the aerobic class (average 45 10 
μg/m³) than in the holistic class (average 33 μg/m³), which was again attributed to the greater resuspension 11 
caused by the aerobic activities. The relation between PM concentration and resuspension was also indicated 12 
by Ramos et al. [69] who found higher PM concentrations coinciding with the period of fitness classes. 13 
Concentrations were much lower in fitness centers with mechanical ventilation including filtration of outdoor 14 
air than in centers with natural ventilation with open windows [70]. Maximum PM concentrations were 15 
typically higher in rooms for group classes than in large workout areas such as those with cardiovascular 16 
equipment and free weights. The maxima occurred during high-intensity cardio group classes, with the highest 17 
PM10 concentration observed for a cycling class.  18 
 19 
2.2. Ventilation in gyms 20 
 21 
Ventilation can be defined as “the process of introducing and distributing outdoor and/or properly treated 22 
recycled air into a building or a room” [71] or “the process by which ‘clean’ air (normally outdoor air) is 23 
intentionally provided to a space and stale air is removed” [72]. Authoritative books and extensive reviews 24 
have been dedicated to this the topic over the past decades (e.g. [71,73-75]). A distinction is made between two 25 
main ventilation categories: displacement ventilation and mixing ventilation. To the best of our knowledge, the 26 
vast majority of gyms apply mixing ventilation. This can be either mechanical ventilation, natural ventilation 27 
or hybrid mechanical/natural ventilation. The indoor air flow patterns in mixing ventilation in general and 28 
around persons in particular can be very complex [35-44]. These air flow patterns also govern the motion of 29 
the expired aerosol particles due to their low inertia. The intention of mixing ventilation is to dilute the 30 
concentrations of e.g. aerosol particles, after which part of this mixed air is expelled to the outside. In some 31 
cases ventilation includes recirculation of part of the heated or cooled exhausted air back to the inside, for the 32 
purpose of energy conservation. In case of infectious diseases, if recirculation is applied, which is not 33 
recommended (e.g. [48,49]), the recirculated air should be treated so that infectious aerosols are annihilated.  34 

In the Netherlands, the minimum requirements for the ventilation of buildings are prescribed by the 35 
Building Code (“Bouwbesluit”) published in 2012 and last amended in 2020 [76]. The Building Code applies a 36 
person-based approach in which the minimum fresh air ventilation rates in dm³/s per person are stipulated. The 37 
minimum values for different types of buildings are given in Table 1, where a distinction is made between new 38 
and existing buildings. Table 1 shows that the required flow rates for indoor sports centers are higher than for 39 
shops but – for new buildings – lower than for educational buildings and identical to those of industrial and 40 
office buildings. This does not seem to be aligned with the expected higher aerosol particle production during 41 
physical exercise [13,14]. 42 
 43 
 44 
Table 1. Minimum required ventilation flow rates for different building usage types in the Dutch Building Code 45 
[76] 46 

Function Requirement in dm³/s/person 
 New buildings Existing buildings 
Childcare 6.5 3.44 
Meeting  4 2.12 
Healthcare, bed area 12 3.44 
Healthcare, other areas 6.5 3.44 
Industrial 6.5 3.44 
Office 6.5 3.44 
Hotel, dormitory 12 6.40 
Education 8.5 3.44 
Sports 6.5 3.44 
Shopping 4 2.12 

 47 
 48 
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In 2008, the Dutch “Guidebook for Sports Accommodations” was published by the NOC*NSF [77]. 1 
The NOC*NSF (Dutch Olympic Committee * Dutch Sports Federation) is the overarching organization for all 2 
sports activities, professional and recreational, in the Netherlands. In 2014, specific guidelines for sports 3 
facilities for people with disabilities were published by a consortium of organizations including the NOC*NSF 4 
[78]. These guidelines stipulate a minimum ventilation flow rate of 11.1 dm³/s per exercising person for sports 5 
halls, which is 70% above the minimum required value in the Dutch Building Code for new buildings and even 6 
3.2 times higher for existing buildings (see Table 1). The Guidebook [77] even suggests a total of 6 air change 7 
rates per hour (ACH) for fitness spaces, which implies that the volume of air in the room is replaced by fresh 8 
air 6 times per hour. For aerobics and martial arts spaces, it advices ACH = 8 h-1 and for indoor cycling ACH = 9 
10 h-1. These higher values seem better aligned with the expected higher production of heat, vapor, CO2 and 10 
aerosol particles by people during physical exercise.  11 

In view of the COVID-19 pandemic, ASHRAE, the American Society of Heating, Refrigerating and 12 
Airconditioning Engineers, has acknowledged the potential for aerosol transmission of SARS-CoV-2 and states 13 
that facilities of all types should follow, as a minimum, the latest published standards and guidelines and good 14 
engineering practice [79]. ASHRAE Standard 62.1 specifies ventilation rates for acceptable indoor air quality 15 
[80]. For gyms, health clubs, aerobics rooms and weight rooms, the minimum outdoor airflow rate is 10 16 
dm3/s/person. This is higher than specified for most retail buildings (3.8 dm³/s/person, except for beauty and 17 
nail salons where 10 dm³/s/person is required) and educational buildings (3.8 – 5 dm³/s/person). Note that the 18 
ASRHAE value for gyms aligns well with the 11.1 dm³/s from the Dutch guidelines [77,78]. 19 

 20 
2.3. Air cleaning in gyms 21 

 22 
Air cleaning can be defined as the removal of potentially harmful airborne contaminants, usually aerosol 23 
particles but sometimes also gases, from the air [81]. Air cleaners (ACs) can be installed in indoor 24 
environments as small stand-alone mobile units or inside HVAC (heating, ventilation, airconditioning) units or 25 
air handler units in buildings. A wide range of technologies for ACs exist, such as filtration, activated carbon, 26 
ultraviolet germicidal irradiation, electrostatic precipitators, photocatalytic oxidation and plasma. Large ACs 27 
are also referred to as professional ACs. ACs should have a sufficiently high aerosol particle removal 28 
efficiency and a sufficiently high volume flow rate, in comparison to the room volume to be treated. Fisk et al. 29 
[82] stated that filter efficiencies above 85% provide only modest gains in performance. Several authors 30 
mentioned that the air flow rates must be at least several ACH to obtain substantial particle reductions [82-85]. 31 
The Association of Home Appliance Manufacturers (AHAM) Air Cleaner Council defines the steady state for 32 
air cleaning as at least an 80% continuous removal of smoke particles [86]. Asbach et al. [87] mention that 33 
ACs should yield 3 to 6 air changes per hour, with the higher value preferred in the context of the COVID-19 34 
pandemic [88]. The US ANSI/AHAM AC-1:2015 standard [86] evaluates ACs based on their clean air 35 
delivery rate (CADR), which is defined as the measure of the delivery of contaminant free air, within the 36 
defined particle size range, by an AC, expressed in cubic feet per minute (cfm) or m³/h. The CADR is the rate 37 
of contaminant reduction in a test chamber when the AC is turned on, minus the rate of natural decay when the 38 
AC is not running, multiplied by the volume of the test chamber as measured in ft³ or m³ [86]. Assuming a 39 
room 8 ft high (= 2.44 m) and to achieve a 80% steady state removal, the floor area is related to the CADR by 40 
[86]:  41 
 42 
𝐴 ൌ 1.55 𝐶𝐴𝐷𝑅           (1) 43 
 44 
with A in ft² and CADR in cfm. In SI units with A in m² and the CADR in m³/h, this is: 45 
 46 
𝐴 ൌ 0.0852 𝐶𝐴𝐷𝑅           (2) 47 
 48 

