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ABSTRACT:

Introduction: Indoor bioaerosol is one of the factors of sick building
syndrome that needs to be controlled for the health of building
occupants. Control of bioaerosols is a daily obligation for occupants,
but can be alleviated through a building design approach, so that the
potential negative effects of bioaerosols are minimized. This study
aims to fill the criteria for controlling bioaerosols at the building
design stage, in addition to the operational use of the building.

Methods: This literature study on indoor bioaerosols uses the
Mendeley Reference Manager platform with the search phrase indoor
bioaerosols. The selection of literature based on open access journals,
in English, excluded the indoor production process.

Results: In the perspective of the building infrastructure design, the
ventilation system is an opening facility between indoor and outdoor,
as a mechanism for air flow and quality balance between the two
spaces. The implementation can be in the form of fixed openings in
walls, openings that can be opened and closed manually or
mechanically, including windows and doors. Effective reduction of
bioaerosol concentration needs to sit up the type of ventilation that is
adapted to the function of indoor use and occupancy load. The
ventilation method is supported by a chemical method, which is
appropriate for control in food service rooms and sanitation services.

Conclusion: The bioaerosol control strategy can start from the design
of the building by the designer and continue to the implementation
and maintenance of the building by the occupants.

Keywords: Bioaerosol, Building Design, Control Methods, Indoor
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Introduction

The time of daily human activities is much longer indoors than outdoors. Meanwhile, indoor materials
and facilities produce a lot of substances that are released into the indoor air. Among the substances
released into the indoor air, aerosols are collections of fine particles, which can serve as carriers of
chemical and biological substances and spread to indoor air spaces (Sarah, 2017; Martin et al., 2019).
Many indoor aerosol measurement studies have included the content of volatile organic compounds
(VOCs), formaldehyde (CH20), nitrogen dioxide (NOz), and carbon dioxide (COz), and other toxic gases
as described in previous papers (Samudro, Samudro, and Mangkoedihardjo, 2022; Samudro and
Mangkoedihardjo, 2021). Although the relationship between the concentration of these chemicals and
the concentration of microbes is not yet known, living organisms can grow in their distribution through
indoor air in conditions that support life (Yu, Mui, and Wong, 2018; Rocha-Melogno et al., 2020). Under
these conditions, bioaerosols as aerosols containing living organisms (Cox et al., 2020; Tang et al., 2018;
Nazaroff, 2016; Sudharsanam et al.,, 2012) need to receive important attention in indoor air quality,
because they have potential health effects (Douglas et al. 2018; Jiayu et al. 2019). Understanding the

properties of indoor bioaerosols is critical to the health and well-being of building occupants.

The removal of bioaerosols in the indoor environment of a building requires operational control of the
occupants but can be minimized through a building design approach. There is an architectural strategy
for controlling indoor bioaerosols by using a ventilation system approach and occupancy loads
(Hospodsky et al. 2012; Meadow et al. 2014). The strategy is based on the premise that the indoor
bioaerosol community is influenced by the outdoor bioaerosol community, but the most bacteria are
from occupants. Meanwhile, ventilation affects the composition of the indoor bacterial community.

Thus, these two variables, ventilation and occupants can be used as a building design approach.

By the time the building has been completed and used, it is possible that the concentration of bioaerosol
indoors will exceed the concentration outside. Occupants can indicate the presence of pre-sick building
syndrome, such as smelly and musty rooms (Samudro, Samudro, and Mangkoedihardjo, 2022). In such
conditions, occupants can operate the ventilation system through various means available in the

building, such as opening windows (Elbayoumi, 2018). If there is mechanical ventilation, it can be
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operated longer or more frequently than usual. All of which are efforts to increase the ventilation rate
(Pegas et al, 2010). In addition to ventilation, occupants can also spray anti-bacterial on indoor
materials and equipment, which has now become accustomed to the new normal as a health protocol

to prevent disease transmission.

The study of indoor bioaerosols has progressed so far, and this paper presents the status of indoor
bioaerosols, with the aim of improving architectural strategies in the design of a building. This study
focuses on preventive control in aspects of building design, which facilitates bioaerosol control by
occupants. This output can be used for the development of sustainable healthy building-oriented

architecture, and operational control for buildings that are being used by their occupants.
Methods

Literature on research results was collected from the Mendeley Reference Manager platform with the
search phrase indoor bioaerosol. The literature selection used the following criteria: journal document
types and online publications, in English, empirical research, related to aerosols, excluded indoor
production process, with no time limit for publication. The number of literatures obtained was 736
publications from 2013 to 2022. By screening according to the selection criteria, 44 publications were

obtained which were the core of this study.