To the best of our knowledge, at the moment of writing this paper, the application of air cleaning in 49 
public spaces in the Netherlands and many other European countries is rather rare, even though AC technology 50 
is not new and the COVID-19 pandemic is already more than a year old. This is partly attributed to the 51 
sometimes less good reputation of commercially available ACs and the inferior performance of some of these 52 
ACs. First, while several high-quality ACs are available on the market, others have very low efficiencies and 53 
some even generate harmful by-products such as O3 and NOx [89-92]. Asbach et al. [87] stated that evidence 54 
provided by manufacturers on the effectiveness of their ACs should always be critically reviewed. There is a 55 
lack of proper testing standards and certification. There is currently no European testing standard for ACs and 56 
an international IEC standard to replace the national standards is currently in preparation [87]. Second, mobile 57 
ACs are easy to install (plug and play) and it is tempting for uneducated individuals to perform the selection, 58 
purchase, installation and operation themselves. However, ACs will only provide good results if the efficiency 59 
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is high enough, if the installed capacity is in line with the room air volume to be handled and if proper 1 
maintenance procedures and frequencies are applied. 2 

 3 
3. Endogenously versus exogenously generated aerosol particles 4 
 5 
3.1. Measurement set-up and protocol 6 
 7 
Measurements were conducted to provide a first indication on the amount of endogenously versus exogenously 8 
generated aerosol particles during physical exercise. It is known that the amount of endogenously generated 9 
saliva aerosols is small compared to the particle concentrations typically found in outdoor and indoor 10 
environments [92,93]. So breathing only provides small additions to PM concentrations although it is these 11 
small amounts of saliva aerosol particles that are of concern in view of the spread of infectious diseases. Tests 12 
were performed in a 3.9 x 2.7 x 2.3 m³ = 24.2 m³ airtight stainless steel test room (Fig. 1). The room was 13 
equipped with a stationary bicycle in the center, an AC, a fan for generating well-mixed indoor conditions and 14 
three Grimm 11D aerosol particle sizers (APS) with a measurement range from about 0.25 to about 30 m 15 
[94]. There was no supply or exhaust of air from the room. Three healthy human volunteers, aged 20 to 22 16 
years and accustomed to regular physical exercise, participated in this study. Approval for use of human 17 
subjects was obtained from the Ethical Review Board of Eindhoven University of Technology with file number 18 
ERB2020BE58. The subjects signed an informed consent form prior to participating in the study. Every subject 19 
performed two times a session of 30 minutes exercise on the stationary bicycle in heart rate zones 3 and 4. In 20 
the first session, the subject released its breath freely into the room and the APS measured the aerosol particles 21 
from the different sources. In the second session, the subject released its breath via a mask into a tube that was 22 
connected to the outside environment. The mixing fan was operated during the two sessions. Prior to every 23 
session, the mask and tube were disinfected and air cleaning was performed while operating an additional fan 24 
inside during at least 30 minutes to reduce the aerosol particle concentration. Assuming that the amount of 25 
endogenously and exogenously generated particles was similar in both sets by the same individual, the 26 
difference between both sessions provided an indication of the amount of endogenous aerosol particles. The 27 
subjects were given at least 30 minutes rest between the two exercise sessions and were provided with a bottle 28 
of drinking water to be consumed in the rest period. The temperature was 21°C and the RH ranged between 55 29 
and 65%. Subject 1 had short hair, a short beard, wore a short-sleeved shirt and short trousers and applied a 30 
pedaling frequency of about 90 rpm. Subject 2 had medium long hair, no beard, wore a short-sleeved shirt and 31 
short trousers and applied a pedaling frequency of about 70 rpm. Subject 3 had short hair, a short beard, wore a 32 
short-sleeved shirt and long trousers and applied a pedaling frequency of about 80 rpm.  33 
 34 
 35 

 36 
Figure 1. Measurement set-up in stainless steel test room.  Dimensions in mm. 37 
 38 
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3.2. Results 1 
 2 
Because only two measurements sessions were performed for only three persons, the results only provide a first 3 
indication on the proportion of exogenous versus endogenous particle concentrations. Table 2 lists the resulting 4 
aerosol particle concentrations in five size fractions: 10 to 2.5 m, 2.5 to 1 m, 1 to 0.5 m,  0.5 to 0.25 m  and 5 
below 0.25 m, averaged over the three measurement locations (Fig. 1). The following observations are made: 6 
 For every subject, rather similar concentrations of exogenously generated particles are found, except for the 7 

largest size range of 10-2.5 m. This is attributed to the fact that only relatively few particles in this size 8 
range were present and therefore only few could be detected, giving rise to large uncertainties. Note that, 9 
assuming a density of 1004 kg/m³, 0.5 g/m³ PM10 corresponds to about 951 particles of 10 m diameter 10 
per m³. For 0.5 g/m³ PM2.5 this is about 60,872 particles of 2.5 m diameter per m³. For 0.1 g/m³ PM1 11 
this is about 190,225 particles of 1 m diameter per m³. For 0.01 g/m³ PM0.5 this is about 152,180 12 
particles of 0.5 m diameter per m³. Finally, for 0.01 g/m³ PM0.25 this is about 1,217,440 particles of 0.25 13 
m diameter per m³. Additional variations in the exogenous particle emission among the subjects could be 14 
attributed to the different pedalling frequencies, clothing and hair style. 15 

 The results indicate a very high inter-subject variability for the endogenous particle emission. This is in line 16 
with previous studies that also showed very large variability [13,14,20,31]. The first subject yielded only 17 
very low concentrations of saliva aerosol particles, only significant in the size ranges below 1 m. The 18 
second subject yielded higher concentrations of saliva aerosol particles, only detectable in the size range 19 
above 1 m. For the largest particles (> 2.5 m), the concentration of endogenous particles was in the order 20 
of magnitude of that of the exogenous particles. Finally, the third subject emitted saliva aerosol particles in 21 
all size ranges, with the same order of magnitude as the exogenous particles, for all size ranges. 22 

 Apart from the largest size range, both the exogenously and endogenously generated particle concentrations 23 
showed an increasing trend over time in the 30-minute sessions. 24 

Note that the APS itself did not allow to discriminate between solid and liquid particles and that all concentrations 25 
were obtained by assuming the particles had a density similar to that of saliva (1002-1006 kg/m³), as the density 26 
of the actual solid particles was unknown. Therefore, it could be assumed that solid (exogenous) particle 27 
concentrations as mentioned in Table 2 are underestimated due to their actual higher densities. 28 
 29 
 30 
Table 2. Aerosol particle concentrations (g/m³) in five size fractions measured in test room during physical 31 
exercise on stationary bicycle in 5-minute intervals. Exo = exogeneous aerosol particles; Endo = endogenous 32 
aerosol particles. 33 

 34 
 35 
 36 

Subject t (min) PM10-PM2.5 (g/m³) PM2.5-PM1  (g/m³) PM1-PM0.5  (g/m³) PM0.5-PM0.25  (g/m³) PM0.25  (g/m³) 

    exo endo exo endo exo endo exo endo exo endo 

1 5 0.63 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  10 0.08 0.00 0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  15 0.00 0.00 0.11 0.00 0.01 0.01 0.01 0.00 0.00 0.00 

  20 0.06 0.00 0.21 0.00 0.06 0.00 0.02 0.01 0.00 0.00 

  25 0.49 0.00 0.31 0.00 0.10 0.01 0.03 0.01 0.01 0.00 

  30 0.20 0.00 0.45 0.00 0.18 0.03 0.06 0.02 0.01 0.01 

2 5 1.04 0.00 0.22 0.03 0.03 0.00 0.01 0.00 0.00 0.00 

  10 0.74 0.37 0.31 0.01 0.04 0.00 0.01 0.00 0.00 0.00 

  15 0.50 0.18 0.30 0.06 0.05 0.00 0.01 0.00 0.00 0.00 

  20 0.59 0.00 0.36 0.06 0.06 0.00 0.02 0.00 0.00 0.00 

  25 0.52 0.54 0.38 0.06 0.09 0.00 0.02 0.00 0.01 0.00 

  30 0.40 0.67 0.39 0.07 0.11 0.00 0.03 0.00 0.01 0.00 

3 5 0.52 0.91 0.10 0.24 0.02 0.05 0.01 0.01 0.00 0.01 

  10 1.35 0.21 0.29 0.11 0.03 0.05 0.01 0.01 0.00 0.01 

  15 1.04 1.72 0.36 0.24 0.05 0.05 0.01 0.01 0.00 0.00 

  20 1.33 0.89 0.47 0.24 0.07 0.08 0.02 0.01 0.00 0.01 

  25 1.16 1.15 0.43 0.34 0.09 0.06 0.02 0.01 0.01 0.01 

  30 0.98 0.81 0.47 0.27 0.10 0.08 0.03 0.01 0.00 0.01 
 



 

8 
 

4. Measurements in the gym 1 
 2 
4.1. Measurement set-up 3 
 4 
The measurements were performed in the fitness 3 room of the Student Sports Center at Eindhoven University 5 
of Technology in the Netherlands. Figure 2 shows the plan view. The room was split in two parts by a vertical 6 
screen and only the south part was used for this study. The floor area of this part is 173.7 m² and the height was 7 
5.1 m, yielding a room volume of about 886 m³. The ventilation system in the fitness room was a mechanical 8 
mixing ventilation system by which fresh air was supplied into the room by openings with swirl diffusors in 9 
the ceiling (indicated with p1-p10 in Fig. 3). The openings p4 to p8 were situated in the half of the room used 10 
in the present study. The exhaust openings were present on the west side of the room, near the ceiling (Fig. 3). 11 
The ventilation flow rate per opening was measured with a FlowFinder device to which a flow straightener was 12 
added to remove the swirl and allow an accurate measurement. Every measurement was performed five times 13 
and the resulting average measured volume flow rates were 377.6, 365.8, 375.3, 418.6 and 411.3 m³/h for 14 
positions p4, p5, p6, p7 and p8, respectively, yielding a total volume flow rate of 1948.6 m³/h. This implies 15 
ACH = 2.20 h-1, which is 4.5 times higher than the minimum requirement in the Dutch Building Code for 16 
existing buildings, assuming a near-full occupancy with 35 persons (see Table 1). However, note that this ACH 17 
is considerably lower than the recommended value of ACH = 6 h-1 in [77]. 18 
 19 
 20 

 21 
Figure 2. Plan view of fitness room 3 of Student Sports Center with indication of vertical screen that divides the 22 
room in two spaces of about equal volume. Left part is considered in this study. SB refers to vertical shield 23 
boards, also visible in Figures 4 and 5. Dimensions in mm. 24 
 25 

 26 
Figure 3. Position of ventilation supply openings in the ceiling. Openings p4 to p8 apply for the half of the room 27 
used in this study.  28 
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Figure 4 shows a perspective view of the measurement set-up in the gym with the cardio and weight 1 
machines. We focused on a gym with cardio equipment consisting of stationary exercise bicycles and 2 
treadmills and with workout equipment consisting of weight-based exercise machines. When using this 3 
equipment, the people exercising are not moving throughout the room but instead remain confined at a rather 4 
fixed position in the room, which was aimed at limiting resuspension of particles. Two AC units [95], two 5 
Grimm APS [94] and 110 AQS2020PRO APS [96] were installed (Fig. 4). The two AC units each consisted of 6 
a combination of four cleaning components: a dielectric barrier discharge plasma component, an electrostatic 7 
exterior component, an electrostatic with glass fiber component and a carbon filter component. The units 8 
ingested the airflow at their bottom opening and exhausted the cleaned air at the top at 1.6 m height at an angle 9 
of 45° to the vertical. Every unit had an air flow rate of 617 m³/h, a required power of 104 W and a measured 10 
CADR value for artificial saliva aerosols based on a water-glycol mixture of 233, 261, 320, 412 and 645 m³/h 11 
for PM10, PM2.5, PM1, PM0.5 and PM0.25, respectively, based on standard 20-minute tests [86] in a test room of 12 
24.2 m³. In line with the findings in [97], the CADR is reduced as the particle size increases because larger 13 
particles fall under the influence of gravity and have a relatively higher deposition rate. Test room 14 
measurements indicated that the ACs did not produce substantial amounts of harmful byproducts NOx and O3. 15 
The Grimm sensors were mounted at measuring heights of 1.367 m and 1.247 m. The 110 APS were mounted 16 
on vertical poles at heights of 0.5, 1.0 and 1.5 m (Fig. 4). 17 
 18 

 19 
 20 
Figure 4. Measurement set-up in gym. 21 
   22 
 23 

 24 
Figure 5. Photo of (a) measurement set-up and (b) ongoing session with 35 test subjects 25 
 26 
 27 
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4.2. Measurement protocol 1 
 2 
40 healthy test subjects were recruited in the age range 18 – 60 years via a broadcast email invitation offering a 3 
modest cash incentive. The subjects signed an informed consent form prior to participating in the study.  4 
Both the subjects and the 15 members of the research team and support staff were subjected to a stringent 5 
protocol. The subject recruitment and safety protocol were approved by the Ethical Review Board of 6 
Eindhoven University of Technology with file number ERB2020BE29r, by the Safety Region of Brabant 7 
Southeast and the National Institute for Public Health and the Environment (RIVM) in the Netherlands. First, 8 
the subjects, research team and support staff were tested against COVID-19, quarantined for two days in single 9 
rooms in a hotel in Eindhoven city center and finally subjected to additional safety precautions on the 10 
measurement day of 11 July 2020. While all 55 persons tested negative for COVID-19, after stringent 11 
application of the safety protocol, 5 test subjects were excluded from the measurement campaign and 35 12 
subjects remained. These 35 subjects performed cardio and/or weight machine exercises in sessions of 30 13 
minutes (Fig. 4, 5).  14 

Six of the experimental scenarios or 30-minute sessions are listed in Table 3. The scenarios can be 15 
grouped in three sets: Set 1: ventilation on and air cleaning off; Set 2: ventilation off and air cleaning off; Set 3: 16 
ventilation off and air cleaning on. Within every set, the parameter is the physical exercise: present or not. In 17 
those scenarios when physical exercise was not conducted, all subjects were removed from the room and 18 
directed to a large sports hall where they waited for the next exercise session. In between sessions, the subjects 19 
were provided with drinking water and sandwiches.  20 
 21 
 22 
Table 3. Six experimental scenarios / sessions in chronological order. 23 

Session 
number 

Set Physical exercise and people 
present (Yes/No) 

Ventilation 
On/Off 

Air cleaning 
On/Off 

1 1 Yes On Off 
2 1 No On Off  
3 2 Yes Off Off  
4 2 No Off Off  
5 3 Yes Off On  
6 3 No Off On 