The addition of some literature outside the platform is carried out to strengthen the findings of the
selected empirical papers. In this addition, several search phrases related to bioaerosol sources, health
effects, control methods, indoor and environmental conditions. Search sources are directly on online
journals and Google Scholar. Using the same selection criteria as the core literature, an additional 19

literatures were obtained.

The problem analysis is based on important findings from each selected literature, which are explored
through abstracts, results, and conclusions. The identification of specific methods is focused on being
able to propose a bioaerosol control strategy. This strategy starts from the building design phase to its

operation and maintenance.
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Results
Effects and Microbes

There is ample evidence of health effects on occupants caused by microbes in bioaerosols (Chen and
Yao, 2018; Nufiez and Garcia, 2022; Dashti et al.,, 2021). The evidence includes acute allergies and
infectious diseases (Bragoszewska et al. 2018; Happo et al. 2014). Among them are symptoms of acute
dry eye from indoor air caused by bioaerosols containing thousands of colonies per cubic meter
(Idarraga et al., 2020). Likewise, there is evidence of health effects for school and office users (Dick and

Wekhe 2020; Gholampour et al. 2020).

Indoor and outdoor bioaerosols have different abundances and taxa compositions (Leung et al.,, 2018).
Indoor bioaerosols are generally dominated by Actinobacteria (e.g. Saccharopolyspora spp.,
Mycobacterium spp., Nocardia spp. etc.) (Schifer, Jackel, and Kampfer, 2010), Firmicutes,
Proteobacteria and Ascomycota, as well as potentially infectious and pathogenic bacteria (Nufiez and
Garcia, 2022). There is the presence of various potentially pathogenic microbial communities,
especially the genera Mycobacterium, Bacillus, Cupriavidus, Hyphomicrobium, and Mesorhizobium
(Sibanda et al., 2021). The indoor bacterial community includes Staphylococcus spp, Bacillus spp,
Enterobacteria spp and Flavobacterium spp. Meanwhile, the fungal community includes Aspergillus spp,

Penicillium spp, Fusarium spp, and Mucor spp. (Sarah, 2017).
Source Indicators

As mentioned above, there are differences in the abundance of microbes between indoor and outdoor
bioaerosols. In addition, indoor bioaerosols are characterized by an abundance of bacteria, while
outdoor bioaerosols are characterized by fungi. This is confirmed by research results of on the presence
of fungi in indoor bioaerosols which are influenced by outdoor bioaerosols and season (Bartlett et al.,

2004). These distinctive differences lead to indicators of the origin of bioaerosols.

The first is the bacteria/fungi ratio (B/F), which shows the concentration ratio, or density, between the

number of bacterial colonies and the number of fungal colonies in the same unit volume of air. The B/F
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ratio is greater than one, it indicates the bioaerosol comes from an indoor source. The B/F ratio is less

than one, it indicates an outdoor source.

The second is the indoor/outdoor (I/0) ratio, which shows the ratio of the concentration, or density,
between the number of indoor microbial colonies and the number of outdoor microbial colonies in the
same unit volume of air. The I/0 ratio is greater than one, it indicates the bioaerosol comes from an
indoor source. The I/0 ratio is less than one, it indicates an outdoor source. The use of the I/0 ratio can
be used at the building design stage and the building use stage. At the building design stage, controlling
the outdoor bioaerosol becomes one of the designer's tasks, for example proposing the placement of a
facade to reduce the amount of outdoor bioaerosol. At the building use stage, it is the responsibility of
the occupants to control indoor bioaerosols, for example by minimal flushing and closing of toilets, so
that toilet bioaerosols do not spread to other indoor spaces. Both uses are expected to control the /0

ratio as low as possible.

In general, the concentration of indoor bioaerosol is higher than that of outdoor (Sarah, 2017). This was
confirmed by the results of other studies (Pegas et al. 2010; Jo and Seo 2005), and research on
bioaerosols in indoor classrooms shows that the density of fungi and bacteria is approximately 2-3
times that of outdoor bioaerosols. The density varies with the physical conditions of the classroom and
the density of students (Mirhoseini, Ariyan, and Mohammadi, 2019), the worse the physical condition
and the more students, the greater the density of bioaerosols. Under conditions of I1/0 ratio of more

than 1 indicates that indoor substances may a negativly effect on occupants and indoor life.
Indoor Conditions

Physical conditions of temperature and relative humidity have an influence on the existence of the
bioaerosol community (Sarah 2017; Walls et al. 2017; Bragoszewska and Pastuszka 2018). The
presence of an air conditioning system is beneficial for thermal comfort for occupants but has potential
health effects due to the accumulation of bioaerosols (Sibanda et al., 2021). In addition, the use of air
handling units (AHUs) can spread bioaerosols containing respiratory viruses throughout indoor spaces