 24 
 25 

All exercise sessions were performed in the same way. The subjects were divided into two groups: 26 
cardio workout (CW) (16 subjects) and strength training (ST) (19 subjects). Within the strength training group, 27 
10 subjects followed the protocol for muscle endurance (STME) and 9 subjects followed the protocol for 28 
muscle mass (STMM). There were three 30-minute sessions in which the subjects had to follow a cardio 29 
workout (once or twice) and performed a strength training (one or twice). The CW performed their training for 30 
30 minutes at an intensity between 60-75% of heart rate reserve. This was measured by a TICKR heart rate belt 31 
connected to the machine. An additional task was that subjects should be able to continue talking to each other 32 
not to end up with a too high exercise intensity. Both the STME and the STMM performed three sets of 20 or 33 
10 repetitions on three different machines. Each repetition started with a start signal and lasted 3 minutes. After 34 
the execution of the exercise, the subjects were given rest until the next start signal. On the last machine they 35 
performed an extra set to complete the 30 minutes. In the CW the subjects had a choice of machine. The 36 
following CW machines were used in every session: 10 treadmills (LifeFitness, Elevation series), 2 Powermill 37 
climbers (LifeFitness, Elevation series) and 4 upright exercise bikes (LifeFitness, Elevation series). STME 38 
performed this protocol on the following machines (LifeFitness, Circuit Series): leg extension, seated row, 39 
chest press, seated leg curl, ab crunch, lat pulldown, triceps press, squat, shoulder press, biceps curl. STMM 40 
performed this protocol on the following machines (LifeFitness, Optima Series): leg extension, seated leg curl, 41 
chest press, seated row, hip abduction, hip adduction, biceps curl, shoulder press, machine fly. Figure 5b shows 42 
an ongoing session. 43 
 44 
4.3. Measurement results 45 
 46 
Figure 6 displays the measured aerosol particle concentrations by the two Grimm APS (values from both sensors 47 
averaged) at the end of every 5-minute interval in each of the six 30-minute measurement sessions. Every row 48 
of two figures represents one set, as outlined above. The results are presented as concentrations in the size 49 
fractions 10-2.5 m, 2.5-1 m, 1-0.5 m, 0.5-0.25 m and the fraction below 0.25 m. To aid in interpreting the 50 
semi-logarithmic graphs, Table 4 holds the differences between the concentration at the end and at the beginning 51 
of each session. For these six sessions, the ranges of the absolute values of the air temperature averaged over the 52 
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110 AQS2020PRO sensors, were: 18.6-19.6, 19.6-19.5, 19.6-20.7, 21.0-20.9, 21.3-22.2 and 22.3-22.3°C for 1 
measurement sessions 1 to 6, respectively. Those of the relative humidity were: 44.0-46.3, 46.3-44.7, 44.8-49.5, 2 
51.1-50.6, 45.5-49.8 and 50.0-50.0%, respectively. The CO2 measurement results are shown in Figure 7. The 3 
following observations are made:  4 
 As a general comment, evaporation is not considered a factor here because this process is very fast, 5 

therefore all measured concentrations are expected to be those of the droplet nuclei. 6 
 Figure 6a shows that when physical exercise was performed and the ventilation system was engaged (with 7 

ACs off), the concentrations of aerosol particles in all size fractions increased almost monotonically. The 8 
ventilation system was clearly not effective in avoiding the rise in aerosol concentrations within the 30-9 
minute period. After 30 minutes, the subjects ceased their exercise.  10 

 Figure 6b demonstrates that after the physical exercise had ceased and after everybody had left the room, 11 
the ventilation system was effective in reducing the aerosol concentrations – almost monotonically – in all 12 
size fractions during the period of 30 minutes.  13 

 Figure 6c depicts the rise in aerosol concentrations when physical exercise was performed and neither 14 
ventilation nor ACs were engaged. The increase in the fraction 2.5 to 10 m was most pronounced in the 15 
first 10 minutes, while afterwards the concentration in this fraction remained quite constant. In the other 16 
size fractions there was an almost monotonic increase. 17 

 Figure 6d shows that when physical exercise had ceased, people had left the room and ventilation remained 18 
turned off, there was a substantial concentration decrease especially in the largest size fraction versus a 19 
much more limited decrease in the smaller fractions, both of which are attributed to natural deposition in 20 
the calm indoor environment.   21 

 Figure 6e shows the increase when exercise was performed, ventilation was turned off but the ACs were 22 
engaged. It is clear that also air cleaning alone, at the flow rate provided, was not sufficient to limit the rise 23 
in aerosol concentrations within the 30-minute time period.  24 

 Figure 6f shows that the ACs were also effective in reducing the aerosol particle concentrations after the 25 
exercise had halted, people had left the room but the two ACs remained active. 26 

 Comparing Figure 6b with 6f and rows 2 and 6 in Table 4, the aerosol particle concentration reductions by 27 
ventilation versus ACs were quite similar, with the ACs appearing to have been even more effective than 28 
ventilation in several size fractions. This in spite of the fact that the ventilation ACH was 2.20 h-1 while the 29 
air cleaning ACH was 1.39 h-1, which is a 58% difference. Note however that ventilation also injects a 30 
small portion of PM into the room (i.e. the concentration in the outdoor air after filtering in the mechanical 31 
ventilation system – see section 6). 32 

 Figure 7 depicts the 5-minute CO2 concentrations throughout each of the six sessions as an average of the 33 
values measured by the 110 AQS2020PRO APS at 0.5, 1.0 and 1.5 m height. The first session shows an 34 
almost doubling of the concentration due to the physical exercise in spite of the ventilation system being 35 
active. The second session shows the concentration decay due to ventilation. In the third and fifth session, 36 
there are strong rises in concentration due to the absence of ventilation. Note that the ACs do not affect the 37 
CO2 concentration, as shown for sessions 4 and 6 where this concentration remains fairly constant. 38 

 39 
 40 
Table 4. Change in aerosol particle concentrations (g/m³) over 30-minute sessions.  41 

  10-2.5 m 2.5-1 m 1-0.5 m 0.5-0.25 m < 0.25 m 

Session 1: Sport ON / Vent ON / ACs OFF 5.54 0.83 0.33 0.09 0.03 

Session 2: Sport OFF / Vent ON / ACs OFF -5.68 -0.63 -0.29 -0.06 -0.03 

Session 3: Sport ON / Vent OFF / ACs OFF 6.09 0.87 0.35 0.06 0.03 

Session 4: Sport OFF / Vent OFF / ACs OFF -6.05 -0.27 -0.09 -0.01 -0.01 

Session 5: Sport ON / Vent OFF / ACs ON 4.77 0.82 0.48 0.09 0.05 

Session 6: Sport OFF / Vent OFF / ACs ON -6.49 -0.63 -0.38 -0.07 -0.04 
 42 
 43 
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 1 
Figure 6. Aerosol particle concentrations at the end of every 5-minute interval in the six 30-minute measurement 2 
sessions.  3 
 4 
 5 
5. Simplified mathematical model for CO2  6 
 7 
A simplified mathematical model can be used to assess the effective ventilation rate. The model assumes a 8 
uniform CO2 concentration in the room with volume V, in other words: perfect mixing of the generated CO2 9 
and of the supplied ventilation air with the CO2. It also assumes a steady release of CO2 by the subjects. With 10 
these assumptions, the mass balance for CO2 can be written as:  11 

 12 

𝑉 ௗ௖
ௗ௧

 ൌ 𝐺 െ 𝑄௏ሺ𝑐 െ 𝑐଴ሻ          (3) 13 

 14 
With c the CO2 concentration (ppm), G the CO2 emission rate (ppm.m³/h), QV the ventilation rate (m³/h) and c0 15 
the CO2 concentration (ppm) in the supplied ventilation air. For scenario 1 (physical exercise and ventilation), 16 
the solution of this first-order ordinary differential equation is: 17 
 18 

𝑐ଵ ൌ 𝑐଴ ൅  ீభ
ொೇ

 ൅  ቀ𝑐଴,ଵ െ  𝑐଴ െ  ீభ
ொೇ
ቁ 𝑒𝑥𝑝 ቂെ ቀ

ொೇ
௏
ቁ 𝑡ቃ       (4) 19 

 20 
For scenario 2 (only ventilation), the solution is:  21 
 22 

𝑐ଶ ൌ 𝑐଴ ൅ 𝑐଴,ଶ 𝑒𝑥𝑝 ቂെቀ
ொೇ
௏
ቁ 𝑡ቃ         (5) 23 

  24 
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For scenarios 3 and 5 (physical exercise without ventilation), the solutions are: 1 
 2 

𝑐ଷ ൌ 𝑐଴,ଷ ൅  ቀ
ீయ
௏
ቁ 𝑡           (6) 3 

 4 

𝑐ହ ൌ 𝑐଴,ହ ൅  ቀ
ீర
௏
ቁ 𝑡           (7) 5 

 6 
Least squares fitting of Eq. (5) to the data of CO2 in Figure 7 yields QV = 995 m³/h. The CO2 production by the 7 
subjects in scenarios 1, 3 and 5 is obtained by fitting Eqs. (4), (6) and (7) to the data in Figure 7, yielding G1 = 8 
1.96 kg/h; G3 = 2.00 kg/h; G5 = 2.56 kg/h. The CO2 production for a person in rest is about 0.033 kg/h [98,99], 9 
implying a production rate of 1.16 kg/h for 35 persons. The values for G1, G3 and G5 suggest that the combined 10 
production of the 35 exercising subjects is about 70% to 220% higher than for 35 persons in rest. A more 11 
accurate approach for estimation of CO2 generation rates by building occupants at different levels of physical 12 
activity was provided by Persily and de Jonge [100]. Assuming body mass of 65 kg and 70 kg for female and 13 
male subjects respectively, a “met” of 4 (moderate effort) yields 1.75 kg/h CO2 production for 35 persons, 14 
while a “met” of 8 (vigorous effort) yields 3.50 kg/h. The values of G1, G3 and G5 are indeed situated in 15 
between these two estimates. The value of QV implies that the effective ventilation rate is only 51% of the 16 
actual supply ventilation flow rate of 1948.6 m³/h. This is attributed to fact that the simplified mathematical 17 
model assumes a uniform CO2 source, a uniform concentration distribution and a uniform effect of the 18 
ventilation system. In reality, the CO2 generation occurred at test person height and the measurements were 19 
conducted close to the CO2 source, while both the ventilation supply openings and the exhaust openings were 20 
positioned near the ceiling. QV = 995 m³/h could therefore be considered as the “effective” or local ventilation 21 
flow rate for the zone in the lower part of the room, in which the test persons were present. This “effective” 22 
ventilation rate is more than twice that required by the Dutch Building Code (i.e. 433 m³/h), however, 23 
evaluation of ventilation systems with regard to building codes generally occurs based on the total supply 24 
ventilation flow rate. The variability in CO2 emission could be attributed to subjects having performed more or 25 
less intensive exercise from one session to another, subject fatigue, subjects switching from cardio to weight 26 
machines and some inter-subject variability in CO2 emission under similar physical exercise.  27 
 28 
 29 

 30 
Figure 7. CO2 concentrations at the end of every 5-minute interval in the six 30-minute measurement sessions. 31 
 32 
 33 
 34 
6. Simplified mathematical model for aerosol particle concentrations 35 
 36 
6.1. Aerosol particle production, deposition, ventilation and air cleaning 37 
 38 
We consider the five size fractions also used in Figure 6: 10-2.5 m, 2.5-1 m, 1-0.5 m, 0.5-0.25 m and 39 
below 0.25 m. Let G denote the aerosol particle production rate by physical exercise, which is the sum of the 40 
production rates by respiration, resuspension, machine component friction, clothing friction and the like. QV 41 
denotes the ventilation flow rate, QAC the total AC flow rate, AC the AC efficiency, KN the natural deposition 42 
loss rate under calm indoor airflow conditions (ventilation and ACs off), KV the deposition loss rate in the 43 
ventilation flow regime (ventilation on, ACs off), KAC the deposition loss rate in the AC flow regime 44 
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(ventilation off, ACs on), V the room volume and c0 the concentration in the incoming ventilation air. 1 
Assuming well-mixed conditions and a steady emission of aerosol particles in all five size fractions by the 35 2 
subjects, the mass balances for the six scenarios in Figure 6 for a given size fraction are: 3 