(Bandaly et al., 2019).
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Daily activities in a building, at a certain time there is a breakdown of the wastewater piping system
and/or the use of plumbing equipment, such as toilets and kitchen laundry. These events produce
bioaerosols, containing potentially pathogenic microbes suspended in the gas stream from wastewater
vapor to the ambient indoor air (Gormley, Aspray, and Kelly 2021). Sanitary services in toilets also
produce bioaerosols containing fungi and bacteria at the scale of thousands of colonies per cubic meter
of air (Sarah 2017; Dick and Wekhe 2020). Apart from sanitation services, indoor bioaerosols are
generally in the dust particulates, and originate from the presence of solid waste (Siebielec et al. 2020).
The presence of particulates can be a microbial carrier medium and prolong the existence of bioaerosols

(Frka et al. 2012; Ciglenecki et al. 2021).

Likewise, there is damage to building parts due to water, the place becomes a source of fungi (Vornanen-
Wingvist et al. 2020; Afanou et al. 2014) in addition to Actinobacteria and Actinomyecetes, which enrich
the bioaerosol community (Schifer, Jackel, and Kampfer 2010; Shoemaker, House, and Ryan 2013). The
age of the building increases the potential for deterioration of building materials which produces dust
particles, which can prolong the presence of microbes in the indoor environment (Wlazto et al. 2020).
For indoor activities that are used as a group of people, several research results showed the similarity
of bioaerosol content. Rooms with the function of sports activities have the potential to produce
bioaerosols containing Staphylococcus (Matecka-Adamowicz et al. 2019). Also, activities in the school
environment such as classrooms, libraries and cafeterias produce many bacteria and fungi on a scale of
thousands of colonies per cubic meter of air (Elbayoumi, 2020). The classroom produced bioaerosols
containing mainly S. aureus, followed by S. xylosus, S. haemolyticus and S. saprophyticus (Matecka-

Adamowicz, Koim-Puchowska, and Dembowska 2020).
Control Methods

From the perspective of the building infrastructure designer, the ventilation system is an opening
facility between indoor and outdoor, as a mechanism for airflow and quality balance between the two

spaces. The implementation can be in the form of wall and/or ceiling ventilation arrangement, use of
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ventilated window and door designs, placement of ventilation facilities in spaces that produce a lot of

bioaerosols.

Many studies have been conducted regarding the effectiveness of ventilation, and the results support
each other that ventilation systems are important and necessary in the control of bioaerosols (Dick and
Wekhe 2020; Oh, Ma, and Kim 2020). Natural or manual passive ventilation by opening a window for
two hours does not significantly reduce the indoor microbial community, which may be caused by
mixing with outdoor bioaerosol (Nufiez and Garcia 2022). This finding indicates that natural or manual
ventilation is not a variable for bioaerosol reduction. The results are reinforced by the investigation on
the content of indoor bioaerosols, which showed that indoor ventilation is necessary, but its type has
no significant effect on the presence of bioaerosols. In addition, the presence of fungi was from outdoor,
while indoor sources were bacteria. Therefore, indoor generation sources and ventilation systems are
factors that determine the presence of bioaerosols (Myers et al. 2021). However, there are specific

conditions that allow for optimal functioning of bioaerosol ventilation, which are provided in Table 1.

Table 1. Specific Conditions of Optimal Bioaerosol Ventilation

Specific conditions References

Mechanical ventilation is more effective than natural ventilation and increasing ventilation | (Bartlett et al.

rates reduced bioaerosol concentrations. 2004; Pegas et
al. 2010)

There are differences in the size and concentration of bioaerosols on the type of ventilation. | (Bragoszewska
A room with air conditioning contains a larger size of bioaerosol than a room with natural | etal. 2018)

ventilation, while the concentration of bioaerosol is the opposite.
The function of ventilation is to dilute and remove indoor bioaerosol. (Zhu et al. 2020)
Opening windows and doors is good for increasing ventilation rates.
The use of mechanical ventilation and air conditioning contributes to the transport and | (Bandaly et al.

dispersion of bioaerosols in the indoor environment of a building. 2017; Vyskocil
Even the virus can pass through the filter and still be infectious for 10 hours. etal. 2021;
The use of air filters is considered effective for the elimination of viruses, which are attached | Bragoszewska
to dust particles. and Biedron

A similar method of using an air purifier can also eliminate viruses and bacteria, which arise | 2021)
from the occupants' activities.
Air exchange rate is not effective in reducing the concentration of continuously exposed | (Pegas etal.

aerosols. However, aerosol reduction is effective for door position and movement. 2010; Grosskopf

Similarly, ventilation can reduce the concentration of bioaerosols. 2013)

About 80% of people stay indoors using mechanical ventilation systems such as air | (Wu, Rong, and

conditioning and fans, which are common in the tropics. Luhung 2018)
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its source to all indoor areas of a building.

can reduce the concentration of bioaerosols.