 4 

𝑉 ௗ௖భ
ௗ௧

 ൌ 𝐺ଵ െ  𝑄௏ሺ𝑐ଵ െ 𝑐଴ሻ  െ 𝐾௏ 𝑉 𝑐ଵ        (8) 5 

 6 

𝑉 ௗ௖మ
ௗ௧

 ൌ െ 𝑄௏ሺ𝑐ଶ െ 𝑐଴ሻ  െ  𝐾௏ 𝑉 𝑐ଶ        (9) 7 

 8 

𝑉 
ௗ௖య
ௗ௧

 ൌ 𝐺ଷ െ 𝐾ே 𝑉 𝑐ଷ          (10) 9 

 10 

𝑉 ௗ௖ర
ௗ௧

 ൌ െ 𝐾ே 𝑉 𝑐ସ          (11) 11 

 12 

𝑉 ௗ௖ఱ
ௗ௧

 ൌ 𝐺ହ െ ஺஼  𝑄஺஼  𝑐ହ െ 𝐾஺஼  𝑉 𝑐ହ        (12) 13 

 14 

𝑉 ௗ௖ల
ௗ௧

 ൌ െ ஺஼  𝑄஺஼ 𝑐଺ െ 𝐾஺஼ 𝑉 𝑐଺         (13) 15 

 16 
The corresponding solutions are: 17 
 18 

𝑐ଵ ൌ
ீభ ା ொೇ ௖బ
ொೇ ା ௄ೇ ௏

 ൅  ቀ𝑐଴,ଵ  െ  
ீభ ା ொೇ ௖బ
ொೇ ା ௄ೇ ௏

ቁ 𝑒𝑥𝑝 ቂെቀ
ொೇ ା ௄ೇ ௏

௏
ቁ 𝑡ቃ      (14) 19 

 20 

𝑐ଶ ൌ
ொೇ ௖బ

ொೇ ା ௄ೇ ௏
 ൅  ቀ𝑐଴,ଶ  െ  ொೇ ௖బ

ொೇ ା ௄ೇ ௏
ቁ 𝑒𝑥𝑝 ቂെቀ

ொೇ ା ௄ೇ ௏

௏
ቁ 𝑡ቃ      (15) 21 

 22 

𝑐ଷ ൌ
ீయ
௄ಿ ௏

 ൅  ቀ𝑐଴,ଷ  െ  ீయ
௄ಿ ௏

ቁ 𝑒𝑥𝑝 ቂെቀ
௄ಿ ௏

௏
ቁ 𝑡ቃ       (16) 23 

 24 

𝑐ସ ൌ 𝑐଴,ସ 𝑒𝑥𝑝 ቂെ ቀ
௄ಿ ௏

௏
ቁ 𝑡ቃ          (17) 25 

 26 

𝑐ହ ൌ
ீఱ

ಲ಴ ொಲ಴ ା ௄ಲ಴ ௏
 ൅  ൬𝑐଴,ହ  െ  ீఱ

ಲ಴ ொಲ಴ ା ௄ಲ಴ ௏
൰ 𝑒𝑥𝑝 ቂെቀ

ಲ಴ ொಲ಴ ା ௄ಲ಴ ௏

௏
ቁ 𝑡ቃ    (18) 27 

 28 

𝑐଺ ൌ 𝑐଴,଺ 𝑒𝑥𝑝 ቂെ ቀ
ಲ಴ ொಲ಴ ା ௄ಲ಴ ௏

௏
ቁ 𝑡ቃ        (19) 29 

 30 
Considering the left-hand sides of these equations as known by the data in Figure 6, these six equations have 31 
seven unknowns: G1, G3, G5, KV, KN, ACQAC and KAC. Note that ACQAC cannot be considered known from 32 
the CADR tests in the small test room of 24.2 m³, as reported in subsection 4.1, because Noh and Oh [97] 33 
showed that for the same AC device, the experimental CADR decreased as the size of the test chamber 34 
increased. To solve the system of equations, the sum ACQAC+KACV is taken as a single variable. Least squares 35 
fitting of Eqs. (15), (17) and (19) to the data in Figure 6 yields the values of QV + KVV, KNV and ACQAC + 36 
KACV for every size fraction. Using these values into Eqs. (14), (16) and (18) yields the values of G1, G3 and 37 
G5. KVV is calculated based on QV = 995 m³/h (see section 5). Table 5 holds the results. It also shows the 38 
deposition loss rates KN and KV based on V = 886 m³. The last row shows the measured c0 concentration 39 
values. The following observations are made: 40 
 The low measured c0 values are representative of a large degree of air filtering in the mechanical ventilation 41 

system.  42 
 Aerosol particle removal due to deposition in scenarios 2 (KV) and 4 (KN) rapidly decreases with decreasing 43 

size fraction. This is expected given the lower mass and associated smaller settling velocities of the smaller 44 
aerosol particles. The KN values found here are very similar to those by Mølgaard et al. [101]. Several 45 
studies indicated deposition rates of 0.02 – 0.55 h-1 for PM2.5 where the area and roughness of the 46 
deposition surfaces plays an important role [102-104]. Shaughnessy and Sextro [105] reported data from 47 
Thatcher et al. [106] and Xu et al. [107] where KN for the size fraction 10-2.5 m ranged from 1 to 10 h-1, 48 
for 2.5-1 m from 0.3 to 1 h-1, for 1-0.5 m from 0.1 to 0.3 h-1, for 0.5-0.25 m from 0.05 to 0.1 h-1 and 49 
finally for the size fraction below 0.25 m from 0.035 to 0.05 h-1. Apart from the two smallest size 50 
fractions, the KN values in Table 5 are situated in these ranges. The larger values in the two smallest size 51 
fractions could be attributed to the large number of surfaces in the gym room. 52 
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 Aerosol particle removal due to deposition in scenario 4 (KN; ventilation off, ACs off) is much less 1 
pronounced than in scenario 2 (KV; ventilation on, ACs off), which is attributed to the indoor airflow 2 
pattern in the latter scenario generated by the ventilation system. Indeed, Friedlander and Johnstone [108] 3 
demonstrated the strong increase in deposition from turbulent gas streams with increase in the flow 4 
Reynolds number, attributed to the larger eddies and larger inertial forces favoring deposition. For the size 5 
fraction 10-2.5 m, the deposition rate is 2.2 times larger in scenario 2 than in 4, while for the size fraction 6 
0.5-0.25 m, it is 4.8 times larger.  7 

 Earlier, it was shown by comparing Figure 6b with 6f and rows 2 and 6 in Table 4, that the aerosol particle 8 
concentration reductions by ventilation versus ACs were quite similar, with the ACs appearing a bit more 9 
effective than ventilation in several size fractions. This in spite the fact that the ventilation ACH was 2.20 h-10 
1 while the AC ACH was 1.39 h-1, which is a 58% difference. This is confirmed by the fact that the sum QV 11 
+ KVV is larger than the sum ACQAC + KN,ACV. This is attributed to the lower effectiveness of the 12 
ventilation system which is attributed to two reasons: (1) the presence of the ventilation inlet and outlets 13 
near the ceiling and (2) the fact that the incoming ventilation air also contained – albeit fairly low – 14 
concentrations of aerosol particles. It is also attributed to the fact that the AC units were positioned in the 15 
region where the aerosol particles were generated, which can explain their relatively larger effectiveness. 16 

 The aerosol particle production rates are very different among scenarios 1, 3 and 5, with the differences 17 
also differing per size fraction. This could be attributed to inter-subject variability in aerosol particle 18 
emission under similar physical exercise regimes but also by subjects having performed more or less 19 
intensive exercise from one session to another, subject fatigue and subjects switching from cardio to weight 20 
machines. It could also be attributed, at least partly, due to the use of only two measurement points for 21 
aerosol particle concentrations. 22 

 In terms of the magnitude of aerosol particle production, You et al. [109] measured the short-term emission 23 
rates of particles by persons with different clothing and activity intensities in a sealed chamber. The 24 
activities did not involve gym machines but included walking, upper body and arm movements. Based on 25 
their data for a cotton suit and for slight to strong activity intensity and assuming a particle density of 1000 26 
kg/m³, the following ranges can be derived for 35 persons: 5635 – 39238 g/h for the size fraction 10-2.5 27 
m, 2004 - 2227 g/h for 2.5-1 m, 2738 g/h for 1-0.5 m and finally 760 – 844 g/h for the size 28 
fraction below 0.5 m. Taking into account that the 35 persons in the gym performed moderate rather than 29 
strong activity and that the numbers by You et al. [109] do not include particles generated by the friction 30 
between components of the cardio and weight machines, the values of G1, G3 and G5 in Table 5 can be 31 
considered in line with the findings by You et al. [109]. 32 

 33 
Table 5. Flow rates associated with aerosol particle production, deposition, ventilation and air cleaning, for 34 
five size fractions. Deposition loss rates and the concentrations in the incoming ventilation air are also given. 35 

  10-2.5 m 2.5-1 m 1-0.5 m 0.5-0.25 m < 0.25 m 

QV + KV V (m³/h) 4721 2656 1664 1629 1599 

KV V (m³/h) 1704 394 156 127 126 

AC QAC + KAC V (m³/h) 4306 2277 989 814 812 

G1 (g/h) 47361 3398 1362 488 143 

G3 (g/h) 23440 1951 796 134 73 

G5 (g/h) 32415 3871 2289 330 192 

QV (m³/h) 995 995 995 995 995 

KV V (m³/h) 3726 1661 669 634 604 

KV (h-1) 4.21 1.87 0.76 0.72 0.68 

KN (h-1) 1.92 0.45 0.18 0.14 0.14 

c0 (g/m³) 0.006 0.053 0.520 0.151 0.088 
 36 
 37 
 38 
  39 
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6.2. Combined effect of ventilation and air cleaning 1 
 2 
A scenario that was not considered in the experimental campaign was the combination of ventilation and air 3 
cleaning. Therefore, the simplified model is applied to investigate this additional scenario with ventilation and 4 
air cleaning combined and using the aerosol particle production rate from the first scenario (G7 = G1): 5 
 6 