The interaction between the air and the ventilation system can change the quality of the
bioaerosol. It was identified, the ventilation system is a way of spreading bioaerosol from

However, space design, materials, indoor microclimate, and periodic cleaning of ventilation

From the findings of ventilation characteristics in Table 1, The approach that must also be considered

is the selection of the type of ventilation based on the occupant load, namely the number of people

during the time they stay in the room. Assume a house inhabited by a couple with a normal 8-hour rest

time, and the remaining time is used for various indoor and outdoor activities which are less than the

indoor rest time. Certainly, the bedroom is the room with the highest occupancy load compared to other

rooms. In this case, the bedroom is worth using mechanical ventilation.

In addition to ventilation control, from the perspective of building users, of course, the operation and

maintenance of existing facilities determines the control of bioaerosols. The control status of

bioaerosols in the operation and maintenance of indoor facilities is presented in Table 2.

Table 2. Chemical Control for Bioaerosol

Chemical control

References

Chemical treatment using gentamicin, levofloxacin and rifampicin are
effective for Staphylococcus aureus, S. xylosus, S. haemolyticus and S.
saprophyticus.

(Matecka-Adamowicz et al. 2019;
Matecka-Adamowicz, Koim-
Puchowska, and Dembowska

flushed 1.2 L.
The number of particles was reduced, including microbial concentration,
with a reduction in the flushing volume of the toilet.

2020)
There was a peak generation of bioaerosols with a concentration of 3 | (Gormley, Aspray, and Kelly
CFU/cm3 from tracer microbe Pseudomonas putida, when the toilet was | 2021)

During the COVID-19 pandemic and beyond, the use of disinfectants is a
chemical treatment to eliminate microbes, in addition to cleaning building
materials and their contents regularly.

Control by chemical treatment using chlorine dioxide gas (Cl0z) is carried
out for cafeterias in Taiwan.

The frequency of disinfection is once and twice, and in general, the
effectiveness of the chlorine gas concentration against bacteria is two
times greater than against fungi.

Curcumin and Azadirachtin are capable of inactivating bacterial
bioaerosols.

(Hsu and Huang 2013; Nandini,
Shilpashree, and
Venkatashamaiah 2020)

Discussion
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Building Design

Researchers (Prussin and Marr 2015; Miletto and Lindow 2015; Lai, Lee, and Yu 2015) identified the
sources of bioaerosols, namely: outdoor, deteriorated building conditions, dust resuspension, mold,
ventilation, air conditioning, heating, plumbing systems, plants, the number of occupants and pets,
kitchen activities. In more detail, indoor bioaerosols were dominated by Diaphorobacter sp.,
Propionibacterium sp., Sphingomonas sp., and Alicyclobacillus sp., which shows the large contribution of
outdoor bioaerosols into indoor space. The number and activity of occupants and living things in the
room affect the diversity and concentration of bioaerosols (Miletto and Lindow 2015). In addition,
indoor bioaerosol contains Micrococcus luteus and Staphylococcus spp. for crowded living environments
(Lai, Lee, and Yu 2015). Therefore, each source of bioaerosol has certain characteristics of organisms.
The formation of bioaerosols is unavoidable and depends not only on the behavior of the occupants, but
also on the building design that contributes to the emergence of potential bioaerosols. As a result, the
source of building materials, layout, furniture, and related to the design of a building must be treated

appropriately.

It is well known that ventilation of buildings is an essential facility (Table 1), and therefore ventilation
control of bioaerosols needs to be adapted to the function of space use, which has been proven
regarding people's indoor activities as a source of bioaerosol generation (Marcovecchio and Perrino
2021). In this regard, for example mechanical ventilation is suitable for toilets, bedrooms, and meeting
rooms, where the potential for bioaerosol generation is more than in other spaces. Manual ventilation
by opening and closing windows and doors is suitable for high spaces and/or large room volumes,

because the room air volume can be a way of diluting bioaerosol concentrations.

Architectural Criteria

Controlling environmental factors is necessary to minimize the potential adverse effects of bioaerosols
(Sarah 2017; Mbareche, Morawska, and Duchaine 2019; Moelling and Broecker 2020). Therefore,
understanding of indoor bioaerosols’ variability can be one of the criteria in designing healthy buildings.

This study focuses on identifying building design and using variables, which can minimize exposure to
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bioaerosols to occupants. Primarily functional spaces for personal hygiene, including sewage,
bathrooms, kitchen work, wastewater disposal, sewage treatment, and the like. Also, bioaerosols can

arise from the degradation of building materials, building conditions, and indoor cleaning treatments.

Two bioaerosol indicators can be used in indoor design, namely the indoor/outdoor ratio (I/0) and the
bacteria/fungal ratio (B/F). The I/0 ratio is the ratio of the concentration of substances between indoor
and outdoor. This ratio has two functions, the first indicates the source of the substance. If the I/0 ratio
exceeds one, it indicates that the substance is from an indoor source. The second can be a warning of

possible potential negative effects on indoor life (Pegas et al. 2010; Samake et al. 2017).

The B/F ratio is the ratio of the concentration of bacteria and fungi in a certain indoor environment.
This ratio has two functions, the first to indicate the source of origin of the bioaerosol. The B/F ratio
exceeding one indicates the origin of the bioaerosol is indoor. The second can certainly be a warning

about the possible negative effects on indoor life.

Both ratios are indeed more appropriate in operational control, but designers can conduct comparative
studies on the designs that have been used and the potential problems that occur. Designers can use
construction management control strategies through environmentally friendly building concepts
(Sedayu and Mangkoedihardjo 2018; Berawi et al. 2019; Ayarkwa et al. 2022). With a control approach
from the design, construction and operational phases of the building, the potential for bioaerosol

generation can be minimized.

From an architectural point of view, bioaerosol control can be carried out by means of spatial layout,
spatial dimensions, and selection of building materials. The criteria for spatial layout include, among
others, sanitation services as close as possible to the open outdoor area, as far as possible from the
spaces used by occupants to gather or rest, and the provision of an outdoor facade area (Samudro, 2020)
for filtering outdoor bioaerosols. The criteria for the room dimensions include increasing the height of
the space between the floor and the ceiling, for example, the use of a roof ceiling instead of a flat ceiling.

The addition of room height can increase the volume of room air, which functions as a bioaerosol
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dilution. Finally,the criteria for building materials include, among others, anti-bacterial and water-

resistant paints.

An architect is also recommended to prepare a potential sick building syndrome certification (Samudro,
Samudro, and Mangkoedihardjo, 2022). This certificate covers all types of pollutants, sources of
pollutants, parameters for the occurrence of potential diseases from indoor sources. Especially for

bioaerosols, the rooms that need certification are kitchens, sanitation services, and decorative plants.

Control by Occupants

Since the building has been built, occupants face difficulties in changing the spatial arrangement and/or
building construction. In this condition, it is important and needs serious attention regarding the
certification of potential sick building syndrome mentioned above. With this certificate, occupants are
given guidance on how to use space and equipment that minimizes the potential for bioaerosol

generation and its location.

However, regardless of building certification, occupants can arrange and select room equipment in
addition to periodic cleaning and maintenance as well as behavior in using equipment and room.
Occupants are responsible for using of the building and its equipment, such as furniture selection,
kitchen equipment, infrastructure replacement, room renovation and others. In addition, occupants can
adjust room conditions related to temperature, humidity, and illumination, all of which can control the
bioaerosol. Concerning bioaerosol control, once again as a new normal behavior, from now on, it is

necessary to continue to implement health protocols while staying indoors.

Conclusions

The duration of bioaerosol emission from indoor events may be short, on a minute scale, making them
difficult to detect, but repeated and frequent occurrences should receive serious attention. Apart from
sources of damage to plumbing pipes and use of toilets, there are daily activities in the kitchen and
various washing of materials and goods, as well as biodegradable waste bins. The nature of aerosols

produced from these sources is easily carried away by airflow, so bioaerosols can spread throughout
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the indoor area. The bioaerosol control strategy can start from the design of the building by the designer
and continue to the implementation and maintenance of the building by the occupants. From the point
of view of building architecture, ventilation systems are essential, but it is necessary to select the
appropriate type according to the functions of the use of room. Decreasing indoor bioaerosol
concentrations can be attempted by increasing the room height to increase the air volume as a

bioaerosol diluent. It can also be supported by an outdoor reduction approach by providing a facade.

It is recommended that building certification be needed, both those that have been built and those that
are planned, in relation to the potential for sick building syndrome, which is sourced from bioaerosols
as well as other indoor pollutants. In addition, in building architecture, it is important and necessary to
conduct empirical research on relationship between room occupancy load, indoor volume, and

ventilation system on room functions.
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