𝑐଻ ൌ
ீళା ொೇ ௖బ

ொೇା௄ೇ௏ ା ಲ಴ொಲ಴ା௄ಲ಴௏
 ൅  ൬𝑐଴,଻  െ  ீళା ொೇ ௖బ

ொೇା௄ೇ௏ ା ಲ಴ொಲ಴ା௄ಲ಴௏
൰ 𝑒𝑥𝑝 ቂെ ቀ

ொೇା௄ೇ ௏ ା ಲ಴ொಲ಴ା௄ಲ಴௏

௏
ቁ 𝑡ቃ 7 

  8 
(20) 9 

It is assumed that the combination of ventilation (with supply and exhaust near the ceiling) and air cleaning 10 
(near ground level) also combines the deposition rates by both technologies. The simplified model was also 11 
used for other scenarios, as shown in Figure 8 that presents the results of six scenarios for a 60-minute period, 12 
all with the same aerosol generation rate G1. Figure 8a is the calculated result for scenario 1. Figures 8b and c 13 
present scenarios 3’ and 5’ that are identical to scenarios 3 and 5 but now with G3’ = G5’ = G1. Figure 8d 14 
presents scenario 7 (ventilation and air cleaning combined). Figure 8e and f present two additional scenarios in 15 
which the number of ACs is raised from 2 to 4 and 6 units, respectively. All figures show that the 16 
concentrations tend towards an asymptote over time, as dictated by the exponential functions in the above-17 
mentioned equations. Table 6 lists the asymptotic values as reached in every scenario at t = , and Figure 9 18 
shows these asymptotic values in percentages of the values of scenario 3’ (only deposition). The following 19 
observations are made:  20 
 Figure 8 shows that the duration during which concentrations keep rising significantly is largest for 21 

scenario 3’ (Fig. 8b; no ventilation, no ACs, only natural deposition in calm indoor airflow conditions). 22 
Evidently this is also the scenario in which the highest concentrations are obtained. Figure 9 and Table 6 23 
indicate that these concentrations go up to 27.80, 8.61, 8.72, 3.83 and 1.13 g/m³ for the size fractions 10-24 
2.5 m, 2.5-1 m, 1-0.5 m, 0.5-0.25 m and below 0.25 m, respectively. The concentrations in the 25 
largest size fraction keep rising significantly for about 4.83 hours, while those in the smallest size fraction 26 
keep rising beyond 15 hours (not shown in figure). 27 

 Figure 8 also shows that the duration at which near-equilibrium conditions are obtained is shortest for 28 
scenario 9 in which most intensive air cleaning is engaged. Evidently this is also the scenario in which the 29 
lowest concentrations are obtained. Figure 9 and Table 6 indicate that these concentrations remain limited 30 
to 2.69, 0.36, 0.41, 0.16 and 0.06 g/m³ for the size fractions 10-2.5 m, 2.5-1 m, 1-0.5 m, 0.5-0.25 m 31 
and below 0.25 m, respectively. The concentrations in the largest size fraction keep rising significantly for 32 
only 0.63 hours, while those in the smallest size fraction keep rising significantly for about 0.83 hours. 33 

 For all other scenarios, the duration towards near-equilibrium and the near-final concentrations are situated 34 
between those of scenarios 3’ and 9. Figure 9 shows the percentages of the concentrations in the five size 35 
fractions, compared to scenario 3’ (only deposition). Ventilation alone or air cleaning alone reduces the 36 
concentrations in the largest size fraction with more than 60% and in the other size fractions with more than 37 
80%. Combining ventilation and air cleaning (2 units) yields reductions of more than 80% and 90% in the 38 
largest and smaller size fractions, respectively. Ventilation combined with 6 AC units gives reductions of 39 
90 an 95% for largest and smaller size fractions, respectively. Note that 6 AC units yields ACH = 4.17 h-1 40 
which is just above the lower limit of the recommendation in [87]. 41 

 42 
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 1 
Figure 8. Calculated aerosol particle concentrations at the end of every 5-minute interval in 60-minute sessions 2 
for six scenarios: 1, 3’, 5’, 7, 8 and 9. 3 
 4 

 5 
Figure 9. Calculated asymptotic aerosol particle concentrations for six scenarios: 1, 3’, 5’, 7, 8 and 9, expressed 6 
as percentages compared to scenario 3’. 7 
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Table 6. Calculated asymptotic values of aerosol particle concentrations (g/m³)  for six scenarios: 1, 3’, 5’, 7, 1 
8 and 9. 2 

  10-2.5 m 2.5-1 m 1-0.5 m 0.5-0.25 m < 0.25 m 

Scenario 1 10.03 1.30 1.13 0.39 0.14 

Scenario 3' 27.80 8.61 8.72 3.83 1.13 

Scenario 5' 11.00 1.49 1.38 0.60 0.18 

Scenario 7 5.25 0.70 0.71 0.26 0.10 

Scenario 8 3.55 0.48 0.52 0.20 0.07 

Scenario 9 2.69 0.36 0.41 0.16 0.06 
 3 
 4 
7. Discussion 5 
 6 
A major gap in the scientific literature is information about the aerosol particle emission by persons performing 7 
physical exercise. A previous study indicated that deep exhalation could yield a 4 to 6-fold increase in aerosol 8 
particle emission and rapid inhalation a further 2- to 3-fold increase in emission [13], yielding a maximum 18-9 
fold increase. Another study revealed that the number of expired aerosol particles showed a 2 to 18-fold 10 
increase after exhalations to residual long volume compared with exhalations without airway closure [14]. 11 
Therefore, concerns about high aerosol particle concentrations in indoor sports centers, fitness centers and 12 
gyms are justified. Regardless, more research is needed to assess aerosol particle emissions by persons 13 
performing physical exercise at different levels of intensity and heart rate. 14 

To the best of our knowledge, there was no study in the scientific literature that specifically focused on 15 
respiratory aerosol production in fitness centers. There was even relatively little published research about air 16 
quality in fitness centers in general, as opposed to residential buildings and other types of public spaces such as 17 
schools and offices [62-64]. The few studies that were available in the scientific literature had measured PM 18 
concentrations without a focus on saliva aerosol particles and without an attempt to discriminate between 19 
endogenous and exogenous particles. To provide some first preliminary insights in the proportions between 20 
endogenous versus exogenous particles, in the present study, a small test was performed. While some clear 21 
trends could be discerned, especially for the size fractions below 2.5 m, especially the large inter-subject 22 
variability was noted. This however was in line with earlier studies that also indicated very large inter-subject 23 
variability [13,14,20,31]. Much more research is needed on endogenous versus exogenous aerosol particle 24 
emission as the lack of knowledge about their relative proportions will continue to complicate advice 25 
concerning saliva aerosol emission and reduction in view of limiting infection risk. Due to the inability to 26 
discriminate between endogenous and exogenous particles in the gym study in the present paper, the focus in 27 
the paper is on the combination of these two types. 28 

The scenarios considered in the present study are neither a worst-case nor a most beneficial scenario. 29 
On the one hand, in actual gym settings, many persons performing physical exercise will apply long breaks 30 
between exercises, either to rest or to talk to other people. In that regard, the present study considered fairly 31 
vigorous and continuous exercise, in an attempt to obtain a steady release of both endogenous and exogenous 32 
aerosol particles. On the other hand, in intensive cycling sessions such as spinning, the intensity and the heart 33 
rates are higher than those in the present study that included a combination of cardio and weight machines. The 34 
measured CO2 emission rates confirm that the present scenarios are in between vigorous and moderate 35 
exercise.  36 

A wide variety of gyms and ventilation systems exist. Nevertheless, most gyms are characterized by a 37 
large height and most gym have mixing ventilation systems with supply and exhaust openings near the ceiling. 38 
In order to generalize the results on ventilation effectiveness from the present study, a number of additional 39 
gyms will need to be investigated, after which potentially a common denominator could be defined and some 40 
general advices could be established in terms of required ventilation and/or air cleaning flow rates.  41 

Similarly, a wide variety of ACs exist. As mentioned in this paper, ACs need to have both a sufficiently 42 
high efficiency and a proper capacity (flow rate) in order to be effective. ACs have a sometimes less good 43 
reputation because of the presence of some very deficient and even harmful types on the market. However, also 44 
high-quality ACs have been developed and are commercially available. High-quality certification and 45 
international standardization are imperative.  46 

Aerosol particle deposition is an important factor. The present study suggests that the engagement of 47 
ventilation or air cleaning, by inducing an overall more turbulent airflow pattern in the room, substantially 48 
enhances the deposition, in line with a previous study [108]. 49 

In view of the COVID-19 pandemic and potential future pandemics, ventilation of indoor environments, 50 
gyms included, will need to be reconsidered. At the same time, energy efficiency should be upheld to the 51 



 

19 
 

largest degree possible, in view of limiting climate change. Suggestions by politicians, scientists and opinion 1 
makers that ventilation has to be massively incremented to avoid potential aerosol SARS-CoV-2 infection, 2 
would unavoidably give rise to large investment costs to upgrade ventilation systems and large energy 3 
consumption and losses (if heat recovery is not massively deployed) and the associated costs. Therefore, we 4 
suggest to not engage in expensive upgrades of existing mechanical ventilation systems, on condition that they 5 
already enable – pandemics aside – a healthy and comfortable indoor environment, using ventilation rates that 6 
are above the minima required by building codes. Instead, these expensive and already available systems can 7 
be supplemented with lower-cost mobile professional AC units. The present study has shown that the 8 
effectiveness of high-quality AC units can be similar to that of a mechanical ventilation system (with aerosol 9 
filtering) with a 60% higher flow rate. AC units do not require the air to be heated, cooled or (de)humidified, as 10 
it is indoor air being handled and exhausted back into the room. Ventilation air coming from outside will often 11 
need extra energy for heating, cooling and (de)humidifying, even if heat recovery is applied. However, it 12 
should be stressed that ventilation at the minimum flow rates as required by building codes remains imperative, 13 
because many ACs do not remove gasses, such as CO2. 14 

A gym is rather complex indoor environment in the sense that it has a large height, the sources are 15 
present near the floor while generally the ventilation supply and exhaust openings are present near the ceiling. 16 
Therefore, future work should consider measuring aerosol particle concentrations not only at two positions at 17 
similar height as in the present study, but also measuring concentration gradients along the height of the room. 18 
Given the large height, vertical concentration gradients could be present, irrespective of the type of mixing 19 
ventilation system or ACs that are present. Future work will include CFD simulations to provide more inside 20 
into the vertical gradients and the related effectiveness of ventilation and AC units.  21 

The results from this study in terms of AC units supplementing ventilation can also be applied in other 22 
indoor environments. For rooms with lower height such as class rooms and offices, for example, the 23 
complexity could be smaller. For indoor environments with larger height however, such as football stadiums, 24 
basketball halls and concert halls, the complexity could be much larger. The authors are currently conducting a 25 
similar project for the Johan Cruijff Football stadium, home of the Amsterdam Ajax Football team and of the 26 
Dutch National Football Team [110]. 27 

The introduction mentioned three main questions for which, to date, no clear quantitative answer had 28 
been provided. The present study attempted to provide some information in terms of ventilation and air 29 
cleaning effectiveness in a realistic environment. It does not provide information about infection risk. Future 30 
work should develop strategies to allow various types of indoor activities to be safely maintained during 31 
pandemics. A first practical engineering strategy in this regard for indoor sports centers (including gyms) was 32 
presented by Blocken et al. [111]. This work should be supplemented with an infection risk analysis as well. 33 
 34 
8. Summary and conclusions 35 
 36 
SARS-CoV-2 can spread by close contact through large droplet spray and indirect contact via contaminated 37 
objects. There is mounting evidence that it can also be transmitted by inhalation of infected saliva aerosol 38 
particles. These particles are generated when breathing, talking, laughing, coughing or sneezing. It can be 39 
assumed that aerosol particle concentrations indoors should be kept low in order to minimize the potential risk 40 
of airborne virus transmission. This paper presents measurements of aerosol particle concentrations in a gym, 41 
where saliva aerosol production is pronounced. 35 test persons performed physical exercise and aerosol 42 
particle concentrations, CO2 concentrations, air temperature and relative humidity were obtained in the room of 43 
886 m³. A separate test was used to provide some information on the amount of human endogenous versus 44 
exogenous aerosol particles. This test showed large inter-subject variability, with one person emitting much 45 
more exogenous than endogenous particles, while another emitted similar amounts of both types. Aerosol 46 
particle removal by mechanical ventilation and mobile air cleaning (AC) units was measured. The gym test 47 
showed that ventilation with ACH = 2.2 h-1, i.e. 4.5 times the minimum of the Dutch Building Code, was 48 
insufficient to stop the significant aerosol concentration rise over a 30-minute measurement session. Air 49 
cleaning alone with ACH = 1.39 h-1 had a similar effect as ventilation alone. This difference can be attributed 50 
to the lower effectiveness of the ventilation system due to two reasons: (1) the presence of the ventilation inlet 51 
and outlets near the ceiling and (2) the fact that the incoming ventilation air also contained – albeit fairly low – 52 
concentrations of aerosol particles. It was also attributed to the fact that the AC units were positioned in the 53 
region where the aerosol particles were generated, which can explain the relatively larger effectiveness of ACs. 54 
Simplified mathematical models were engaged to provide further insight into ventilation, air cleaning and 55 
deposition. It was shown that combining ventilation and intensive air cleaning with up to six AC units with a 56 
total ACH of 4.17 h-1 – as recommended in the scientific literature – can reduce the concentrations with more 57 
than 90 to 95% compared to a situation without ventilation and without AC units. It is suggested that if aerosol 58 
particle concentrations need to be reduced in view of the COVID-19 pandemic, this should not necessarily be 59 
done by an expensive upgrade of the existing mechanical ventilation system. Instead, it could also be achieved 60 
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by supplementing this system with mobile professional high-quality AC units. When the AC units are installed 1 
near ground-level in gyms with large height (e.g. 5 m), they can have a  higher effectiveness than the 2 
ventilation system and together with the existing ventilation system, they can reduce the aerosol particle 3 
concentrations below a pre-defined threshold. This lowers investment and operational costs because AC units 4 
do not require the air to be heated, cooled or (de)humidified, as it is indoor air being handled and exhausted 5 
back into the room. Ventilation air coming from outside will often need extra energy for heating, cooling and 6 
(de)humidifying, even if heat recovery is applied. However, it should be stressed that ventilation at (at least) 7 
the minimum flow rates required by building codes remains imperative, because many ACs do not remove 8 
gasses, such as CO2.  9 
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